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Abstract: Ruthenium-based catalysts were prepared through a deposition—precipitation
approach, taking beta zeolites with Si/Al ratios of 12.5, 18.5, and 150, respectively, as
supports, and 1-3 wt% loadings of metal. Their activation was performed in the presence
of either Hy or NaBHy. The dispersion of the Ru species and the acid-base properties
were influenced by both the preparation method and the activation protocol. The catalysts
reduced under H; flow presented well-dispersed Ru(0) and RuOx nanoparticles, while the
reduction with NaBHj led to larger RuOy crystallites and highly dispersed Ru(0). These
characteristics exerted an important role in the hydrogenation of levulinic acid (LA) to
v-valerolactone (GVL). The H; dissociation occurred via a heterolytic mechanism involving
Lewis acid-base pairs associated with RuOx and the framework oxygen (Si-O-Al) located
near the zeolite pore edge. The Ru(0) nanoparticles activated the -C=0 bond of the LA
substrate, while the presence of the carrier zeolite Bronsted acid sites promoted the ring-
closure esterification of the 4-hydroxyvaleric acid (4-HVA) intermediate to GVL. An optimal
combination of these features was achieved for the catalyst with 3 wt% Ru and a Si/Al
ratio of 150, which selectively converted LA (X4 = 96.5%) to GVL (Sgy, = 97.8%) at 130 °C
and 10 bars of Hj.

Keywords: beta zeolite; ruthenium; deposition—precipitation; levulinic acid; catalytic
hydrogenation; gamma-valerolactone

1. Introduction

Due to its importance, catalytic hydrogenation for biomass valorization is one of the
most significant examples requiring an efficient and suitable catalyst design, which is still
a significant challenge [1,2]. In most of the reported procedures, conversion occurs as a
multistep reaction (e.g., C=0 saturation ring-opening and C-O cleavage) in multiphase
systems. Therefore, reaching high selectivity to a particular product in the presence of
conventional catalysts is a major challenge [3].

In this context, the selective hydrogenation of levulinic acid (LA) provides a good
example [4]. Most of the reported investigations have focused on LA conversion to y-
valerolactone (GVL), which is a valuable chemical used as an additive for biodegradable
fuels, a monomer for bulk polymers, and a solvent. With this aim, previous studies have
shown that noble-metal-based catalysts, such as Ru [5-11], Au [12], Pd [13], and Pt [14], are
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preferrable. Among these, ruthenium-based catalysts exhibit the highest activities [15,16].
To further improve their catalytic efficiency, various materials, such as carbon, alumina,
titania, lamellar zeolites (MWW zeolites), mesoporous polyamides, and metal organic
frameworks (MOFs), have been used as carriers [17-23].

Owing to their unique porous structure, shape selectivity, and medium-strong acidity,
zeolites are the most commonly used solid catalysts in the traditional chemical industry,
and recently in biomass valorization [24,25]. Zeolites are also efficient carriers for the
dispersion of active metal or metal oxide phases. The resulting materials combine the acidic
properties of zeolites with the redox properties of metals, thus affording improved catalytic
properties for the reactions involved in biomass conversion [3,25]. Therefore, one of the
investigated efforts aiming to improve the catalytic activity of metal-based catalysts focuses
on bifunctional catalysts combining ruthenium as the metal and zeolites as supports. These
catalysts have previously been prepared using a common impregnation method [26-29].
However, this preparation method has shown limited performance for Ru catalysts in LA
hydrogenation. Despite this, only few reports have focused on the deposition—precipitation
(DP) approach as an alternative to the impregnation method for producing catalysts with
high efficiency in LA hydrogenation [23]. Compared to the impregnation method, the
DP approach, which is widely used for the synthesis of nanostructured materials, could
provide another way to prepare more uniformly dispersed metal nanoparticle catalysts [30].
Simultaneously, mesopores can be generated via desilication in an alkaline environment,
improving the mass transfer of reactants, intermediates, and products through the pore
system of the carrier [31,32].

Among zeolites, beta zeolites serve as attractive supports for many important biomass
valorization applications because of their characteristics such as large channels, strong
acid sites, and high thermal and chemical stability [33]. However, previous studies have
demonstrated basicity for zeolites in the H-form. The contribution of lattice oxygen atoms
to acid-catalyzed reactions has been suggested, where reactions proceed in a concerted
manner [34]. In other words, zeolite lattice oxygen atoms may operate as base sites
in combination with Brensted acid sites. Thus, the lattice oxygen adjacent to Al on H-
form zeolites possesses basicity and participates in several acid-catalyzed reactions. More
recently, Kondo and co-workers [35] associated such base sites with framework oxygen
bridging the silicon and aluminum (Si-O-Al) at the external surface zeolite pore edge, with
the site density dependent on the zeolite’s topology.

To the best of our knowledge, the study of activation protocols coupled with the
effect of the preparation approach on the structure and performance of zeolite-based Ru
catalysts for LA hydrogenation has never been reported. Herein, we attempt to synthesize
Ru/Beta zeolite catalysts (Si/Al =12.5, 18.5, and 150) with loadings of metal of 1, 2, and
3 wt% Ru, respectively, using the DP approach, followed by their activation through either
reduction in a molecular hydrogen flow or direct chemical reduction with NaBHj as the
reagent. The catalytic performances of the synthesized catalysts will be investigated for
LA hydrogenation in 1,4-dioxane as the solvent. This study will mainly focus on (i) the
influence of the activation protocol upon the structure of the catalysts and the chemical
state of the Ru species, and (ii) on insights into the performances of the redox and acid-base
sites for LA hydrogenation to GVL.

