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Herein, we report the synthesis of stable and efficient novel Ru-embedded C-Al,Oj; catalyst for the hydrogenation
of levulinic acid (LA) to y-valerolactone (GVL) in water under ambient condition. The prepared Ru@C-Al,O3
catalyst is characterized in detail using various physicochemical characterization techniques (XRD, XPS, Raman
spectroscopy, TEM, TGA, and ICP-OES). The Ru nanoparticles confined within MIL-53-NH,-derived C-Al,O3
(denoted as Ru@C-Al,03) show remarkable efficiency for the hydrogenation of LA into GVL (99.9% yield) under
ambient reaction condition (hydrogen pressure 1atm, 25°C). The ultra-small particles size (1 nm) and high

electron density surrounding Ru NPs resulted in excellent catalytic performance for the hydrogenation of LA. The
Ru@C-Al,Oj catalyst is stable under reaction condition and exhibits consistent catalytic activity during recycle
experiments. Furthermore, this catalyst shows lower activation energy (Ea = 34.66 kJ mol ') compared to the
reported methods for the hydrogenation of LA to GVL.

1. Introduction

Increasing energy consumption together with decreasing fossil fuel
reserves is one of the most concerned issues of future energy security.
Searching for alternative carbon resources is being an urgent demand
[1-3]. Lignocellulosic biomass is considered as a promising candidate
for replacing fossil carbon resources since it is a renewable and sus-
tainable carbon feedstock [4]. Moreover, lignocellulose biomass is non-
edible and abundant in the world [5,6]. Hence, in recent years, the
conversion of lignocellulose biomass into highly-valued products has
become an attractive research field [7,8].

Among the various transformations of lignocellulose biomass into
value-added chemicals, the hydrogenation of levulinic acid (LA) to y-
valerolactone (GVL) is extensively studied using both homogeneous and
heterogeneous catalysts [9-13]. Because LA is one of the top biomass-
derived platform chemicals, which was easily produced from biomass
such as cellulose and xylose, with low cost and high efficiency
[8,14,15]. On the other hand, (GVL) is a promising intermediate

product, used for the production of transportation fuel, polymeric ma-
terials, and other fine chemicals [16,17]. In addition, it can be used as a
green solvent, liquid fuel additive, and flavouring agent [18,19].
Recently, various catalysts and reaction conditions have been in-
vestigated for the hydrogenation of LA into GVL efficiently [13,20,21].
For example, the homogeneous catalytic systems including metal salts
and Pd complex in combination with organic ligands were employed to
hydrogenate LA into GVL with more than 95% GVL yield under the
presence of pure hydrogen or formic acid as a hydrogen source [9,22].
However, these homogeneous catalysts are facing some critical pro-
blems including the instability of metal complex, a complication of
preparing catalyst ligands, and difficulty in the product purification
[22,23]. While some heterogeneous catalysts such as metallic catalysts
and metal-supported catalysts have been used for converting LA to GLV
to solve the above-mentioned problems [24-27], it is required to use
the harsh reaction conditions including high temperatures (100-270 °C)
and high pressure (4-15MPa) to achieve a high yield of GVL
[13,25,27]. Moreover, organic solvents were used in some cases, which
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are not environmental friendly and also not cost-effective for industrial
applications [2,13,27]. Besides, the metal leaching in the reaction en-
vironment and the catalyst deactivation after reaction are the most
concerned issues. Therefore, the catalytic conversion of LA into GVL in
water under mild reaction condition is challenging [26].

The hydroxyapatite supported ruthenium (Ru) has been reported as
the efficient catalyst for LA hydrogenation into GVL, compared to other
hydroxyapatite supported metals such as Pd, Pt, Cu, and Ni [21,28]. In
addition, the commercial Ru/C catalyst exhibited the high catalytic
activity for converting LA into GVL [29], nevertheless, the catalyst is
not reusable due to its deactivation and metal leaching during the re-
action [29-31]. Recently, the use of metal oxides (AlyOs, TiO,, ZrO,,
and SiO-) and functionalized metal oxides (NH,-y-Al»03) were reported
for stabilization of Ru nanoparticles (NPs) during LA hydrogenation
reaction at 70 °C and 4 MPa H, pressure [25,32]. On the other hand,
Yulei Zhu et al. have demonstrated that Ru NPs supported on reduced
graphene oxide (RGO) promoted the LA hydrogenation to GVL with
99.9% yield at low temperature (40 °C, 4 MPa hydrogen pressure) [24].
However, the stability of Ru-supported catalysts under reaction and
their reusability is the major issue in many reactions. Thus, the devel-
opment of a stable and efficient catalyst for LA hydrogenation to GVL at
ambient reaction condition is of great significance.

