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A series of copper nanoparticles supported on manganese oxide octahedral molecular sieves (OMS-2) were
prepared using mechanochemical (Ball-Mill) and conventional wet-impregnation (Wet-Imp) methods. All cata-
lysts prepared were thoroughly characterized using ICP-OES elemental analysis, X-ray diffraction (XRD), Ny
sorption, Hy temperature programmed reduction (TPR) and transmission electron microscopy (TEM) techniques.
The catalyst preparation methods greatly affected the size of the Cu nanoparticles. TEM images showed that 5 wt
% Cu/OMS-2 (Ball-Mill) catalyst had a narrow particle size distribution with an average Cu nanoparticle size of
2.1 nm, while the corresponding 5 wt% Cu/OMS-2 catalyst prepared using wet-impregnation method had an
average Cu nanoparticle size of 19.2 nm. The structural features of the catalysts were corelated with the catalytic
activity using the liquid phase hydrogenation of levulinic acid (LA) to y-valerolactone (GVL), as an exemplar
process. In LA hydrogenation at 190 °C and 20 bar Hy pressure, the ball milled catalysts achieved higher LA
conversion, and greater GVL yield, as compared to the corresponding catalysts prepared by wet-impregnation
method, reinforcing that Cu nanoparticle size and metal dispersion are important tool to intensify the cata-
Iytic activity. For instance, 5 wt% Cu/OMS-2 (Ball-Mill) catalyst achieved almost twice the turnover frequency
(TOF), 24.7 h'as compared to the 5 wt% Cu/OMS-2 (Wet-Imp) catalyst, TOF 11.8 h’l, under identical reaction
conditions. The results of this study demonstrate that ball milling is a superior method for Cu/OMS-2 catalyst
preparation than wet impregnation.

1. Introduction

numerous studies demonstrating the production of high-performance
catalysts with excellent selectivity and activity. Additionally, decrease

Sustainable development prerequisites the use of biomass-derived
feedstocks, platform chemical processes with minimal waste genera-
tion, and the use of earth-abundant metals in heterogeneous catalysts.
To achieve this, mechanochemical synthesis of catalysts offers a prom-
ising approach, as it enables a straightforward and waste-free method
for catalyst preparation [1]. Mechanochemistry is an attractive alter-
native to traditional synthesis methods due to its environment friendly
and economically efficient nature. It is less developed compared to
traditional metal impregnation techniques like incipient wetness, wet
impregnation, and coprecipitation. It offers several advantages,
including the absence of solvents and washing waste. Fewer synthesis
steps make it an effective method for preparing catalysts, as shown by
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in particle size with the help of mechanochemical synthesis can increase
the surface area, which can also contribute to an improvement in cata-
lytic activity [2]. For example, in our recent study, Pt-Re/TiO; catalysts
prepared by ball milling exhibited significantly higher selectivity to-
wards the desired alcohol product (89 %) compared to conventionally
prepared catalysts (69 %) in the selective hydrogenation of stearic acid.
Monometallic mechanochemically prepared Pt/TiO catalyst produced
stearyl alcohol in 100 % selectivity, higher than conventionally pre-
pared catalyst at the same conversion [3]. The current focus on sus-
tainability and achieving net-zero emissions has made
mechanochemistry research increasingly important. Catalyst prepara-
tion methods range from simple grinding with a mortar and pestle to
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more sophisticated ball mills, which can be used on both laboratory and
commercial scales. The solvent-free conditions and direct preparation of
catalysts from metal oxides reduce the environmental impact. In this
study, we prepared various Cu nanoparticles supported on manganese
oxide octahedral molecular sieves (OMS-2) catalysts, both convention-
ally using cupric nitrate (Cu(NO3),-2.5H20) and mechanochemically
using copper oxide (CuO) as precursors, and evaluated using liquid
phase hydrogenation of levulinic acid (LA) to y-valerolactone (GVL), as
an exemplar tool (Scheme 1), to compare the catalytic activity and
structural features of the catalysts prepared.

