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Abstract

Gamma-valerolactone (GVL) can be used as a renewable solvent, flavoring agent, and
precursor to produce liquid fuels and fine chemicals. GVL is mainly produced by the
efficient hydrogenation of levulinic acid and its esters over a wide range of bifunctional
catalysts under harsh conditions because high temperature is generally required for GVL
formation. So far, the hydrogenation of levulinic acids/esters under mild conditions
remains a great challenge. In this study, 2 wt.% Ru was loaded onto ZSM-5 zeolite (MFI)
via a deposition—precipitation method and further wrapped by crystallization, forming a
core-shell structure. Moreover, the wrapped Ru catalyst was coated with a petal-like layer
of Mg35i409(OH)4 (MgSiO3) via a hydrothermal reaction in a Mg(INO3), solution, thereby
introducing alkalinity and achieving spatial separation of Mg and Ru. This dual-functional
catalyst reduces the inhibitory effect of Mg on the Ru active center and enables efficient
preparation of GVL from ethyl levulinate (EL) under mild conditions, achieving 100% EL
conversion and 98% GVL selectivity in the aqueous phase at 80 °C in 2 h under 0.5 MPa
of Hz.

Keywords: levulinate esters; y-valerolactone; ruthenium; alkaline catalyst

1. Introduction

With the rapid economic development, the growing demand for coal, oil, and other
energy resources has exacerbated energy shortages and environmental pollution [1-3]. To
achieve net-zero carbon emissions, high-energy fuels and valuable chemicals produced
from renewable carbon sources, namely biomass rather than petroleum, are highly desir-
able [4-6]. y-Valerolactone (GVL), a renewable solvent and an essential intermediate for
high-value chemicals and liquid biofuels, has emerged as a significant research topic in
biomass conversion [1,2,7,8]. GVL can be produced via the high-efficiency hydrogenation
of levulinic acid (LA) and its esters as feedstocks [9,10]. The production of GVL from LA
and its esters (LEs) involves two steps. Taking EL as an example, EL is first hydrogenated
to ethyl 4-hydroxylpentanoate (EHP) over metal sites, and then EHP is converted to GVL
over acidic/basic sites. To date, metal catalysts, such as Co [11,12], Ni [13], Ru [14,15],
Pd [16], and various alloy catalysts [17,18], have been widely used for the high-efficiency
hydrogenation of levulinates under suitable conditions. It is noted that ring opening of
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GVL is prone to occur at high temperatures; therefore, catalysts showing high catalytic per-
formance under mild conditions are desired to achieve high GVL selectivity. Among metal
catalysts, Ru catalysts have been shown to suppress the formation of by-products during the
hydrogenation of levulinates in the aqueous phase under mild conditions. Gao [15] and co-
workers reported a Ru/CeO;-rod catalyst, which showed that the conversion of EL is 99.7%
and the maximum yield of GVL is over 90% at 100 °C, 4 MPa of H; and 8 h. Single-atom
Ru on a TiO; /CN catalyst can also catalyze the hydrogenation of levulinic acid at room
temperature in water, with a turnover frequency (TOF) of 278 molgyL mol !z, h=1[19].
Kuwahara et al. [20] reported a GVL yield of 95.6% in aqueous medium at 70 °C, 0.5 MPa,
and 4 h by using Ru nanoparticles confined in Zr-containing spherical mesoporous silica.
In such hydrogenation processes, water, as a green solvent, facilitates activation of both
hydrogen and carbonyl groups owing to its hydrogen-bond network [21].