2. Results and Discussion
2.1. Catalyst Characterization

Figure 1 shows the XRD patterns of the pristine beta zeolite carriers with Si/ Al ratios
of 12.5, 18.5, and 150. The characteristic reflections of BEA18.5 and BEA12.5 are sharper and
more intense, indicating highly regular structures and slightly larger crystals associated
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with the higher Al content [36]. Additionally, the reflection lines are shifted to lower 26
values, indicating an increase in unit cell size that corresponds to an increase in Al-O bonds
(191 A) compared to Si-O ones (1.69 A) [36].
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Figure 1. XRD patterns of pristine beta zeolites with different Si/ Al ratios. Inset: XRD patterns of the
BEA-zeolite samples in the 20 = 16-30° range.

Further, the XRD patterns of the Ru/BEA catalysts preserved the typical diffraction
lines of the beta zeolite carriers (Figure 2A-C). However, these showed an attenuation in
their intensity, suggesting a partial loss of crystallinity.

The observed partial loss of crystallinity may be attributed to a desilication process
occurring during the DP step. This is also consistent with the reports of Groen et al. [37],
who suggested that the desilication of beta zeolites with a low Si/ Al ratio (i.e., 12.5 and
18.5 in this work) is inhibited, owing to the relatively high concentration of Al (i.e., the
negatively charged AlO,~ tetrahedrons), which creates a more stable framework for the
extraction of silicon. As an effect, the hydrolysis of the Si-O-Al bond in the presence of
OH™ is hindered compared to the relatively easy cleavage of the Si-O-Si linkage in the
absence of neighboring tetrahedra (i.e., BEA zeolite with a Si/ Al ratio of 150).

The crystallinity of the Ru/BEA catalysts was determined by taking the highest
intensity of the three characteristic lines of the beta zeolite carriers as a reference (i.e., 100%
crystallinity). As Figure 1 shows, the crystallinity of the catalysts containing BEA12.5 and
BEA18.5 carriers decreased to 83%, while that of Ru/BEA150 decreased to 59.7%. The
advanced desilication of Ru/BEA150 is also confirmed by the shift in the reflection line at
26 22.86° (BEA150) to 22.57° (Ru/BEA150) (Figure 2C), which suggests an increase in the
unit cell size due to the increased concentration of the longer Al-O bonds (1.91 A). However,
this process became even more prominent for the Ru/BEA catalysts subjected to reduction
with NaBHy (i.e., 3Ru/BEA12.5-B, as illustrated in Figure 2A). In this case, the crystallinity
of the beta zeolite support significantly decreased to 50.9%.

According to reports in the literature [23], during the DP approach, the formation
of large metal nanoparticles is prevented by the gradual release of hydroxide ions and
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the homogeneous precipitation of metal salt. However, the XRD patterns of the Ru/BEA
catalysts (Figure 2A) revealed that the structure and, especially, the crystallite size of the
ruthenium species are significantly influenced by reduction under a molecular hydrogen
flow compared to chemical reduction with NaBH4. As we have recently shown [38,39],
Ru/BEA catalysts (1 and 3 wt% Ru and a Si/ Al ratio of 12.5), prepared by a DP approach
and activated by molecular hydrogen, were characterized by highly dispersed RuOy species
(not detectable in XRD patterns), alongside uniformly dispersed small metallic ruthenium
particles. However, for these samples, it is difficult to calculate the size of the metallic
ruthenium particles due to the ambiguous boundary of the characteristic diffraction lines.
Thus, for the case of the 3Ru/BEA18.5, 2Ru/BEA150, and 3Ru/BEA150 catalysts, the size
of the metallic ruthenium crystallites, calculated using the Debye—Scherrer Equation (2),
ranged between 8 and 16 nm. Also, the formation of RuOy species cannot be entirely ruled
out. The absence of their characteristic diffraction lines from the recorded XRD patterns
suggests either the presence of ruthenium oxide crystallites smaller than approximately
3 nm or the absence of this crystalline phase.

#-Ru(0) —— BEA12.5 B —— BEA18.5
*-RuO, — 1RU/BEA12.5 # - Ru(0) 1Ru/BEA18.5
* —— 2Ru/BEA12.5 —— 2Ru/BEA18.5
‘ * 3Ru/BEA12.5 3Ru/BEA18.5
i 3Ru/BEA12.5-B

Yoo . e LT N ]

]

#/BEA S

2

X7

c

2

£

40 50 60 70 80 10 20 30 40 50 60 70 80

10 20 30
20 (degrees) 26 (degrees)
“-RuO, ———BEA150
C # - Ru(0) —— BEA150 D i #-Ru —— 1RU/BEA150-B
——— 1RU/BEA150 —— 2Ru/BEA150-B

AN
# #

#
e # N4

y
ot " "
MML L n N

)

—— 2Ru/BEA150 —— 3Ru/BEA150-B
3Ru/BEA150 —— 5Ru/BEA150-B

3k

Intensity (a.u.)

10

20

30

40 50 60 70 80

20 (degrees) 20 (degrees)

Figure 2. XRD patterns of (A) pristine BEA12.5 zeolite and Ru/BEA12.5 catalysts; (B) pristine
BEA18.5 zeolite and Ru/BEA18.5 catalysts; (C) pristine BEA150 zeolite and Ru/BEA150 catalysts;
and (D) pristine BEA150 zeolite and Ru/BEA150-B catalysts.
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Contrarily to the reduction with hydrogen, the use of NaBH4 promoted the formation
of larger RuOy crystallites (20 = 28.1, 35.1, 44.0, and 54.4°, indexed to the (110), (101), (111),
and (211) planes of anhydrous crystalline RuO, (ICDD-JCPDS Card No. 43-1027)). These
appear to coexist with smaller metallic Ru(0) nanoparticles (Figure 2A,D). One possible
explanation for the formation of larger RuOy crystallites, measuring 15-16 nm in size, is
the possible adsorption of borate species onto the ruthenium particles, generated through
the hydrolysis of sodium borohydride. Also, in line with the findings of Liu et al. [40], this
step may reduce the surface electron density and favor their aggregation.