Liquid phase catalytic hydrogenation is a flexible and widely used
process with applications in numerous industries such as fine chemicals,
agrochemicals, and lubricants [4-6]. This process is also applicable for
direct conversion of organic acids derived from biomass, such as LA, to
high-value cyclic esters, such as y-valerolactone (GVL). The cyclic esters,
such as GVL, are characterised by a ring structure comprising a carbonyl
group (C = O) and an oxygen atom. They are mostly used in the pro-
duction of solvents, chemicals, flavours, fragrances, and are increasingly
being investigated for application in biofuels, chemical intermediates,
and pharmaceuticals [7]. The esters market (including GVL) is predicted
to grow at a compound annual growth rate (CAGR) of 2.24 % through
the forecast period, with a projected market size of USD 801.99 million
by 2028 [8]. GVL can be synthesized by subjecting LA to an acid-
catalysed dehydration process to form a-angelica lactone (AL), which
is then hydrogenated to form GVL [9-11]. A catalyst with a well-
balanced ratio of metal and acidic sites is essential for achieving high
efficiency during both the dehydration and hydrogenation processes. It
typically involves harsh reaction conditions such as high temperatures
up to 250 °C and Hj pressure > 25 atm. [12-15]. The use of noble metal
catalysts such as iridium (Ir), ruthenium (Ru), nickel (Ni), platinum (Pt),
gold (Au), and palladium (Pd) has been explored to produce GVL from
LA [16-19]. The high cost associated with noble metals limits their
applicability on an industrial scale. Hence, there is an urgent need to
develop efficient hydrogenation catalysts consisting of low cost, earth-
abundant non-noble metals.

Copper is a non-noble metal that holds promise as a potential
alternative catalyst for this purpose [20]. However, harsh reaction
conditions are still required, for example: Cu/ZrO, (200 °C, 35 bar Hj),
Cu-WO3/ZrO5 (200 °C, 50 bar Hy), Cu-Ni/y-Aly03 (250 °C, 65 bar Hy)
[17,21,22]. Various groups have reported Cu-based catalysts for the
hydrogenation of LA to GVL using different oxides as supports [23-28].
Among these methods, Yuan et al. achieved an average CuO particle size
of 12 nm using the oxalate-gel co-precipitation method, resulting in a 60
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Scheme 1. Reaction pathway for the hydrogenation of LA to GVL.
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% LA conversion [29]. Orlowski et al. introduced the pH gradient
method for preparing Cu/ZrO; catalysts for LA hydrogenation, yielding
particles ranging from 6 to 87 nm and a 60 % GVL yield [20]. They noted
an increase in the crystallite size of Cu species as the pre-reduction
temperature of the catalysts increased. Yu et al. developed Cu-Ni
bimetallic catalysts with an average particle size of 9.52 nm using the
co-impregnation method [30]. The addition of acidic sites, specifically
Al, in a 1:1 ratio significantly increased the GVL yield. Employing high-
surface-area supports like Al,O3, which provided high metal dispersion,
Cai et al. prepared Cu-Ni/Al,O3 catalysts with an average particle size of
6-7 nm through the incipient impregnation method, resulting in a 97 %
GVLyield [31]. Hengne et al. obtained Cu particle sizes of 10-14 nm via
the co-precipitation method [21]. They determined the Cu particle size
to be 13.5 nm with over 90 % selectivity to GVL, further noting that the
Cu particle size increased to 15 nm, possibly due to copper agglomera-
tion after the reaction. Fang et al. prepared Cu-Ni nanoparticles with an
average particle size of 7 nm on SBA-15 using a glycol-assisted
impregnation method, leading to higher selectivity towards GVL [32].
These examples demonstrate that catalysts for LA hydrogenation to GVL
are typically prepared using methods such as wet-impregnation, pre-
cipitation-deposition, and co-precipitation. Most of these techniques
generate solvent waste and exhibit limited metal dispersion. The utili-
zation of mechanochemical methods for developing Cu catalysts of this
nature has been relatively unexplored. To our knowledge, this is the first
report using mechanochemical preparation for synthesis of very small
Cu nanoparticle catalysts with average Cu NP size of < 5 nm. In the prior
art in literature, using wet chemical methods such as impregnation or
precipitation, Cu NPs in the range of 5-85 nm have been reported. In our
study, using ball-milling, it is possible to achieve very small Cu nano-
particles (average particle size 2.1 nm) with high Cu metal dispersion.
For sustainable manufacturing, it is essential to increase our reliance on
the use of earth-abundant metals such as Cu instead of precious metals
such as Pt, Pd or Ru, routinely employed in hydrogenation reactions.
The application of mechanochemistry in solid catalyst preparation offers
significant advantages due to its speed, simplicity, and environment
friendly solvent-free conditions [33].