Previous studies have shown that the presence of acidic or basic sites in catalysts
improves the selectivity of GVL for the hydrogenation of levulinates. Li et al. [22] found
that cooperation between Lewis and Brensted acid sites is responsible for the efficient con-
version of EL to GVL via adjustable zirconium phosphate. Subsequently, they used a basic
zirconium carbonate composed of Lewis acid sites (zirconium ions) and base sites (carbon-
ates and hydroxides) as a transfer hydrogenation catalyst, achieving 100% ethyl levulinate
conversion and 96.3% GVL yield at 180 °C, 3.0 h, and 1.0 MPa N, [23]. Ma et al. [24] used
simple basic zirconium carbonate (BZC) to convert ethyl levulinate into GVL at 140 °C for
14 h. The conversion was 97.7%, and the GVL selectivity was 91.3%. One can see that tem-
peratures above 140 °C and very long reaction periods were consistently employed in these
processes. Nadgeri et al. [14] studied the liquid phase hydrogenation of methyl levulinate by
employing graphite-supported ruthenium (Ru/graphite) and zeolite-supported ruthenium
as catalysts in water at 70 °C. They found that the Ru/graphite-ZSM-5 mixture exhibited the
highest activity among Ru/graphite, Ru/ZSM-5, and Ru/graphite mixtures with several ze-
olites, attributable to the synergistic effect of highly dispersed ruthenium particles and acid
sites. Therefore, to achieve high levulinate conversion and high GVL selectivity, catalysts
containing metal sites and materials with acidic or basic sites are required. From a practical
perspective, developing a bifunctional catalyst containing both Ru and acidic/basic sites
for a green process significantly benefits levulinic acid/ester transformations. In this study;,
a bifunctional catalyst was prepared by coating petal-like Mg35i4O9(OH)4 (MgSiOs) layers
on a crystallized Ru-wrapped ZSM-5 zeolite (also called MFI) catalyst (Ru@MFI) with a
core—shell structure. Such a specific structure enables the spatial distribution of alkaline
Mg species and Ru nanoparticles, which is crucial for achieving satisfactory hydrogenation
performance. The resultant bifunctional catalyst (5%MgSiOs;@2%Ru@MFI) showed 100%
EL conversion and 98% selectivity for GVL in water at 80 °C under 0.5 MPa of Hj after 2 h
of reaction. The activity of 5%MgSiO3@2%Ru@MFI was retained after two cycles.

2. Results and Discussion
2.1. The Characterization of the Ru Catalysts

A bifunctional catalyst 5%MgSiO;@/2%Ru@MFI composed of highly dispersed Ru
nanoparticles spatially separated by alkaline Mg species was designed for the hydro-
genation of levulinate to GVL under mild conditions. Scheme 1 shows the preparation
procedure of the bifunctional catalyst (5%MgSiO;@2%Ru@MF]I) via a three-step synthesis.
First, highly dispersed Ru nanoparticles were loaded onto MFI via a deposition method
(2%Ru/MFI). Second, the 2%Ru/MFI sample was added to a mixture of TEOS, TPAOH,
and NaOH to form 2%Ru@MFI via recrystallization. At last, 2%Ru@MFI was hydrother-
mally treated in a solution containing Mg(NOj3),-6H,0O, NH4Cl, and NHj3-H,O, leading to
a petal-shaped MgSiO; layer covering the 2%Ru@MFI surface.
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Scheme 1. A schematic illustration of the preparation procedures of 5%MgSiO3@2%Ru@MFI.

The SEM images of 5%MgSiOz@2%Ru@MFI are shown in Figure 1. 2%Ru@MFI was
also characterized for comparison. 2%Ru@MFI gave a uniform morphology, a smooth

surface, and a higher degree of crystallinity. After covering with MgSiO3, the particle size
of 2%Ru@MFI did not change significantly, but the surface of 2%Ru@MFI became rough
and was covered by a shell of petal-like MgSiO3z nanoflakes.

Figure 1. The SEM image of (A) 2%Ru@MFI and (B) 5%MgSiO3@2%Ru@MFI.

The N, adsorption-desorption isotherms of 5%MgSiO3@2%Ru@MFI and 2%Ru@MFI
are shown in Figure 2. It is clear that 5%MgSiO3@2%Ru@MFI and 2%Ru@MFI exhibit
typical type IV(a) isotherms with a capillary condensation in the relative pressure (P/P)
from 0.4 to 0.8. This condensation is associated with the intercrystalline mesopores. The
BET surface areas and pore volumes of 5%MgSiO3@2%Ru@MFI and 2%Ru@MFI are listed
in Table 1. The specific surface area of 5%MgSiO;@2%Ru@MFI is 282 m?/g, which is
68 m?2/ g lower than that of 2%Ru@MFI. The decrease can be attributed to the loss of micro-
porosity, from 317 to 87 m?/g during the hydrothermal treatment. The total pore volume
of 5%MgSiO;@2%Ru@MFI is 0.31 cm?/g, which is 55% higher than that of 2%Ru@MF],
which is consistent with the appearance of mesopores. For comparison, 2%Ru/MgO
and 2%Ru/SiO, were also prepared and exhibited a characteristic Type H3 loop related
to macropores.