The HR-XPS spectra of the Ru3d region for the 3Ru/BEA150 and 3Ru/BEA12.5-B
catalysts are presented in Figure 3. In accordance with Balcerzak et al. [41], the spin—
orbit split Ru3d doublet (i.e., Ru3d5/2 and Ru3d3/2) is resolved by applying a set of
narrow (0.6-0.8 eV) symmetric components. For the 3Ru/BEA150 catalyst (Figure 3A),
the Ru3d5/2 bands at 279.7 and 280.5 eV are attributed to metallic ruthenium and RuO,,
whereas for the 3Ru/BEA12.5-B catalyst (Figure 3B), the Ru3d5/2 bands are attributed to
metallic ruthenium at 280.0 eV and RuOx at 281.7 eV. The Ru3d3/2 peak region is also
populated with two ruthenium components, providing a fixed area ratio of the 3d5/2 to
3d3/2 corresponding components, equal to 3:2, and a constant value of their separation
energy, equal to 4.15 eV. The C1s main C-C symmetric component is established at 284.6 eV
to fully occupy the region envelope. An extra Cls component at 285.7 eV can be attributed
to C-O bonds on the surface-adsorbed organic contaminants.

A

C 1s+ Ru3d,,

B

3 Ru 3dg, C 1s+ Ru3d,,

C-C

metallic

XPS intensity (a.u.)

T T T T T T T T | T T I I T T T I
202 290 288 286 284 282 280 278 276 292 290 288 286 284 282 280 278 276

Binding energy (eV) Binding energy (eV)
Figure 3. The XPS Ru3d spectra of 3Ru/BEA150 (A) and 3Ru/BEA12.5-B (B) catalysts.

It is worth noting that the reduction with molecular hydrogen preserved the RuOx
species to a greater extent compared to the treatment with NaBH4, generating a higher
reduction (Table 1, entries 2 and 4). However, these species were well dispersed in com-
parison with the large RuOx crystallites observed after the reduction with NaBH4 (XRD
patterns, Figure 2A).
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Table 1. Percentages and ratios of the Ru’ and Ru** species, and the Si/ Al ratio.

Catalyst Ru3d 0 /Al

atalysts Ru**/R Si/A
y Ru’, at% Ru**, at% wR

1Ru/BEA12.5* 25.06 74.94 3.0 13.04

3Ru/BEA12.5* 23.87 76.13 3.2 12.24

3Ru/BEA150 30.40 69.60 23 42.64

3Ru/BEA12.5-B 55.48 44.52 0.8 12.40

“Ref. [391.

The Si/ Al ratio of the zeolite carrier also exhibited an important influence upon the
nature of the ruthenium species. Thus, for the catalysts with Si/Al = 150, the percent of
metallic ruthenium is higher compared to the samples with a Si/ Al ratio of 12.5 (Table 1,
entries 2 and 3). Also, a significant decrease in the Si/ Al ratio from 150 to 42.55 (Table 1,
entry 3) confirms, along with the XRD measurements, an advanced desilication of the
BEA150 zeolite carrier during the DP approach. Changes also occurred in the surface load-
ing of Na. While for the samples reduced by molecular hydrogen, a content of 1.0-1.22 at%
Na (1072.2 eV) was evidenced, for 3Ru/BEA12.5-B, the XPS analysis indicated a higher
surface loading of Na (16.28 at%) as Na[AlSi3O8] species, indicating an ion-exchange
H*/Na* process during the reduction step. No chlorine was evidenced, irrespective of the
preparation procedure.

The N, adsorption—desorption isotherms of the Ru/BEA-150 catalysts are depicted
in Figure 4, alongside the corresponding distribution of pore size (inset). According to
the IUPAC classification, these isotherms correspond to a combination of typical Type IV
and Type 3 (H3) hysteresis loops. These correspond to micropore filling at low pressures
(p/po < 0.1) and to hysteresis loops at higher pressures (p/pg of 0.45-0.90), illustrating a
hierarchical porous system comprising both micro- and mesoporosity. In addition, near the
saturation point (p/pg of 1.0), the N, adsorption—-desorption isotherms also showed a sharp
rise in the adsorbed amount, which is associated with condensation in the inter-particle
voids (macropores).

300
280 -
ey e
240 . \
220 : " "“ 7l
200 WL e
180 —- ” " parewm:n(n; - *
160 4
140
120
100 4
80 |
60
40

Pore volume (cm'/g)
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. . ; . , - .
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Figure 4. N, adsorption—-desorption isotherms and pore size distribution profiles (BJH desorption
data) of the representative supported Ru/BEA150 samples: 1Ru/BEA150 (A), 2Ru/BEA150 (B), and
3Ru/BEA150 (C).
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The data compiled in Table 2 indicate that the deposition of ruthenium led to a
decrease in surface area (Table 2, column 3). However, the micropore surface area (Table 2,
column 5) experienced a more pronounced decline compared to the external surface (Table 2,
column 4). This difference is attributed to the predominant deposition of the ruthenium
species on the inner surface of the narrow zeolite pores. However, both the Langmuir and
external (t-plot) surface areas of these catalysts confirm that the pores of the zeolite are only
partly blocked.

Table 2. Textural properties of BEA and Ru/BEA samples.

S SBET, Sext, Smicros Viotals Vineso, Vmiacm' pore Size
ample m2g)* (mlg)** (m¥g)** (ecmdlg) ***  (cmdlg) 3 (11:1*/ §) ?;intf)ﬂgr:igfl
BEA12.5 495 186 309 0.72 0.58 0.14 9.4;31.5
1Ru/BEA12.5 415 168 247 0.65 0.54 0.11 9.3; 30.0
2Ru/BEA12.5 502 186 316 0.80 0.66 0.14 9.4;31.5
3Ru/BEA12.5-B 262 172 90 0.38 0.34 0.04 4.0,94
BEA150 497 133 364 0.29 0.12 0.17 3.8
1Ru/BEA150 281 217 64 0.35 0.32 0.03 3.9;,9.3
2Ru/BEA150 275 178 96 0.34 0.30 0.04 39,77
3Ru/BEA150 421 273 148 0.38 0.31 0.07 39,71

* Calculated by the BET method. ** External surface area calculated using the t-plot method. *** Total pore
volume determined at a relative pressure (p/po) of 0.98. **** Mesopore volume calculated using the BJH method.
**%% Micropore volume calculated using the f-plot method. ****** Mesopore diameter calculated using the
BJH method.