Mechanochemical synthesis has emerged as a promising method for
preparing efficient catalysts, as it allows for better metal dispersion on
the support, resulting in higher catalytic activity and energy efficiency
and offers the advantage of reduced solvent waste compared to con-
ventional techniques. Additionally, this method can achieve increased
reaction rates at lower temperatures than those required for conven-
tional processes [34,35]. Notably, the activity of the catalysts was found
to be linked to the length of the grinding time, which enhances metal
dispersion, decreases particle size, and increases surface area [36]. One
potential strategy, which we are adopting in our research group, for
designing superior Cu nanoparticle catalysts with better activity is
achieving smaller nanoparticle size and strong Cu-support interactions,
which promote metal dispersion, in particular at high Cu loading. In our
earlier studies, OMS-2 materials have been shown to be efficient in a
wide array of reactions involving hydrogenation, oxidation and
decomposition [37,38]. Manganese oxides with tunnel structures, doped
with Pd on their surfaces were used effectively to remove soot, where O,
vacancies in lattice promoted soot oxidation, which occurs over Mars-
van Krevelen mechanism [39-41]. We established the efficiency of
metal-doped OMS-2 as selective catalysts for reducing cinnamaldehyde
to cinnamyl alcohol [42,43]. OMS-2 was found to be an effective and
selective catalyst for hydrogenation, with Pt-doping improving the re-
action by increasing Hy dissociation [44-46]. We have also shown the
hydrogenation of LA using a series of Cu/OMS-2 catalysts prepared
through conventional methods, under optimized reaction conditions
(190 °C, 20 bar Hy) [47]. The average size of Cu nanoparticles was found
to be 26 nm, which were mostly spherical and elongated shapes. How-
ever, to improve the catalyst activity more comprehensively, it is
required to achieve smaller Cu nanoparticle size through changes in the
catalyst preparation method. This approach can provide a superior and
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more efficient catalysts, leading towards sustainable catalysts using
earth abundant non-noble metals.

In continuation of our group’s interest in environmental catalysis
[48-54], in this work, we compare the structural features and catalytic
activity of mechanochemically prepared Cu on manganese oxide cata-
lysts with corresponding Cu catalysts prepared using conventional wet-
impregnation method, using liquid phase hydrogenation of LA to GVL,
as an exemplar process. Our aim was to understand the impact of
catalyst preparation method on the Cu nanoparticle size and how they
influenced the catalytic activity and corresponding turnover frequency
(TOF) values in the liquid phase hydrogenation of LA to GVL.

2. Experimental section
2.1. Materials

The chemicals used in this study were obtained from various sources
and used without further purification. Levulinic acid (CsHgOs, 98 %
purity), copper nitrate hemi-pentahydrate ((Cu(NO3)2-2.5H20, 98 %
purity) were purchased from Alfa Aesar. Copper (II) oxide (CuO, >99.0
% purity) and 1,4-dioxane (C4HgO2, 99 % purity) were also obtained
from Alfa Aesar. y-valerolactone (CsHgOz, 99 % purity), a-angelica
lactone (CsHgO2, 98 % purity), tetrahydrofuran ((CH3)40, 98 % purity),
and maleic acid (C4H404, 98 % purity) were purchased from Sigma
Aldrich. Potassium permanganate (KMnOy4, 98 % purity) was procured
from Honeywell Fluka.

2.2. Catalyst preparation

2.2.1. Synthesis of OMS-2

OMS-2 was synthesized using a modified sol-gel method, as reported
in our previous work [47]. Typically, a measured amount of KMnO4 was
added in deionised water and stirred for 1 h. Maleic acid was slowly
added to this solution in the molar ratio of 3:1, and the solution was
further stirred for 3 h at room temperature. A dark brown gel was
formed on the top layer which was allowed to settle and then decanted
off. Deionised water was added, and the solution was stirred again for 10
mins and the process was repeated three times. The resultant mixture
was vacuum filtered to separate excess water and dried overnight in the
oven at 120 °C. The dried OMS-2 was calcined at 450 °C for 3 h in
presence of air.

2.2.2. Synthesis of Cu/OMS-2 catalysts by wet-impregnation

A range of Cu/OMS-2 catalysts with varying wt.% of Cu were pre-
pared using the conventional wet-impregnation (Wet-Imp) method.
Initially, a fixed amount of Cu(NOg3)-2.5H,0 was dissolved in HoO and
stirred for 25 mins. OMS-2 was slowly added to the solution, and the
mixture was agitated at 450 rpm at room temperature for another 3 h.
The temperature was then increased to 70 °C, and the subsequent slurry
was dried overnight at 110 °C in an oven. The sample was then calcined
at 550 °C for 6 h. Catalyst abbreviations are as follows: 5 wt% Cu/OMS-2
(Wet-Imp) — 5 wt% Cu loaded catalyst prepared by conventional wet-
impregnation; 10 wt% Cu/OMS-2 (Wet-Imp) — 10 wt% Cu loaded
catalyst prepared by conventional wet-impregnation; 20 wt% Cu/OMS-
2 (Wet-Imp) — 20 wt% Cu loaded catalyst prepared by conventional wet-
impregnation.