Table 1. BET surface areas and pore volumes of the Ru catalysts.

Vtotal 1 SBET 2 Smicro 3 Smeso 3

Catalyst (cm®/g) (m?/g) (m?/g) (m?/g)
2%Ru@MFI 0.20 350 317 33
5%MgSiO;@2%Ru@MFI 031 282 87 194
2%Ru/MgO 0.26 54 0 54
2%Ru/Si0; 0.41 145 18 127

1 Obtained at P/Py = 0.95. 2 Calculated by N adsorption in relative pressure range (P/Pp) of 0.05-0.20 using the
BET method. 3 Evaluated from the t-plot method.

https://doi.org/10.3390/catal16020185


https://doi.org/10.3390/catal16020185

Catalysts 2026, 16, 185

40f12

o

=3

=3
!

44°
' a
\

IS

=)

t=1
|

b

M
'
d

Intensity (a.u.)

Volume adsorbed (mL/g,STP)

0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 10 20 30 40 50 60 70

Relative pressure (P/P,) 2 Theta (°)

Figure 2. (A) Nitrogen adsorption (solid symbols) and desorption (open symbols) curves at 77 K
and (B) the XRD patterns of Ru catalysts. a: 5%MgSiO3@2%Ru@MFIL; b: 2%Ru@MFIL; c: 2%Ru/SiO,;
d: 2%Ru/MgO.

Figure 2B shows the XRD patterns of all Ru catalysts investigated. 2%Ru@MFI ex-
hibited the typical MFI diffraction pattern, and a weaker Ru diffraction peak at 44° was
observed. 5%MgSiO;@2%Ru@MFI displayed a similar XRD pattern to that of 2%Ru@MFI,
revealing a retained structure after covering MgSiOj3 layers on 2%Ru@MFI. H,-TPR curves
of the Ru catalysts upon air exposure are shown in Figure 3A. It has been reported that there
are three temperature ranges for the reduction of Ru species in Hy-TPR curves [25,26]. The
low-temperature region (<150 °C) is associated with the reduction of small RuOy particles,
likely the surface oxide layer formed in air. The medium temperature range (150-300 °C)
is assigned to larger RuOy. The high-temperature range (>300 °C) is attributed to RuOx
clusters, which interact strongly with the support via the strong metal-support interaction
(SMSI) effect [27,28]. The reduction peaks of 2%Ru@MFI and 5%MgSiO;@2%Ru@MFI
appeared in the low-temperature range, that is, 156 °C for 2%Ru@MFI and 120 °C for
5%MgSiO3@2%Ru@MFI, indicating the formation of small RuOy, which weakly interacts
with the carrier MFL. By contrast, larger RuOx clusters formed on Ru/SiO; exhibited a
reduction peak at 235 °C. Strong interaction between RuOy and MgO results in a much
higher reduction temperature of 380 °C, as observed for Ru/MgO. It should be noted that
a very weak reduction peak at 330 °C was seen on 5%MgSiO3@2%Ru@MFI. This result
means that very few Ru nanoparticles interact with MgSiOs due to the presence of the
MEFI shell.
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Figure 3. Hy-TPR curves (A) and CO,-TPD curves (B) of the Ru catalysts. a: 5%MgSiO3@2%Ru@MFI;
b: 2%Ru@MFTI; c: 2%Ru/SiO,; d: 2%Ru/MgO.
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The CO,-TPD curves of the Ru catalysts are displayed in Figure 3B. The desorption
of CO; on 2%Ru@MFI occurred at 105 °C and 262 °C. After loading the MgSiO; shells on
2%Ru@MF], the desorption temperature of CO; increased to 110 °C and 304 °C. The higher
temperature indicates an enhanced interaction between CO; and 5%MgSiO3;@2%Ru@MF],
which is attributed to the increased alkali strength owing to the introduction of MgSiO3
shells containing a large amount of Mg-OH [29]. The lower CO, desorption temperatures
of 98 °C and 177 °C in the CO,-TPD curve of 2%Ru/SiO, (Figure 3B) reveal the weaker
basic strength of 2%Ru/SiO,. The CO, desorption peaks for 2% Ru/MgO are observed at
98,163, and 261 °C, which are similar to those of the MgSiO3 shell. For 2%Ru@MF], a broad
desorption peak is observed at 262 °C, which might be associated with the interaction
between CO; and the porous structure.