Metal-Organic Framework (MOF)-derived nanomaterials including
porous carbons (PC) and metal oxides (MO) have shown extensive
studies for catalysis applications due to its diverse active sites, well-
defined structures, facile modified functions, large surface area, and
good thermal stability [33-35]. In addition, the introduction of second
metal into the structure of MOF-derived nanomaterial could create a
superior catalyst, which could involve both the benefits of foreign metal
and advantages of MOF-derived nanomaterials [36-38]. Here, we de-
scribe the synthesis of novel Ru embedded in MIL-53-NH,-derived C-
Al,O3 catalyst and its use for the LA hydrogenation into GVL in water
under mild reaction conditions (1 atm, 25 °C). As shown in Scheme 1,
the RuCl;@MIL-53-NHj is first prepared via de novo synthesis method,
which was reduced to form Ru nanoparticles inside C-Al,O3; honey-
comb-like structure (named as Ru@C-Al,O3). The detailed catalyst
characterization was determined by using XRD, XPS, Raman spectro-
scopy, TEM, TGA, and ICP-OES, indicating that ultra-small Ru nano-
particles size (1 nm) are well-dispersed inside the C-Al,O3 honeycomb-
like structure. The prepared Ru@C-Al,O3 catalyst is highly active for
the hydrogenation of LA to GVL at ambient hydrogen pressure (1 atm)
in aqueous solution. In addition, the kinetic parameters including the
activation energy and reaction rate constant for LA hydrogenation over
Ru@C-Al,O5 catalyst were studied and calculated. We find that the
small Ru NPs and high electron density around to Ru® play an important
role for LA conversion. Furthermore, the C-Al,0; honeycomb-like
structure can stabilize Ru during reaction condition.

2. Materials and methods
2.1. Chemicals

Levulinic acid (LA, 98%), Al(NOs3)39H,0, and y-valerolactone
(GVL, 98%) were purchased from Acros Organics. 2-aminoterephthalic
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acid (99%), Al,Os; powder, TiO, powder, activated carbon (AC),
RuCl3-3H,0 were purchased from Sigma-Aldrich. All chemicals were
directly used without any further purification.

2.2. Synthesis of MIL-53-NH,

The MIL-53-NH, as synthesized by modification from the previous
report [39]. Typically, 2-aminoterephthalic acid (7.5 g) was added into
10 mL aqueous solution of 1M NaOH (mixture A). Then, 5mL of Al
(NO3)3'9H,0 (1.5 g) solution was dropped into the mixture A. The ob-
tained reaction mixture was magnetically stirred at RT for 1 day. The
yellow powder was centrifuged and washed with deionized water for
several times to remove NaOH and unreacted linker. Finally, the re-
sulting solid was dried under vacuum at RT to obtain MIL-53-NH,.

2.3. Synthesis of RuCl;@MIL-53-NH, and Ru@C-Al,03

The RuCl;@MIL-53-NH, was synthesized using a similar method
which was used for the synthesis of MIL-53-NH,. Initially, 2-amino-
terephthalic acid (7.5g) was added into 10 mL NaOH solution (1 M)
(mixture A). Next, the mixture B containing 5mL of AI(NO3)39H,0
solution (1.5g) and 5mL RuCl; (0.1 M) was added dropwise into the
mixture A. The mixture was then magnetically stirred at RT for 24 h.
After 24 h, the resulting solid was centrifuged and washed with deio-
nized water for several times. Subsequently, the solid product was dried
under vacuum at RT to obtain a RuCl;@MIL-53-NH,.

2.3.1. Synthesis of Ru@C-Al;O3 composite

The Ru@C-Al,O3 catalyst was prepared by reducing the RuCl;@
MIL-53-NH, powder at 500 °C for 5 h, with a heating rate of 5 °Cmin ™!
under H,/N> mixed gas flow (80 mL min~1). After completion of re-
duction, the resulting solid was denoted as Ru@C-Al,O3,

2.4. Catalytic levulinic acid (LA) hydrogenation into y-valerolactone

All experiments were performed in a three-neck round bottom flask
connected with the condenser. Typically, 10 mL water was added to the
three-neck round bottom flask followed by 20 mg Ru@C-Al,O3 catalyst
and LA (1 mmol). When the reaction temperature reached to 60 °C, the
hydrogen gas was passed through the mixture with a flow rate of 50 mL
min~! at 1 atm. The reaction take place under continuous stirring for
2h. After 2 h reaction time, the reaction mixture was cooled to room
temperature and diluted to 25 ml with deionized water. The reaction
solution was filtered with a 0.22 um syringe filter for high-pressure li-
quid chromatography (HPLC) analysis.