2.2.3. Synthesis of Cu/OMS-2 catalysts by mechanochemical method

All the catalysts were prepared using the Retsch PM 100 planetary
ball mill. Catalyst abbreviations are as follows: 5 wt% Cu/OMS-2 (Ball-
Mill) — 5 wt% Cu loaded catalyst prepared mechanochemically; 10 wt%
Cu/OMS-2 (Ball-Mill) — 10 wt% Cu loaded catalyst prepared mecha-
nochemically; 20 wt% Cu/OMS-2 (Ball-Mill) — 20 wt% Cu loaded
catalyst prepared mechanochemically. For example: to synthesize 5 wt%
Cu/OMS-2 (Ball-Mill), 0.12 g of CuO as the copper precursor and 1.9 g of
OMS-2 were placed into a 125 ml agate grinding jar with three balls (20
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mm @). Milling was conducted at a speed of 150 rpm for 1 h. After
completion of milling, the resulting solid powders were collected and
calcined at 450 °C for 3 h in presence of air.

2.3. Catalyst characterisation

Powder X-ray diffraction (XRD) analysis was carried out using a
PANalytical X’PERT PRO MPD diffractometer, equipped with a nickel
filter, and operated at 40 kV and 40 mA with CuKa radiation (1.5405 A).
The measurements were taken from 5 to 90 degrees (20) with a counting
time of 0.5 s. Scherrer equation was applied to determine the mean size
of Cu NPs.

d= /?Cfsi} where d is the mean diameter of Cu NPs (nm), A is the

wavelength of the X-ray radiation source (nm), p is the full width at half
maximum (FWHM, radians) of the peak at the given diffraction angle,
26.

To determine the surface areas, pore volumes, and average pore di-
ameters of the catalysts, Ny adsorption-desorption isotherms at 77 K
were measured using a Micromeritics ASAP 2020 instrument. The
Brunauer-Emmett-Teller (BET) equation was used for surface area
analysis, and Barrett-Joyner-Helenda (BJH) model was used for pore
volume analysis. The percentage of metal loading was determined by
analysing the Cu content of the catalysts using Perkin-Elmer Optima
4300 ICP-OES instrument. The reducibility of the catalysts, Hj
temperature-programmed reduction (H2-TPR) analysis was conducted
using a Micromeritics AutoChem II instrument. The samples (0.1 g) were
loaded in a quartz U-tube and heated under 10 % Ha-Ar from room
temperature to 800 °C at a heating rate of 15 °C min~'. Cu surface area
(m? gd)) were estimated using following equation, by assuming all
copper particles were spherical. Cu surface area (m? g¢,) = (100.mol H.
SFactor.NA)/(Cugp.Cuygt.), where mol Hy = Hy consumed/unit mass of
catalyst (mol Hy/gcat); SFactor = stoichiometric factor = 1; Ny = Avo-
gadro’s No. = 6.022 x 102 atoms/mol; Cugp = Surface density of Cu =
1.47 x 101 atoms/m?; Cuy.o, = Cuwt.% in catalyst (from ICP analysis).

Scanning transmission electron microscopy (STEM) was performed
using a Thermo-Fisher Talos F200X G2 microscope operating at 200 kV,
equipped with a FEG (field emission gun) and four in-column Super-X
energy-dispersive X-ray (EDX) spectrometer detectors having a total
collection angle of approximately 0.9 sr. To prevent agglomeration, the
catalyst was mixed with ethanol and sonicated for 5 min prior to prep-
aration. The resulting mixture was drop-casted onto a nickel grid for
observation. The average size of Cu nanoparticles (NPs) was calculated
using ImageJ software by determining > 100 particles and taking the
average. All the catalysts (Wet-Imp, Ball-Mill) were examined after
calcination and before being used in reaction.

2.4. Catalytic activity

The hydrogenation reaction of LA to GVL was performed in a 100 ml
Autoclave Engineers’ reactor with pressure and temperature limits of
200 bar and 200 °C, respectively. Initially, 200 mg of catalyst and 30 ml
of 1,4-dioxane:water (3:7 mol ratio) were charged into the reactor for
catalyst pre-reduction, and the residual gas was purged with Hy. The
reactor was then heated to 200 °C, pressurized with 20 bar Hy, and
stirred at 1500 rpm for 2 h. Following pre-reduction of the catalyst, 1 g
of LA was introduced into the reactor, and the reactor was purged four
times with Hj to remove any residual gas. Subsequently, the reactor was
heated to 190 °C, pressurized with 20 bar Hy, and agitated at 1500 rpm.
This was considered as time zero. During the reaction, small samples
were collected at specific intervals, filtered, and analysed by Per-
kin-Elmer Clarus 500 GC equipped with an FID detector and a Zebron
ZB-Wax column (30 m, 0.32 mm, 0.25 mm). THF was used as an internal
standard.
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Turnover frequency, TOF (h™!) was calculated using the following
formula = [(moles of LA converted)/(moles of Cu x time)]

3. Results and discussions
3.1. Catalyst characterization

We have compared Cu/OMS-2 catalysts with varying Cu loading (5,
10 and 20 wt%) prepared with Wet-Imp and Ball-Mill methods. The
catalysts were thoroughly characterized as shown in Table 1 using BET
specific surface area (rn2 g’l), pore volume (cm3 g’l) to understand the
structural properties.