We next investigated the electronic structures of these Ru catalysts using CO-IR spec-
troscopy. The CO-IR spectra of 2%Ru@MFI and 5%MgSiOs;@2%Ru@MFI are demonstrated
in Figure 4. The IR bands of CO adsorbed on 2%Ru@MFI appear at 2044 cm ™! and
1973 cm L. It has been reported that the band at ~2040 cm ™! can be assigned to linearly
adsorbed CO on small Ru clusters, and the band at ~1980 cm ! can be assigned to bridge-
bonded CO on larger Ru nanoparticles [30-34]. The band at 1980 cm~! is nearly dominant
upon CO adsorption on Ru/SiO; (spectrum 4c). Interestingly, only one peak at 2044 cm !
is found for 5%MgSiO3@2%Ru@MFI, meaning that some of the Ru surface was coordinated
by MgSiOj3 species, which is consistent with the TPR result. However, when Ru interacts
directly with MgO, no CO adsorption at room temperature is observed (spectrum 4d).
These results reveal that bifunctional catalysts (5%MgSiO;@2%Ru@MFI) with spatially
distributed Ru nanoparticles and basic species (Mg) have been successfully prepared in
this study.

Absorbance (a.u.)

2200 2100 2000
Wavenumber (cm™)

Figure 4. CO-IR spectra of the Ru catalysts. a: 5%MgSiO3@2%Ru@MFI; b: 2%Ru@MFI; c: 2%Ru/SiO,;
d: 2%Ru/MgO.

2.2. The Catalytic Activities of the Ru Catalysts in the Hydrogenation of EL

We investigated the catalytic activity of this bifunctional catalyst in the hydrogenation
of EL using water as a solvent at 80 °C and 0.5 MPa of H; after 2 h of reaction. The EL
conversions and selectivities of GVL and HEP on these catalysts are displayed in Table 2.
The conversion of EL on 5%MgSiO3@2%Ru@MFI reached 100%, and the selectivity to GVL
was as high as 98% after 2 h at 80 °C in water. 2%Ru@MFI achieved an EL conversion
of 100% and a GVL selectivity of 21% under identical conditions. We also compared the
catalytic activity of Ru on MgO and SiO, supports (2%Ru/MgO and 2%Ru/SiO,). The 2%
Ru/MgO catalyst did not catalyze the hydrogenation of EL, which warrants further study.
We surmise that its low catalytic activity stems from the strong interaction between Ru and
the MgO support, which inhibits EL hydrogenation. 2%Ru/SiO; displayed EL conversion
of 78%, which was lower than those on 2%Ru@MFI and 5%MgSiO;@2%Ru@MFI under

https:/ /doi.org/10.3390/catal16020185


https://doi.org/10.3390/catal16020185

Catalysts 2026, 16, 185

6 of 12

identical conditions. The higher EL conversion on 2%Ru@MFI and 5%MgSiO3@2%Ru@MFI
could be attributed to the core—shell structure. 2%Ru/SiO, showed GVL selectivity of 16%,
comparable to that on 2%Ru@MFI. This result indicates that the Brensted acid sites do not
effectively catalyze GVL formation from EHP at low reaction temperature. By contrast, the
5%MgSi03@2%Ru@MFI catalyst with basic sites achieved 98% GVL selectivity, which is
4.6 times that of 2%Ru@MFL. It can be concluded that 5%MgSiO3@2%Ru@MFI showed both
high EL conversion and GVL selectivity, thanks to the spatial separation of Ru nanoparticles
and petal-like MgSiOs.