2.5. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded using a Cu
Ko radiation source on a Rigaku-Ultima IV instrument. The chemical
state of elements (Ru 3d and Cl 2p) present in prepared samples was
studied using X-ray photoelectron spectrometer (XPS, Thermo
Scientific, Theta Probe). Transmission electron microscopy (TEM) and
high-resolution  transmission electron microscopy (HRTEM)

AI(NO3)3.9H,0 ) o_o
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Scheme 1. Illustration for the synthesis of Ru@C-Al,O3 and catalytic LA hydrogenation into GVL.
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measurements were performed with a field-emission transmission
electron microscopy (FETEM, JEM-2011F) operating at 200 kV vol-
tages. The Ru loading on the Ru@C-Al,O3 catalyst and the leaching of
Ru in the reaction solution was determined using induced coupled
plasma-optical emission spectrometry (ICP-OES). Raman spectroscopy
was performed on a Renishaw-UV-vis Raman System 1000 using a CCD
detector at room temperature.

2.6. Analysis of products

HPLC equipped with a refractive index detector (HPLC-RI) and ICE-
Coregel 87H3 column (operated at 35°C) was employed for the ana-
lysis. The sulfuric acid aqueous solution (8 mM) used as mobile phase
with a flow rate of 0.6 mL min~'. The conversion of LA and product
yield were calculated by the following formula.

initial mole of LA — fianl mole of LA
initial mole of LA

X 100%

Conversion (%) =

mole of GVL (HPLC)
initial mole of LA

productyield (%) = X 100%

3. Results and discussion
3.1. Characteristics of as-synthesized catalyst

The structure of synthesized RuCl;@MIL-53-NH, was first de-
termined using XRD (Fig. 1a). The diffraction peaks of RuCl;@MIL-53-
NH, were in good agreement with that of the as-synthesized MIL-53-
NH, and the previously reported XRD pattern for MIL-53-NH, [39],
indicating the formation of MIL-53-NH, framework. The thermogravi-
metric analysis (TGA) result shows that an unchanged weight of
RuCl;@MIL-53-NH, remains 22.64 wt % (above 420 °C) which is larger
than a 20.1 wt% of MIL-53-NH, (above 550 °C) (Fig. 1b). In addition,
the XPS analysis of RuCl;@MIL-53-NH, reveals the presence of Ru 3ds,
» and Cl 2p peaks at the binding energy of 280.75eV and 198.3 eV,
respectively (Fig. 1c-d). These results indicate that the RuCl; species
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are successfully loaded within MIL-53-NH, framework.

After performing thermal treatment at 500 °C under H,/N, atmo-
sphere for RuCl;@MIL-53-NH,, the MIL-53-NH, was transformed into
C-Al,03, at the same time the RuCl; present inside the framework of
MIL-53-NH, was reduced to Ru nanoparticles (NPs) confined within C-
Al,05. The XRD pattern Ru@C-Al,03 shows that the RuCl;@MIL-53-
NH, was completely decomposed under thermal reduction (Fig. 1a).
Moreover, the Raman spectrum of Ru@C-Al,O3 exhibited two peaks at
1353 cm ™! and 1596 cm™ (Figure S1), corresponding to D band and G
band of graphitic carbon, respectively [40]. The disorder of carbon
structure is determined based on the intensity ratio of D band over G
band (Ip/Ig). The Ip/Ig of Ru@C-Al,03 is 1.02, which is much larger
than the calculated value in the MIL-53-NH,-derived C-Al,O3 (Ip/
Ig = 0.61) (Figure S1). The increased Ip/Ig ratio in Ru@C-Al,O3 in-
dicates more defects in the Ru@C-Al,05 substrate which could be due
to the presence of Ru NPs. Furthermore, TGA result showed that a
43.6 wt % weight loss in case of Ru@C-Al,O5 is observed at 355 °C,
which could be due to the removal of adsorbed water and amorphous
carbon (Fig. 1b), and the remaining components above 400 °C may be
Ru and Al,O3 components