The comparison of theoretical and measured Cu loading, wt.% was
performed using ICP-OES analysis. Similar Cu wt.% loadings were
reached with both preparation methods. However, significant difference
was observed in the structural properties, based on the catalyst prepa-
ration method. Ball-Milled catalysts showed higher BET surface area as
compared to the Wet-Imp catalysts even at similar Cu wt.% loadings.
The increased surface area from the Ball-Milled catalysts could be a
result of the impacts between grinding balls of the ball mill, CuO and
OMS-2. The pore volume of the Ball-Mill catalysts, analysed in the range
0f 0.11-0.14 cm® g1 were in the same range as Wet-Imp catalysts. The
X-ray diffraction analysis (Fig. 1a) for OMS-2 showed peaks at 26 values
12.6°,28.7°,41.9°, and 60.1°, which are suggestive of the cryptomelane
structure [55]. Fig. la also indicated that the Cu in the synthesised
catalysts was in the form of CuO (monoclinic), with diffraction peaks at
20 values 35.6° (002), consistent with the peaks of CuO standard ob-
tained from the International Centre for Diffraction Data (ICDD) card
(JCPDS file no. #48-1548) [56]. Cuprite (Cuy0) diffraction peaks were
also seen at angles 32.6° (110), 36.2° (111) and 42.4° (200), indicating
the existence of CuyO in the prepared catalysts [57]. Average Cu crys-
tallite sizes of the catalysts were estimated using Scherrer equation. For
the Wet-Imp method, it was found to be 19.9, 20.9 and 21.2 nm for 5, 10
and 20 wt% Cu/OMS-2 respectively. As shown in Fig. 1(a), the Cu
crystallite size for both 5 wt% Cu/OMS-2 catalysts was calculated from
the 260 values of diffraction peaks 32.6°, 35.6° and 42.4° which is
consistent with literature [56,57]. Fig. 1(b) demonstrates a comparison
of all the XRD patterns of 5-20 wt% Cu/OMS-2 Wet-Imp and Ball-Mill
catalysts. A distinguishing feature amongst the Wet-Imp and Ball-Mill
catalysts is the intensity of the CuO diffraction peak at a 20 value of
35.6°, which increases with higher Cu loadings. It implies the increase of
the CuO crystallite size formed and is confirmed from the Scherrer
equation calculation of CuO size for Wet-Imp catalysts. While we do
notice a similar pattern of CuO peak in the Ball-Mill catalysts, it’s
essential to highlight that the overall intensity of the entire pattern is
significantly lower, which suggests a greater dispersion of Cu on the
support. It complements the Cu crystallite sizes using Scherrer equation
for the Ball-Mill catalysts, which were found to be 3.63, 4.32, 5.31 nm
for 5, 10 and 20 wt% Cu/OMS-2 respectively (Table 1).

STEM analysis of the catalysts was done to further study the
morphology, particle size distribution of Cu supported on manganese
oxide nanorods and is shown in the STEM-HAADF images and EDX

Table 1
Structural properties of Cu/OMS-2 catalysts.
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analysis in Fig. 2. 5 wt% Cu/OMS-2 (Ball-Mill) (Fig. 2(a)) exhibited
uniform distribution of Cu on the support. Elemental mapping of Cu
(Fig. 2(b)) showed high dispersion of Cu on the manganese oxide
nanorods, which confirms the absence of Cu diffraction peaks from
Fig. 1, was a proper correlation to a better distribution of Cu. Fig. 2(c)
shows the elemental mapping of manganese (Mn) in the ball-milled
catalyst. In contrast, 5 wt% Cu/OMS-2 (Wet-Imp) (Fig. 2(d)) displayed
relatively larger Cu nanoparticles on the support. The elemental map-
ping (Fig. 2(e)) showed a non-homogeneous distribution of Cu with
large agglomerates of Cu and CuO on the nanorods. Fig. 2(g) compares a
Cu-size distribution histogram of both the catalysts with an average
particle size of 2.1 nm (Ball-Mill) and 19.2 nm (Wet-Imp). It clearly
reveals the narrow particle size distribution of catalyst particle size (1 —
5 nm) which was achieved by ball-milling, compared to a wide range of
large particle range between 11 and 25 nm with conventional wet-
impregnation method.