The Ru/BEA catalysts also displayed the development of additional mesopores
(Table 2, column 10), confirming a desilication process well correlated with the BEA Si/ Al
ratio. Thus, the external surface of Ru/BEA150 was significantly enlarged compared to
that of the Ru/BEA12.5 catalysts (Table 2, column 4). This desilication process is consistent
with the results of the XRD and XPS measurements.

2.2. Catalytic Activity

The Ru/BEA catalysts were evaluated during the hydrogenation of LA. Based on the
fact that the kinetic diameter of LA is approximately 0.6 nm (6 A) [42], and that its various
intermediates and potential final products, including GVL, pentanoic acid, 1,2-pentandiol,
and different hydrocarbons, have similar or smaller sizes, it was anticipated that the syn-
thesized Ru/BEA zeolites developed through the DP approach (with abundant mesopores)
would enhance the mass transport properties, thereby increasing the reaction efficiency.

For the hydrogenation of LA to GVL in water, alcohols, and alcohol /water mixtures,
working with Ru catalysts supported on carbon, the literature highlights the significance
of the reaction solvent [43,44]. Therefore, despite the limited solubility of hydrogen [45],
water enhances the H-spillover effect on the catalyst surface [46], facilitating the adsorption
of the reactant and reaction intermediates, thus leading to a faster reaction rate for LA and
a higher yield of GVL [46,47]. However, the vulnerability of the zeolites” framework to
the attack of the hot liquid water impedes their full utilization in aqueous phase processes.
According to reports of Zhang et al. [48] the presence of hydrophilic moieties such as
Brensted acid sites (BAS), extra-framework Al, and silanol defects plays a crucial role
influencing the zeolites’ susceptibility to hot liquid water. Specifically, the density of the
silanol defects has been found to be the most critical factor in this process. Moreover, the
use of water as a solvent may also produce the hydrolysis of GVL to 4-hydroxy valeric
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acid, which can be subsequently hydrogenated to 1,4-pentanediol [49]. Thus, in light of
these findings, the reaction solvent 1,4-dioxane, i.e., a polar aprotic solvent with a polarity
index of 4.8 (¢ = 2.25), was selected. This solvent demonstrated the ability to enhance the
stability of zeolites, while also providing the advantage of a significantly higher solubility
for hydrogen [6]. It also allows work at a lower hydrogen pressure and practical benefits
for the analysis of the reaction products [26,50].

The optimization of the reaction time and temperature was investigated for the
1Ru/BEA150 catalyst. At 10 bars of Hy and 130 °C, the increase in the reaction time
from 5 to 24 h led to a gradual increase in the conversion of LA, reaching 73.9% for a yield
to GVL of 70.2% (Sgv1, = 95.0%). Based on this, 24 h was established as a reference reaction
time for further experiments. Then, the increase in the reaction temperature to 190 °C led to
an increase in the conversion to 99.8%. However, due to the instability of 1,4-dioxane in the
presence of acid catalysts at this temperature, the yield to GVL decreased to 79.5%, resulting
in the formation of dioxane-derived byproducts, as also suggested by Luo et al. [26]. Based
on these results, the optimal reaction temperature for further experiments was set to 130 °C.

Noteworthily, under these conditions, the selectivity to GVL was almost total. The
only detected intermediate was 4-hydroxyvaleric acid (4-HVA). No intermediates, such
as x-angelica lactone (x-AL) or GVL over-hydrogenation products (e.g., 1,4-pentanediol
and valeric acid), were identified. The low amounts of 4-HVA may be related to a fast
conversion of GVL, while the formation of «-AL requires an acid-catalyzed endothermic
dehydration of LA at reaction temperatures higher than 180 °C. As the mass balance of
the substrate and products (LA+GVL) was always higher than 93 % (determined by GC
analysis), to compare the catalytic activity of the investigated catalysts, Table 3 compiles
only the GVL yields.

Table 3. The influence of the support nature and ruthenium loading on catalytic activity and

selectivity.

Catalyst * X1a, % Ygvi, % Sgvi, %
1Ru/BEA12.5 3.9 3.6 93.3
2Ru/BEA12.5 49 4.6 94.0
3Ru/BEA12.5 54 5.1 95.0

3Ru/BEA12.5-B 0 - -
1Ru/BEA18.5 79 74 94.0
2Ru/BEA18.5 10.5 10.1 96.1
3Ru/BEA18.5 15.1 14.5 96.3
1Ru/BEA150 73.9 70.2 95.0
2Ru/BEA150 87.6 84.1 96.0
3Ru/BEA150 96.5 94.4 97.8

* Reaction conditions: 116 mg (1 mmol) LA, 10 mg catalyst, 3.5 mL dioxane, 10 bar Hp, 130 °C, 24 h. Note: The
difference in selectivity up to 100% is given by 4-hydroxyvaleric acid (4-HVA).

As Table 3 shows, the LA conversion was influenced by both the Ru loading and the
Si/ Al ratio of the zeolite carrier. Regardless of the Si/ Al ratio, increasing the Ru loading
from 1 to 3 wt% led to an increase in activity. Also, for the catalysts with the same loading
of ruthenium, an increase in the conversion of LA was determined by increasing the Si/Al
ratio from 12.5 to 150 (Table 3, entries 1-3). Across the Ru/BEA150 catalysts, the conversion
of LA was in the range of 73.9-96.5% (Table 3, entries 8-10).