Table 2. The activity of various Ru catalysts in the hydrogenation of EL 1

Catalysts Con. (%) Sel.ggp (%) Sel.gvy (%)
2%Ru@MFI 100 79 21
5%MgSiO;@2%Ru@MFI 100 2 98
2%Ru/MgO 0 0 0
2%Ru/SiO, 78 84 16
2%Ru/5%MgO/Si0, 100 34 66

1 Reaction conditions: 0.2 mL of EL in 10 mL of H,0, 50 mg catalyst, 80 °C, 0.5 MPa Hy, 2 h.

To explore the impact of MgSiO;'s spatial distribution on the Ru catalyst for the hy-
drogenation of EL, we prepared a 5%MgO/SiO, support by impregnation and then loaded
2 wt.% Ru onto it. The resulting 2%Ru/5%Mg0O/SiO, was tested for the hydrogenation of
EL under conditions identical to those used for other Ru catalysts, and the results are also
shown in Table 2. The EL conversion on 2%Ru/5%MgO/SiO; is 100% after 2 h of reaction,
which is the same as that on 2%Ru@MFI and 5%MgSiO3@2%Ru@MFI. Meanwhile, 66%
GVL selectivity was achieved on 2%Ru/5%MgO/SiO,. This result confirms that the GVL
formation rate over MgSiOs is higher than that on MgO/SiO; prepared by the impregna-
tion method. We further compared the catalytic properties of 2%Ru/5%MgO/SiO; and
5%MgSiOs@2%Ru@MFI at a lower reaction temperature, i.e., 80 °C. The hydrogenation ac-
tivity as a function of the reaction time is shown in Table 3. After 30 min of reaction, the EL
conversion and GVL selectivity on 2%Ru/5%MgO/SiO, were 23% and 52%, respectively.
Compared to 2%Ru/5%MgO/SiO;, 5%MgSiO;@2%Ru@MFI showed a higher EL conver-
sion (42%) but a lower GVL selectivity (21%). When the reaction time was prolonged to
60 min, the EL conversion on 2%Ru/5%MgO/SiO; and 5%MgSiO;@2%Ru@MFI increased
to 60% and 100%, respectively. Obviously, 5%MgSiO;@2%Ru@MFI with spatially dis-
tributed MgSiO3; and Ru showed better hydrogenation activity. For 2%Ru/5%MgO/SiO,,
the strong interaction of Ru with MgO may explain the lower hydrogenation activity of EL,
as observed for Ru/MgO. In contrast, Ru nanoparticles and alkaline Mg sites were well iso-
lated in 5%MgSiOz@2%Ru@MFI, resulting in superior catalytic performance. Upon further
increasing the reaction time to 120 min, the EL conversion on 2%Ru/5%MgO/SiO, reached
100%, which was the same as that on 5%MgSiO;@2%Ru@MFI. Notably, the GVL selectivity
of 2%Ru/5%MgO/SiO, (66%) was much less than that of 5%MgSiO;@2%Ru@MFI (98%).

To reveal the enhancement of basic sites on GVL formation rate, we investigated
the conversion of EHP to GVL over 5%MgSiO;@2%Ru@MFI to estimate the activation
energy. The results are displayed in Table 4 and Figure 5. The activation energy for the
conversion of EHP to GVL is 57 k] /mol in the absence of a catalyst, consistent with previous
literature [35,36]. Notably, the activation energy of EHP to GVL was reduced to 18 k] /mol
in the presence of 5%MgSiO3@2%Ru@MEFL This result indicates that the catalyst’s alkalinity
can significantly reduce the activation energy of the reaction from EHP to GVL, thereby
accelerating the overall reaction progress.
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Table 3. The activity of 5%MgSiO;@2%Ru@MFI and 2%Ru/5%MgO/SiO, in hydrogenation of EL as

a function of reaction time 1.