The H; reduction profiles of Ball-Milled and Wet-Imp catalysts were
studied using H,-TPR analysis. Varying surface interactions between Cu
and mixed metal oxide support result in different reduction patterns. As
shown in Fig. 3 (a), the reduction peak at around 190 °C was observed
for 5 wt% Cu/OMS-2 (Wet-Imp) which can be ascribed to Cu®* reduc-
tion to Cu™ [58]. Similarly, peak around 220 °C, 320 °C for 5 wt% Cu/
OMS-2 (Ball-Mill), could be attributed to the reduction of Cu™ to cu’and
bulk CuO to Cu® [59-62]. The multiple shoulder peaks at 250 °C for 5 wt
% Cu/OMS-2 (Ball-Mill) can be correlated to stronger Cu-Mn oxide
interaction [63]. Similar trend is also observed in 10, 20 wt% Cu/OMS-2
catalysts prepared by both Wet-Imp and Ball-Mill methods (Fig. 3 (b)). It
also complements previous literature, where catalyst having low
amount of Cu content and evenly dispersed, interact more strongly with
the supporting material thereby developing strong metal support
interaction (SMSI), which also inhibits the broadly dispersed copper
species to form large Cu agglomerates under the reducing environment
[64]. Reduction of the support OMS-2 from Mn™ to Mn™ can also be
detected in the peaks ranging from 350 to 400 °C [65].

3.2. Catalytic activity in LA hydrogenation to GVL

LA hydrogenation to GVL was performed using catalysts prepared by
Wet-Imp and Ball-Mill. All the catalysts were evaluated under same
conditions: 1 g of LA and 0.2 g of the catalyst in a 30 ml solvent mixture
of 1,4-dioxane and H,O (3:7 mol ratio). Reaction was completed at
190 °C and 20 bar Hy for 240 mins. The results as shown in Fig. 4,
demonstrate that Ball-Milled catalysts display higher LA conversion than
the corresponding Cu wt.% Wet-Imp catalysts. The LA conversion-time
profiles exhibit ~ 100 % LA conversion in 4 h with all Ball-Milled cat-
alysts. From Fig. 4(a) demonstrates that 5 wt% Cu/OMS-2 (Wet-Imp)
showed a lower LA conversion and required a longer reaction time to
reach full conversion, as compared to 5 wt% Cu/OMS-2 (Ball-Mill).
Similar trend is observed for 10, 20 wt% Cu/OMS-2 catalysts in Fig. 4(b,
c). The superior performance of Ball-Milled catalysts is believed to be
due to the smaller Cu NPs sizes, and higher surface areas. These results
implied that the Ball-Milling is a more favourable approach for making

OMS-2 5 wt%Cu/OMS-2 10 wt%Cu/OMS-2 20 wt%Cu/OMS-2
Wet-Imp Ball-Mill Wet-Imp Ball-Mill Wet-Imp Ball-Mill
Cu (Wt%)? No Cu 5.06 5.03 10.8 10.7 20.9 20.5
BET surface area, (m2g—")® 76.1 27.3 33.4 23.6 38.2 20.7 32.4
Pore volume, (cm®g )¢ 0.25 0.14 0.14 0.11 0.11 0.11 0.11
Avg. CuO crystallite size (nm) XRD analysis? 19.9 3.63 20.9 4.32 21.2 5.31
TEM analysis® 19.3 1-3 20.0 1-3 22.0 1-3
Cu surface area (m” g¢,,) - 19.0 41.0 18.6 25.0 10.0 15.0

2Determined from ICP-OES measurements; "Determined from BET analysis; “Determined from BJH method; dCalculated from Scherrer Eqn; “Determined from ImageJ

software.
Please check 1st figure changed as Fig. 2.
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Fig. 1. XRD patterns of (a) 5 wt% Cu/OMS-2 catalysts prepared by Wet-Imp and Ball-Mill method; (b) 5-20 wt% Cu/OMS-2 catalysts prepared by Wet-Imp and Ball-
Mill methods.