For both the most efficient catalyst (3Ru/BEA150, Table 3, entry 10) and the completely
inactive one (3Ru/BEA12.5-B, Table 3, entry 4), the Ru**/ Ru® ratio was less than 2.5
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(Table 1, entries 3 and 4). So, the determined catalytic behavior is not strictly explained
by the differences in the oxidation state of Ru, but also by differences in the size of the
RuOy crystallites. The larger ones (3Ru/BEA12.5-B) relate to a weaker metal-support
interaction that, consequently, permeates a high probability of leaching during the reaction.
A similar effect of the reduction step may be taken into consideration irrespective of the
catalyst nature.

NHj;/CO,-TPD measurements were conducted for the most efficient catalyst (i.e.,
3Ru/BEA150), and the results were compared to those of the less effective ones (i.e.,
1Ru/BEA18.5 and 3Ru/BEA12.5-B). For the investigated catalysts, the NH3-TPD profiles
showed different percentages of weak (50-200 °C, Table 4), medium (200-300 °C, Table 4,),
and strong acid sites (300-400 °C, Table 4) (Figure 5A,B). Specifically, BEA12.5 and BEA18.5
(Figure 5A) exhibited three pronounced peaks at 103, 200, and 381 °C, indicating the
presence of both weak and medium-strength acid sites. Following the ruthenium loading,
the population of the weak acid sites was slightly declined, while the medium and strong
acid sites (200 and 381 °C) disappeared. The latter were replaced by new medium-strength
acid sites (peak at 248 °C) generated by the deposition of the RuOy crystallites [51]. For the
3Ru/BEA150 catalyst, another peak was evidenced at 225 °C (Figure 5B).

Table 4. Acid-base properties of the 3Ru/BEA12.5-B, 3Ru/BEA150, and 1Ru/BEA18.5 catalysts,
determined from NH3/CO,-TPD.

Acid Site Population, Base Site Population,
(umols/g) Total Acid (umols/g) Total Base Base-Acid
Sample Range of Temperature (°C) ( ui:fﬁ:;g) Range of Temperature (°C) (ursnl(t;: /g) Ratio
50-200 200-300 300-400 100-200 200-400 >400
BEA12.5 618 20090) 10.2 98.3 50.0 - - 50.0 051
3Ru/BEA12.5-B 60.8 (ZZ;SIOZC) - 85.0 494 2318 n 43.9 325.0 3.82
17.0
BEA18.5 74.3 (200 °C) 15.8 107.1 60.2 - - 60.2 0.56
51.7
1Ru/BEA18.5 71.2 (248°C) - 1229 70.4 80.2 - 150.6 1.23
BEA150 158.9 - - 158.9 68.4 18.2 - 86.6 0.54
3Ru/BEA150 133.4 95.5 - 228.9 194.4 118.5 - 312.9 1.37
A — BEA125 B —— BEA150.
—— 3RuU/BEA12.5-B — 3RUBEA150
—— BEA18.5
— — 1Ru/BEA18.5
=}
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— (]
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Figure 5. NH3-TPD profiles for (A) 3Ru/BEA12.5-B, 1Ru/BEA18.5, and (B) 3Ru/BEA150 catalysts.
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CO,-TPD signal (a.u.)

The CO,-TPD profiles are depicted in Figure 6, and the surface features of the inves-
tigated samples are listed in Table 4. According to these profiles, the base sites can be
classified into three categories: (i) weak base sites (100-200 °C), (ii) moderate-strength base
sites (200—400 °C), and (iii) strong base sites (>400 °C) [52].

—— BEA150
A B —— 3RU/BEA150
3
S
5
——BEA12.5 g
—— 3RU/BEA12.5-B >
——BEA18.5 g
—— 1RU/BEA18.5 K
o
(@)
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
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Temperature (°C) Temperature (°C)

Figure 6. CO,-TPD profiles for (A) 3Ru/BEA12.5-B, 1Ru/BEA18.5, and (B) 3Ru/BEA150 catalysts.

In our example, these new generated base sites with moderate strength (200400 °C;
60.2 umols/g CO; for 1Ru/BEA18.5 and 312.9 umols/g for 3Ru/BEA150; Figure 6A,B
and Table 4) can be associated with partial desilication, as also evidenced by the XRD
and XPS measurements. As an effect, in accordance with the extent of desilication, new
framework oxygen bridging the silicon and aluminum (5i-O-Al) was generated, which—in
agreement with Kondo [35]—represents the basic lattice oxygen in H-BEA zeolite carriers.
For 3Ru/BEA12.5-B, the CO,-TPD profile revealed the presence of moderate-strength and
strong base sites. The base strength of H-form zeolites is far weaker than that of conven-
tional solid-base catalysts (alkali-cation-exchanged zeolites and metal oxides). Therefore,
while the moderate-strength sites were attributed to the partial loss of zeolite crystallinity
as an effect of the desilication, the strong base sites were attributed to the retention of Na*
as a counter cation, balancing the negative charge of the aluminum tetrahedron during the
reduction with NaBHy4 [53].

Previous studies suggested two different pathways for the production of GVL from
LA [11,23]. These proposed (i) the hydrogenation of LA to 4-HVA, followed by dehydration
to the GVL product (pathway 1, Scheme 1), and (ii) the acid-catalyzed endothermic dehy-
dration of LA (temperatures higher than 180 °C) to x-AL via intra-molecular esterification,
followed by hydrogenation to GVL (pathway 2, Scheme 1) [11,23]. However, the results
collected in this study fit pathway 1, with 4-HVA serving as the intermediate (Scheme 1).

According to this, by hydrogenation, the keto functionality of LA is transformed into
an alcohol group, resulting in the formation of the 4-HVA intermediate. This step can be
achieved through either homo- [23] or heterolytic [11] H, dissociation.