Catalyst Time Con. (%) Sel.EHp (%) Sel.GVL (%)
30 42 79 21
5%MgSiO3@2%Ru@MFI 60 100 23 77
120 100 2 98
30 20 48 52
2%Ru/5%Mg0O/SiO, 60 60 38 62
120 100 34 66

1 Reaction conditions: 0.2 mL of EL in 10 mL of H,0, 50 mg catalyst, 80 °C, 0.5 MPa H,.

Table 4. The measurement of activation energy of EHP to GVL on 5%MgSiO3;@2%Ru@MFI and in
the absence of a catalyst 1.

Catalyst Temp. (°C) Con.gup 2 (X, %) Ea (kJ/mol)
60 1
no 80 4 57
100 9
60 20
5%MgSiO3@2%Ru@MFI 80 30 18
100 41

1 Reaction conditions: 0.2 mL of EL in 10 mL of H,O, 50 mg catalyst, 0.5 MPa Hj, 15 min. 2 The EHP was prepared
by hydrogenation of EL over Ru catalyst at room temperature until EL conversion reached 100%. The resulting
solution was used without further purification.

5

.f.
4 - -
; ./’_,-i‘ No catalyst
< e
T B
2
_________ ]
________ > s
1 == 5%MgSi0,@2%Ru@MFI
0

0.0027  0.0028  0.0029  0.0030
AT

Figure 5. Arrhenius plots and fitting results based on EHP conversion and reaction temperature as
listed in Table 4.

Given the high activity of 5%MgSiO;@2%Ru@MFI in the hydrogenation of EL, we
investigated its recyclability at 80 °C and 0.5 MPa. Table 5 shows that the activity of
5%MgSiO;@2%Ru@MFI did not change after two cycles, but the selectivity of GVL dropped
to approximately half of that on the fresh catalyst after one cycle. Based on the ICP
test, no loss of Ru was observed, but a 0.5% loss of Mg was detected. TG curves of the
fresh and used 5%MgSiO3/2%Ru@MFI (Figure 6) reveal that no significant weight loss
was found in the range of 150-400 °C on the fresh catalyst, while 7 wt.% of weight loss
occurred in the same range, indicating that organic carbonaceous species were deposited on
5%MgSiO3@2%Ru@MFI during reactions. Therefore, we calcined 5%MgSiO3@2%Ru@MFI
at 550 °C and reduced it at 200 °C prior to the subsequent test. The selectivity of GVL
increased to 68%, and the recovered selectivity can be attributed to the removal of coke by
calcination. It should be noted that the GVL selectivity of reuse tests was lower than that
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of the fresh catalyst. This result may be related to Mg loss, and further studies on how to
preserve the basic sites are desirable for practical applications.

Table 5. Recycle study of 5%MgSiO3@2%Ru@MFI .

Catalysts Con. (%) Sel.ggp (%) Sel.gvy. (%)
fresh 100 1 99
reuse 1 100 52 48
reuse 2 2 100 32 68

1 Reaction conditions: 0.2 mL of EL in 10 mL of H,O, 50 mg catalyst, 80 °C, 0.5 MPa H, 2 h. 2 The catalyst was
regenerated by calcination and reduction prior to the test.

100

o5 Fresh
9
-
5 Reuse 2
" 90
7]
8 Reuse 1
et
5
© 85
=

80 T T T T T

100 200 300 400 500 600

Temperature (°C)

Figure 6. TG curves of 5%MgSiO3@2%Ru@MFI before and after reuse.

3. Materials and Methods

3.1. Synthesis of the Ru Catalysts
3.1.1. Synthesis of the Bifunctional Catalyst 5%MgSiO3@2%Ru@MFI

A bifunctional catalyst combining highly dispersed Ru nanoparticles and the spatial
separation of alkaline Mg species was prepared in the following three steps.

Step 1: Ru was loaded on MFI (Nankai Catalyst Company, Tianjin, China) by a
deposition—precipitation method. MFI (0.5 g) was dispersed in 60 mL of H,O under vigor-
ous stirring, and 0.46 mL of RuCl; (J&K Scientific, Beijing, China) solution (21.303 g-L 1)
was added to the mixture, which was stirred for 3 h. Subsequently, the pH was adjusted
to 10.3 by adding 1 M NaOH (J&K Scientific, China) and stirring for an additional 3 h.
Subsequently, the material was filtered, washed with water, dried at 80 °C for 10 h, and
calcined at 550 °C in air for 5 h. The resultant material was reduced at 350 °C under H, /N>
(Pujiang Gases, Shanghai, China) flow for 2 h. The sample was denoted as 2%Ru/MFL