HAADE
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Fig. 2. (a) STEM-HAADF image of 5 wt% Cu/OMS-2 (Ball-Mill); (b) EDX elemental mapping of Cu distribution for 5 wt% Cu/OMS-2 (Ball-Mill); (¢) EDX elemental
mapping of Mn distribution for 5 wt% Cu/OMS-2 (Ball-Mill); (d) STEM-HAADF image of 5 wt% Cu/OMS-2 (Wet-Imp); (e) EDX elemental mapping of Cu distribution
for 5 wt% Cu/OMS-2 (Wet-Imp); (f) EDX elemental mapping of Mn distribution for 5 wt% Cu/OMS-2 (Wet-Img); (g) Histogram of CuO particle size distribution of 5
wt% Cu/OMS-2 (Ball-Mill and Wet-Imp).
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Fig. 4. Reaction time profiles for LA hydrogenation using 5, 10 and 20 wt% Cu/OMS-2 catalysts. Reaction conditions: 1 g LA, 30 ml solvent (1,4-dioxane and water
in 3:7 mol ratio), 0.2 g of catalyst at 190 °C temperature and 20 bar H; pressure for 240 mins at 1500 rpm.

better Cu/OMS-2 catalysts with superior performance for LA

hydrogenation.

3.3. Effect of Cu nanoparticle size on catalyst performance

The effect of Cu nanoparticle size on the catalytic performance for LA
hydrogenation to GVL was evaluated by comparing the TOF values
based on Cu content, moles of LA converted.moles of Culh™! (Fig. 5a),

as well as the intrinsic reaction rate, moles of LA converted.h ™! (Fig. 5b).

The LA hydrogenation TOF values increased for Wet-Imp catalysts in the
order 5.9 (20 wt% Cu/OMS-2) < 11.1 (10 wt% Cu/OMS-2) < 11.8 (5 wt

% Cu/OMS-2). Here, the TOF values did not show linear dependence on
Cu wt.% and similar TOFs were observed for 10 and 5 wt% Cu loading
Wet-Img catalysts. However, the Ball-Mill catalysts clearly displayed a
linear increase in TOF values for LA hydrogenation, in the order 6.9 (20
wt% Cu/OMS-2) < 13.4 (10 wt% Cu/OMS-2) < 24.7 (5 wt% Cu/OMS-
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Fig. 5. Relationship between (a) TOF for LA conversion for 5, 10, 20 wt% Cu/OMS-2 catalysts; (b) Rate of LA conversion for 5, 10 and 20 wt% Cu/OMS-2 catalysts.
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2). The maximum TOF value was attained from 5 wt% Cu/OMS-2 (Ball-
Mill) with a Cu NP size of 2.1 nm, of all the catalysts. When comparing
the catalysts with similar 5 wt% Cu loading prepared by two different
methods (5 wt% Cu/OMS-2 (Ball-Mill) and 5 wt% Cu/OMS-2 (Wet-
Img)), a notable two-fold enhancement in the TOF value for LA hydro-
genation was achieved for the catalysts prepared using ball milling
method.

Fig. 5(b) shows the comparison of reaction rates arbitrarily calcu-
lated at 80 % LA conversion for all catalyst samples, below the equi-
librium conversions. A linear increase in LA conversion rates (molpa
h™!) was observed for 5, 10, and 20 wt% Cu/OMS-2 catalysts prepared
using ball milling method. The effect was more clearly noticeable for
ball-milled catalysts than wet-impregnated catalysts. For all catalysts
with similar Cu wt% loadings, catalysts with smaller Cu nanoparticles
showed higher reaction rates for LA hydrogenation to GVL. This obser-
vation highlights the influence of smaller particle sizes on the rate of LA
conversion. The 5 wt% Cu/OMS-2 (Wet-Imp) catalysts showed the
lowest LA conversion rate, 1.83 mola h’l, while 20 wt% Cu/OMS-2
(Ball-Mill) catalyst showed a two-fold increase with the highest LA
conversion rate of 3.45 molj, h™'.

By decreasing the Cu NP sizes < 5 nm, we were able to achieve
higher Cu surface areas and higher Cu metal dispersion on the catalyst
surface, resulting in the higher TOF values for LA hydrogenation. In
comparison to literature benchmark, for instance, Kon et al. using Pt/
HMFI zeolite catalyst, observed the TOF of 33 h~'[11]. Liu et al., using
Ni and NiO supported on mesoporous carbon, observed the TOF of 10.8
h~!in LA hydrogenation [66]. Zhang et al. have reported TOF of 7.9 h™?
using commercial Ru/C as catalyst. Thus, it is a significant achievement
in our study, to get the TOF of 24.7 h™! using 5 wt% Cu/OMS-2 (Ball-
Mill) catalyst [67]. Based on literature relating to copper catalysts uti-
lized in the hydrogenation of LA to GVL, our study revealed that the ball-
milled catalysts, prepared specifically for this study, exhibit significantly
higher TOF. In a separate study, the 5 wt% Cu/y-Al,O3 catalyst showed
TOF of 36 h_l, in the reaction at 265 °C [68]. In comparison, Cu cata-
lysts supported on zirconia and ceria yielded TOF values of 5.61 and
0.0365 h™! respectively, in the context of LA hydrogenation to GVL
[69,70]. Hengne et al. reported a TON of 9 (equivalent to a calculated
TOF of 1.80 h™ 1) with a 10 mol.% Cu/ZrO catalyst [21]. These exam-
ples emphasize the distinctive advantage of our work, as it establishes
high TOF with such small copper nanoparticles.