While metallic ruthenium nanoparticles typically favor the homolytic dissociation
of Hj [54], in the case of the surface RuOx species, due to their involvement in hydro-
genation reactions, the mechanism of the reaction of the carbonyl group may be more
complicated [15]. The support is not a spectator in this reaction. As previously shown in the
hydrogenation of «,[3-unsaturated aldehydes, an important effect upon the chemoselectiv-
ity to allylic alcohol is given by the existence of the Lewis acid site in the vicinity of the Ru(0)
particles, which favors the heterolytic splitting of molecular hydrogen in hydride—proton
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pairs [55]. In line with these findings, this study revealed the synergistic effect of Ru(0)
nanoparticles activating the -C=0 bond of the LA substrate and the Lewis acid-base pairs,
which facilitated the heterolytic dissociation of Hp into H™ and H*. Specifically, the Lewis
base, associated with the framework oxygen bridging the silicon and aluminum (Si-O-Al)
situated near the zeolite pore edge on its external surface, can accept the generated protons,
leaving the hydrides to the RuOy (Lewis acid sites) (Figure 7). However, a homolytic
mechanism for Hj dissociation into 2H is also possible for metallic Ru nanoparticles.

OH
OH

H;C I
%«\\ﬂa‘! o)

ﬁ (Y 4-Hydroxyvaleric acid

OH (4-HVA)
Hao/\/\l( He. O o
Levulinic acid (LA) NG he. Ol o
3 \U/ Wy y - Valerolactone

(GVL)

o - Angelica lactone
(AL)

Scheme 1. Reaction pathways for the synthesis of GVL from LA.

Lewis acid-base pairs

Ru*
H) ——— H +H*
Zeolite SI\ Al ; g
Bronsted sites

___Rul
o X H* 0 Ru
\(j . Hzo Metallic sites
GVL

4-HVA LA

Figure 7. The proposed selective hydrogenation mechanism of LA to GVL through the heterolytic
dissociation of Hj.

Following the conclusions of Ruppert et al. [56], the 4-HVA molecule, once formed,
may undergo dehydration onto the Breonsted acid sites of the zeolite carrier. As a con-
sequence, the GVL cyclic ester product is generated through a favorable intramolecular
esterification process. Thus, the very high efficiency of 3Ru/BEA150 may be attributed to
the optimal combination of the catalytic phase, which boasts a balanced Ru** /Ru ratio of
1.3 (as determined by XPS), with the acid-base properties of the zeolite carrier provided by
the Brensted acid and bridged oxygen Lewis base sites.

Recyclability tests were conducted on the 3Ru/BEA150 catalyst, which displayed the
highest catalytic efficiency. After 24 h, the catalyst was separated, washed, dried, and then
utilized for another catalytic batch under identical reaction conditions. This process was
repeated for five consecutive cycles. As illustrated in Figure 8, the catalyst maintained a
high catalytic efficiency for five cycles, with only a slight deactivation in terms of the GVL
production after the fourth cycle.
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Figure 8. Recycling tests for 3Ru/BEA150 catalyst (1 mmol LA, 10 mg cat, 10 bar Hy, 130 °C, 24 h).

The stability of the investigated catalyst was further validated by the X-ray diffraction
patterns (Figure 9) and infrared spectra (Figure 10) collected from both the fresh cycle and
after the fifth cycle test.

700
* - RuO, — Fresh 3Ru/BEA150
i #-Ru —— Spent 3Ru/BEA150
600 -
500 #/ BEA
— J i *
> +« # #
S 400 | # # #
2 i
®
& 300
IS
200 -
100
1 ' ) ' 1 ' ) ' 1 ' ) M ) ' 1
10 20 30 40 50 60 70 80

20 (degrees)
Figure 9. XRD patterns of the fresh and fifth cycles of the tested 3Ru/BEA150 catalyst.

The presence of lines characteristic of both the zeolite and Ru species in the DRIFT
spectra after five recycling steps attests the high stability of the catalyst. However, the
appearance of new bands in the 2750-3000 cm ! region suggests the adsorption of organic
molecules during the reaction, which is likely the primary cause of the gradual decline in
catalyst efficiency after multiple catalytic cycles.
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A stable and efficient bifunctional Ru/BEA catalyst was developed through the DP
method and activation with molecular hydrogen, integrating the necessary catalytic charac-
teristics for the LA conversion to GVL.

45

- — Fresh Ru3/BEA150
40 - m\ —— Spent Ru3/BEA150

35

30

25

20

15 +

10

Transmittance (%)

i T Y T L I Ll T Y T ¥ T ¥ 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ')

Figure 10. DRIFT spectra for the fresh and fifth cycles of the tested 3Ru/BEA150 catalyst.

Contrarily, the 3Ru/BEA12.5-B catalyst showed complete inactivity in the LA hydro-
genation (Table 3, entry 4). This is attributed to the lack of catalyst stability, as proven by
the XRD pattern of the spent catalyst (Figure 11). It shows no lines characteristic of RuOx
or metallic Ru(0) species.

700
*-RuO, Fresh 3Ru/BEA12.5-B
T #-Ru ——— Spent 3Ru/BEA12.5-B
600
500 .
3 | *
L 400 : # *
> | # #
= J
c
2 300+
£
200
100 * l
+ T - T r T r i T LIS R A jl n.‘h.n.mjhimﬂ‘
10 20 30 40 50 60 70 80

20 (degrees)
Figure 11. XRD patterns of fresh and 1st cycle of spent 3Ru/BEA12.5-B catalyst.

Therefore, it is likely that the primary cause for the rapid deactivation of the catalyst
in LA conversion is an inadequate metal-support interaction. This is also confirmed by the
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leaching of ruthenium species observed by UV-Vis spectroscopy (Figure 12), which revealed
the presence of cationic ruthenium species in the reaction solution after the separation of
the 3Ru/BEA12.5-B catalyst. The spectrum of RuCl; solution exhibits two signals: one
located at 532 nm, assigned to a T — 5 charge transfer, and the second one at 240 nm, due
to the m — v3 charge transfer typical of low-spin d complexes [57]. An absorption band
around 360 nm also appeared in the spectrum due to the formation of [RuCl,(HyO)g_n P ™
species. The UV-Vis spectra of the blank reaction (in the absence of the catalyst) indicate
the presence of only levulinic acid (LA), with a maximum absorbance at 265 nm.