Step 2: Concentrated sulfuric acid was added slowly to a solution containing 6.94 g
of TEOS (J&K Scientific, China) and 22.0 g of H,O under vigorous stirring until the pH
of the solution reached 1.0. The mixture was then stirred at room temperature for 20 h.
TPAOH (2.0 g) was added to the above solution, and then NaOH solution (1 M) was added
to adjust the pH of the solution to 10, resulting in a wet gel. 2.0 g of 2% Ru/MFI was added
to the wet gel. The mixture was stirred at room temperature for 10 min, and the solvent
was removed at 90 °C, yielding a dry gel. TPAOH (J&K Scientific, China, 4.0 g) was further
added to the dry gel, and the mixture was then heated at 140 °C for 3 days to crystallize.
The resultant solid was dried at 80 °C for 8 h, calcined at 550 °C for 5 h, and treated at
350 °C for 2 h under an H, /N, flow. The sample was labeled 2%Ru@MFI.
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Step 3: 0.26 g of Mg (NO3),-6H,0O (Aladdin Scientific, Shanghai, China), 0.5 g of
NH4Cl (Aladdin Scientific, Shanghai), and 0.91 g NH3-H,O (Aladdin Scientific, Shanghai,
28 wt.%) were dissolved in 50 g of distilled water under stirring. 0.5 g of 2%Ru@MFI
was added to the solution. The mixture was sonicated for 30 min, then transferred to an
autoclave and stirred at 120 °C for 3 h. After cooling, the mixture was filtered. The resultant
material was dried, calcined at 400 °C for 2 h, and reduced at 350 °C under an H, /N, flow
for 2 h. The sample was denoted as 5%MgSiO3@2%Ru@MFI.

3.1.2. Synthesis of 2%Ru/MgO, 2%Ru/SiO; and 2%Ru/5%MgO/SiO,

For comparison, 2% Ru was loaded on MgO, SiO,, and MgO/SiO,. Ru was loaded
on MgO by a deposition—precipitation method. MgO (0.5 g) was dispersed in 60 mL of
H>O under vigorous stirring. 0.46 mL of RuCl; solution (21.303 g~L’1) was added to the
above solution, and the mixture was stirred for 3 h. Subsequently, the pH was adjusted to
10.3 by adding 1 M NaOH and stirring for an additional 3 h. Subsequently, the material
was filtered, washed with water, dried at 80 °C for 10 h, and calcined at 550 °C in air for
5 h. The resultant material was reduced at 350 °C under H, /N, flow for 2 h and labeled
2% Ru/MgO.

Ru was loaded onto SiO; and 5%MgO/SiO, using a procedure similar to that for
2% Ru/MgO. The resulting materials were denoted as 2%Ru/SiO, and 2%Ru/5%MgO/SiOs.