To compare the effect of Cu surface area resulting from varying Cu
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nanoparticle sizes, we compared the rate of LA conversion (molp )
to GVL as a function of Cu surface area (>) for all catalysts with similar
Cu loading, prepared using both Wet-Imp and Ball-Mill methods (Fig. 6).
For instance, in the case of 20 wt% Cu loading prepared by two different
methods (20 wt% Cu/OMS-2 (Wet-Imp) and 20 wt% Cu/OMS-2 (Ball-
Mill)), the ball milled catalyst showed higher Cu surface area, which
resulted in higher hydrogenation activity in the form of increased re-
action rate. The similar behaviour was also observed when corre-
sponding 10 wt% Cu loading Wet-Imp vs Ball-Mill catalysts and 5 wt%
Cu loading Wet-Imp vs Ball-Mill catalysts were compared. Furthermore,
as the Cu loading increased from 5 to 10 to 20 wt%, the corresponding
LA hydrogenation rates also increased due to increased Cu sites.

3.4. Reusability study

The reusability of 5 wt% Cu/OMS-2 catalysts (both Wet-Imp and
Ball-Mill) was evaluated for five cycles of LA hydrogenation to GVL. The
reusability tests were performed under identical conditions. In a typical
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Fig. 7. Effect of catalyst reusability on LA conversion (%) up to five cycles.
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Fig. 6. Corelation between LA conversion rate and Cu surface area in Cu/OMS-2 catalysts.
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run, the autoclave reactor was filled with 1 g of LA, a 3:7 mol. ratio of
1,4-dioxane to HyO mixture and 0.4 g of catalyst. The system was
operated at 20 bar Hj pressure and a temperature of 190 °C for 1 h. After
completing the cycle, the catalyst was retrieved, washed, and used for
subsequent cycle, without any addition of fresh catalyst for makeup of
catalyst loss due to attrition. As shown in Fig. 7, the initial run using
fresh 5 wt% Cu/OMS-2 (Ball-Mill) gave 55 % LA conversion, which
slightly diminished to 49 % after the first reuse and remained constant
until the fourth reuse, with a marginal drop to 44 %. A similar pattern
emerged for the 5 wt% Cu/OMS-2 (Wet-Imp) catalyst, which exhibited a
32 % LA conversion during the initial run, followed by reductions to 29
% and eventually reaching a significantly lower LA conversion of 21 %
after the fourth recycle. The consistent decline in catalytic activity for
both catalysts can be attributed to the presence of loosely bound copper
species on the surface that are removed after the initial run, leading to a
stabilized conversion of LA. ICP-OES analysis of the spent catalyst
revealed a decrease in Cu wt.% from 5.03 to 3.90 (Ball-Mill) and 5.06 to
2.8 (Wet-Imp), corroborating our hypothesis that a small amount of
copper leached into the reaction after the initial run.

4. Conclusions

The performance of Cu/OMS-2 catalysts prepared using conven-
tional wet impregnation and mechanochemical methods was evaluated
in the LA hydrogenation. The results showed that Ball-Milled catalysts
with 20, 10, and 5 wt% Cu/OMS-2 demonstrated higher LA conversion
and TOF in comparison to corresponding wet impregnation catalysts.
When comparing the catalysts with similar 5 wt% Cu loading prepared
by two different methods (5 wt% Cu/OMS-2 (Ball-Mill) and 5 wt% Cu/
OMS-2 (Wet-Imp)), a notable two-fold enhancement in the TOF value for
LA hydrogenation was achieved for the catalysts prepared using ball
milling method. Similarly, in the case of 20 wt% Cu loading prepared by
two different methods (20 wt% Cu/OMS-2 (Wet-Imp) and 20 wt% Cu/
OMS-2 (Ball-Mill)), the ball milled catalyst showed higher Cu surface
area, which resulted in higher hydrogenation activity in the form of
increased reaction rate. As the Cu loading (wt.%) increased, the corre-
sponding LA hydrogenation rate also increased due to increased Cu sites.
Among the catalysts studied, 5 wt% Cu/OMS-2 displayed the highest LA
conversion TOF value of 24.7 mol of LA converted.mol Cuh~!. Char-
acterization of the catalysts showed differences in Cu NPs size resulting
from both the preparation methods. These findings indicated that Cu
nanoparticle size is an important catalyst design criteria for improving
the catalyst performance.
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