Reaction mixture
RuCI3 solution

240 nm

—— Blank reaction

Absorbance (a.u.)

T T T
900 1000

T | |
300 400 500 600 700
Wavelength (nm)

T
800

Figure 12. UV-Vis spectra of the aqueous RuCl3-3H,0O solution, the reaction solution after the 1st
cycle of the tested 3Ru/BEA12.5-B catalyst, and the reaction solution after blank reaction.

A significant proportion of H* acid sites were also lost due to an H* /Na* ion-exchange
process occurring during the catalyst reduction with the NaBH,4 reagent. This behavior
was also proven by XPS and CO,-TPD characterizations.

3. Materials and Methods

All chemicals and reagents were of analytical grade, purchased from Sigma-Aldrich
(Saint Louis, MO, USA), and used without further purification.

3.1. Catalyst Preparation

Ru/BEA zeolite (Si/Al = 12.5, 18.5, and 150) catalysts with 1, 2, and 3 wt%Ru were
synthesized by a deposition—precipitation (DP) method. In agreement with our previous
work [38,39], in a typical preparation approach for the synthesis of the 1 wt% Ru-BEA
catalyst, a solution of 26.1 mg RuCl3-3H,0O (0.1 mmoles of RuCl;-3H,0 in 60 mL H,0)
was added to a suspension of zeolite (1 g in 80 mL of H,O) under stirring. Subsequently,
a solution of NaOH (0.1 M) was added drop-wise until the pH reached 10. The mixture
was then stirred for 24 h at room temperature. The same procedure was used to prepare
catalysts with 2 and 3 wt% Ru. The Ru loading was adjusted by controlling the amount of
the zeolite powder and the volume of the aqueous solution of RuCls-3H,O. The obtained
solids were separated by centrifugation (6000 rpm for 35-40 min) and washed with an
AgNQOj; reagent until a neutral pH was reached and until chlorine anions were absent from
the rinse water. After washing, the catalysts were dried under vacuum at 110 °C.
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The catalysts were then activated by calcination at 300 °C, for 4 h, followed by re-
duction with molecular hydrogen under a flow (Hy) (50 mL/min at 350 °C for 1 h, with
a heating rate of 1 °C/min in a flow reactor). The obtained samples were denoted as
xRu/BEAy, where x denotes the Ru content (1, 2 or 3 wt%) and y is the Si/Al ratio (12.5,
18.5, or 150).

For comparison, some Ru/BEA catalysts were directly reduced with NaBH, at room
temperature. After drying, a portion of the recovered solid powder was added to 100 mL
of a NaBH4 ethanol solution (0.4 M), and the resulting mixture was stirred until bubble
generation ceased (~4 h). The obtained catalysts were then separated from the solution
by vacuum filtration, washed with deionized water until they reached a pH of ~7, then
washed with 50 mL of ethanol, and finally dried at 110 °C overnight. The obtained catalysts
are denoted as xRu/BEAy-B.

3.2. Catalyst Characterization

The synthesized Ru/BEA catalysts were characterized by X-ray diffraction (XRD),
the adsorption—desorption of nitrogen at —196 °C, IR diffuse reflectance with Fourier
transform (DRIFT) spectroscopy, NH3/CO,-TPD, and X-ray photoelectron spectroscopy
(XPS). Powder X-ray diffraction (XRD) patterns were collected using a Shimadzu XRD-7000
apparatus with a Cu Koo monochromatic radiation of 1.5406 A, 40 kV, and 40 mA at a
scanning rate of 0.1 degree min~! in the 20 range of 5°~80°. The crystallinity of the samples
was defined on the basis of the three characteristic diffraction lines of beta zeolite at Bragg
angles of 7.6°, 21.2°, and 22.4°, and calculated using Formula (1) [58]:

213:1 intensity,
[2?21 intensity; | Ref

%Crystallinity = x 100 1)

The average size of the metallic Ru crystallites in the Ru/BEA samples was determined
using the Debye—Scherrer Equation (2) [59], taking the (002) reflection of Ru (26 = 42.3°).

K
~ PBcost

()

where d is the crystallite size in nm; k = 0.94; A is the wavelength of the X-ray (1.54178 A);
6 is the half-diffraction angle; and B is the full width at half maximum (FWHM) in radians
at 20 =42.3°.