3.2. Characterization of the Ru Catalysts

Scanning electron microscopy (SEM) was used to characterize the morphology and
crystal size. Measurements were conducted using a Hitachi S-4800 instrument (Hitachi,
Tokyo, Japan) with a beam voltage of 15 kV. The nitrogen adsorption/desorption isotherms
at —196 °C were obtained using a BELFOR Max automatic physical adsorption instru-
ment (Microtrac, Haan, Germany). The samples were degassed at 150 °C for 6 h prior to
measurement. The specific surface area (S5SA) was calculated according to the Brunauer—
Emmett-Teller (BET) method with five relative pressure points in the interval of 0.05-0.30.
Powder X-ray diffraction (XRD) was performed using a RIGAKU Ultima IV X-Ray diffrac-
tometer (Rigaku, Tokyo, Japan). Cu Ka radiation (A = 1.5405 A) at 35 kV and 25 mA was
used. Temperature-programmed reduction/desorption (TPR/TPD) experiments were per-
formed using a Micromeritics AutoChem II 2920 (Micromeritics, Norcross, GA, USA). For
H,-TPR, before each experiment, 100 mg of catalyst (40-60 mesh) was placed in a U-shaped
glass tube, pretreated in helium at 150 °C, and then cooled to room temperature. The
catalyst was purged in a 5% Hj/Ar mixture until the TCD detector signal was constant.
The sample was then heated to 300 °C at a ramp rate of 10 K min~!. For CO,-TPD, before
CO; adsorption, 100 or 300 mg of catalyst (40-60 mesh) was pretreated in helium at 150 °C
and then cooled to room temperature. The 10% CO,/He mixture was dosed for 10 min,
and the physisorbed CO, was removed by flowing He at room temperature for 30 min.
Then, the sample was heated to 600 °C at a ramp rate of 10 K/min, and the TCD signal was
recorded. Thermogravimetric analysis (TG) was performed using a NETZSCH STA449F3
TGA instrument (NETZSCH, Selb, Germany). The samples were heated from room temper-
ature to 800 °C at a heating rate of 10 °C/min under air flow. For CO adsorption on the
samples, the wafer was dehydrated in nitrogen at a flow rate of 30 mL min~! at 120 °C for
30 min, and then cooled to room temperature. Subsequently, flowing CO was introduced
into the IR cell for 10 min to achieve saturation adsorption. Subsequently, the gas-phase
CO was removed by flushing with Nj. Fourier-transform infrared (FT-IR) spectroscopy
was performed on a Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a homemade in situ cell (32 scans with a resolution of 4 cm™1).
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3.3. Catalytic Activity Measurements

The catalytic hydrogenation of EL was conducted in a Teflon-lined (60 mL) steel batch
reactor. The hydrogenation reactions were conducted at 80 °C under a H; pressure of
0.5 MPa in a solution containing 0.2 mL of ethyl levulinate (EL), 10 mL of water, and 50 mg
of catalysts. After the reaction time, the remaining H, was released, and the products
were collected and diluted with ethanol. 1 uL solution was analyzed on a TianMei GC7900
(Tianmei, Beijing, China) equipped with a flame ionization detector (FID) with a DB-FFAP
capillary column (30 m x 0.25 mm X 0.25 um). The EL conversion and GVL selectivity
were calculated using the area normalization method, with cyclohexanol as an internal
standard. The EHP selectivity is calculated by the following equation:

Sel.EHp =100% — Sel-GVL-

In all experiments, no other organic compounds were detected by GC except for EL,
EHP, and GVL.

The recycling test was performed in the same manner as for the fresh sample. After
the first use, the catalyst was filtered from the reaction mixture, washed with methanol
(B30 mL x 3), and dried at 120 °C overnight for subsequent use.

4. Conclusions

In summary, this study designed Ru catalysts to facilitate the efficient synthesis of y-
valerolactone (GVL) from levulinate ester under mild conditions. The catalyst 2%Ru@MFI
was synthesized by loading Ru onto MFI using a deposition—precipitation method, followed
by further crystallization to encapsulate Ru within MFI. This process significantly enhanced
the catalytic efficiency for the hydrogenation of ethyl levulinate (EL) and improved Ru
stability, achieving 100% EL conversion and 21% GVL selectivity after 2 h at 80 °C in
water. Additionally, a dual-functional catalyst, 5%MgSiO;@2%Ru@MFI, was developed by
coating petal-like MgSiO; layers onto 2%Ru@MFI. This modification introduced alkaline
Mg sites into the catalyst and enabled spatial separation of Mg and Ru, resulting in a
rapid reaction and a reduction in the activation energy for the conversion from EHP to
GVL (18 kJ/mol). Consequently, 5%MgSiOs;@2%Ru@MFI achieved a 100% conversion of
EL and 98% selectivity for GVL after 2 h of reaction at 80 °C in water. After two cycles,
the EL conversion on 5%MgSiO;@2%Ru@MFI remained stable, attributable to the spatial
separation of Mg and Ru, which mitigated the inhibitory effect of Mg on the Ru active
center. However, the selectivity for GVL decreased to 68% after two cycles, potentially due
to the loss of alkaline Mg during the reaction. Nonetheless, the development of bifunctional
catalysts with exceptional catalytic performance and notable reusability presents significant
practical potential for the production of GVL.
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