Textural characteristics (surface area, pore volume, and pore diameter) were deter-
mined from the nitrogen adsorption—-desorption isotherms at —196 °C using a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer (Micromeritics, Norcross, GA, USA). Prior
to adsorption, all samples were systematically degassed at 200 °C under primary vacuum
for 4 h. The surface area was calculated from the BET equation and the pore size distri-
bution was determined based on the Barret-Joyner-Halenda (BJH) approach (Stone, UK),
considering the desorption curves. DRIFT spectra were recorded and collected using a
Bruker (Billerica, MA, USA) Tensor-II FTIR spectrometer at room temperature at a 4 cm !
resolution in the range of 4004000 cm !, and the final spectrum was obtained by averaging
32 scans. UV-vis spectra were recorded with a SPECORD 250-222P108 (Analytical Jena
GmbH. KG, Jena, Germany) in the range of 200-1100 nm with a scan rate of 50 nm per
second. CO,- and NH3-TPD measurements were performed using an AutoChem II 2920
station (Osaka, Japan). The samples (100—200 mg), placed in a U-shaped quartz reactor
with an inner diameter of 0.5 cm, were pretreated under He (purity 5.0) at 120 °C for 1 h,
and then exposed to a flow of CO; or a flow of NHj (1 vol%) in helium for 1 h. Subsequently,
the samples were purged with a flow of He (50 mL x min~!) for 20 min at 25 °C in order to
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remove the weakly adsorbed species. TPD measurements were then started with a heating
rate of 10 °C x min~! up to 500 °C, where they were maintained for 30 min. The des-
orbed products were analyzed using GC-TCD chromatography. The amount of desorbed
CO,/NH3, expressed as mmol of CO,/NHj3 per gram of catalyst, was determined using a
calibration curve. The X-ray photoelectron spectroscopy (XPS) analysis was performed on
an AXIS Ultra DLD (Kratos Surface Analysis) setup (Kratos Analytical, Manchester, UK)
using Al K«1 (1486.74 eV) radiation produced by a monochromatized X-ray source at an
operating power of 144 W (12 kV x 12 mA). The base pressure in the analysis chamber
was ~1 x 1079 mbar. XPS was performed to determine the surface chemical composition
of the samples. All core-level spectra were deconvoluted using Voigt functions, singlets, or
doublets (Lorentzian and Gaussian widths), with a distinct inelastic background for each
component [60,61]. The minimum number of components was used to obtain a convenient
fit. The binding energy scale was calibrated to the C 1 s standard value of 284.6 eV.

3.3. Catalytic Tests

The catalytic experiments were carried out in a stainless-steel autoclave (8 mL, HEL
Instruments) under the following conditions: 116 mg of LA (1 mmol), 10 mg of the cata-
lyst, and 3.5 mL of 1,4-dioxane. The system was flushed thrice with hydrogen and then
pressurized to 10 bar. To exclude the influence of the external mass transfer limitations, the
resulting mixture was stirred at a speed of 1200 rpm. The experiments were performed
at 110-190 °C for 5-24 h. After the reaction, the autoclave was quickly cooled to room
temperature, the catalyst was separated from the liquid phase by centrifugation (6000 rpm
for 5 min), and the products were concentrated under vacuum at 60 °C.

The recovered products were silylated with 150 pL of a derivatization agent (N,O-bis
(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS)) and
200 pL pyridine at 50 °C for 2 h. Afterwards, the obtained products were diluted with
ethyl acetate (20 uL sample in 15 uL ethyl acetate) and analyzed by a Shimadzu gas
chromatograph equipped with a flame-ionization detector (GC-FID) and a DB-5ms GC
column (50 m x 0.2 mm x 0.33 um) with a stationary phase composition of 5% diphenyl and
95% dimethylpolysiloxane. All samples were analyzed in triplicate. Product identification
was performed using a Thermo Fischer Scientific (Waltham, MA, USA) Trace 1310 gas
chromatograph coupled with an ISQ LT single-quadrupole mass spectrometer (GC-MS)
equipped with a TG-55ILMS column (30 m x 0.25 mm x 0.25 pm).

LA conversion (X) and the selectivity to the reaction products (S,) were calculated
from the GC-FID chromatographic analysis using the following Equations (3):

Yield,

T 0100 $y% = < 100 3)

X% =

n;

lltll

where #; is initial moles of LA and #; is moles of untransformed LA at time “t”, as deter-

mined from the GC analysis.

4. Conclusions

In this study, Ru/BEA bifunctional catalysts were prepared by the deposition—
precipitation (DP) method, and subsequently reduced with either molecular hydrogen
or the NaBH, reagent. The characterization of the resulting catalysts demonstrated the
formation of a hierarchically porous texture with both micro- and mesopores, limiting the
steric and diffusional phenomena for both the substrate LA and reaction intermediates. The
resulting hierarchical porosity made a significant part of the mesopore/external surface
available, allowing a larger dispersion of the active catalytic phase.
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The catalytic tests confirmed that the efficiency of Ru/BEA catalysts in LA hydrogena-
tion is influenced by the activation protocol. For the activation with molecular hydrogen, the
presence of highly dispersed Ru(0) nanoparticles and RuOy crystallites led to a synergistic
effect, converting LA into the 4-HVA intermediate, which further underwent dehydration
to GVL on the Brensted acid sites provided by the zeolite carrier. While it is not entirely
ruled out that a homolytic dissociation of hydrogen could occur over metallic ruthenium
nanoparticles, the presence of Lewis acid sites, such as RuOy, and a high concentration
of basic sites in the zeolite carrier, such as framework oxygen bridging the silicon and
aluminum (Si-O-Al) at the external surface zeolite pore edge, suggest a possible heterolytic
splitting of molecular hydrogen into hydride—proton pairs. However, it was proven that
regardless of the hydrogen mechanism of dissociation, the presence of metallic ruthenium
is essential for the activation of LA through the adsorption of carbonyl -C=O bonds.

The 3Ru/BEA150 catalyst demonstrated an exceptional ability to convert LA, achiev-
ing a conversion rate of 96.5% and a selectivity of 97.8% for GLV at 130 °C under 10 bars
of Hj. This catalyst exhibited remarkable stability in the liquid phase, being efficient after
five consecutive catalytic cycles without any significant change. The notable catalytic
behavior that simultaneously provides high efficiency and stability at the same time in
LA hydrogenation to GVL is, therefore, the result of the development of a tailor-made
3Ru/BEA150 catalyst with a combination of certain metallic/acid-base properties and a
hierarchical micro/mesoporous structure.

The use of NaBH, in the reduction of the catalysts led to the formation of larger
RuOx crystallites and highly dispersed metallic Ru nanoparticles (i.e., 3Ru/BEA12.5-B,
Ru/BEA150-B). The presence of such large particles suggests a weak metal-support in-
teraction, which led to significant leaching during the reaction. Additionally, the high
concentration of basic Na* sites on the zeolite carrier can be attributed to an ion-exchange
H*/Na* process during the chemical reduction. These two factors are likely responsible
for the lack of catalytic efficiency observed in the studied synthesis.
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