The XPS spectrum of Ru@C-Al,03 showed the binding energy of Ru
3ds,, at 280.3 eV (Fig. 1c) which is lower than the value of Ru 3ds,, in
RuCls, showing that RuCl; was reduced to metallic Ru. In addition, the
elements including carbon, oxygen, aluminum, and nitrogen were de-
termined by means of XPS, with the concentration of 24 at.%, 48 at.%
20 at.%, and 3 at.%, respectively. It is noteworthy that these elements
in the material play a crucial role for catalytic performance. The ni-
trogen atoms and chemical configurations of Cls including C-O
(286.0eV), C =0 (287.1eV), and O-C = O (289.6eV) (Figure S2)
were demonstrated as important anchoring sites for Ru species [24,41].
Moreover, the Al,O3 host is a solid acid catalyst for accelerating de-
hydration reaction [42] which is one of intermediate steps in the LA-to-
GVL hydrogenation. Therefore, we suggest that the Ru@C-Al,O3 ma-
terial can act as novel catalyst for LA hydrogenation into GVL.

The ICP-OES analysis of Ru@C-Al,03 showed 3.1 wt % Ru con-
centration. However, there are no obviously X-ray diffraction peaks of
Ru nanoparticles (Fig. 1a), suggesting that the particles size of Ru could
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Fig. 1. Characteristics of as-synthesized materials. a) X-ray diffraction (XRD), b) TGA results, XPS spectra of ¢) Ru 3ds,» and d) Cl 2p.
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Fig. 2. a-b) TEM and HRTEM images of Ru@C-Al,03, c) Ru nanoparticles size distribution in Ru@C-Al,05.

be smaller than 5 nm which is below the detection limit of XRD [26].
Additional TEM analysis was performed to determine the particles size
of Ru NPs. As shown in Fig. 2a-c, the Ru NPs have a uniform dis-
tribution within the C-Al,O3 host, with an averaged particles size of
1 nm which is also consistent with the XRD result. Small particle size of
Ru NPs suggests that Ru@C-Al,O3; may have high catalytic activity. We
suggest that such a uniform distribution of Ru nanoparticles was con-
tributed from the MIL-53-NH, material because it provides an ordered
nanospace that can serve as an ideal location for stabilizing and pre-
venting the aggregation of Ru NPs during reduction.

3.2. Catalytic studies

The prepared Ru@C-Al,O3 catalyst was further used for the hy-
drogenation of LA to GVL in the water environment at 60 °C under
ambient hydrogen pressure (1 atm). The reaction is carried out in water
environment at 60 °C under ambient pressure of hydrogen gas (1 atm).
Initially, C-Al,053 and Ru@C-Al,O3 catalysts were investigated for LA
hydrogenation to GVL to understand the effect of Ru in C-Al,O3
(Table 1). The result shows that the C-Al,O3 catalyst is not active for the
LA conversion (Table 1, entry 1). In contrast, a high LA conversion of
91% was observed in the presence of Ru@C-Al,O3 catalyst (3.1 wt%
Ru) within 2h (Table 1, entry 2), indicating that the presence of Ru
played an important role for the hydrogenation of LA to GVL. The
amount of Ru@C-Al,03 catalyst and reaction time has a substantial
effect on the LA conversion and GVL yield (Table 1, entry 2-6). The
Ru@C-Al,05 (20 mg) catalyst shows complete conversion of LA into
GVL at 60°C within 2h. Moreover, Ru@C-Al,O3 also exhibits high
activity at RT and 45 °C with 99.9% GVL yield for 3h and 5 h reaction
time, respectively (Table 1, 7-8). It is noticed that LA hydrogenation to
GVL at ambient hydrogen pressure and temperature has not reported
yet (Table S1). In our present report, the Ru@C-Al,0O3 catalyst shows

Table 1
Levulinic acid (LA) hydrogenation into y-valerolactone (GVL) using various
catalysts at ambient hydrogen pressure.

Entry Catalysts Amount of T (°C) Time (h) LA GVL
catalyst Conversion Yield
(mg) (%) (%)

1 C-Al,03 10 60 2 0 0

2 Ru@C-Al,O; 10 60 2 91 91

3 Ru@C-Al,0;3 15 60 2 95 95

4 Ru@C-Al,0;3 20 60 2 100 >99.9

5 Ru@C-Al,0;3 20 60 1 95 95

6 Ru@C-Al,0;3 20 60 0.5 70 70

7 Ru@C-Al,0;3 20 45 3 100 >99.9

8 Ru@C-Al,0;3 20 RT 5 100 >99.9

9 Ru/Al,03 20 60 2 87 87

10 Ru/TiO, 20 60 2 88 88

11 Ru/AC 20 60 2 60 60

Reaction condition: LA (1 mmol), H,O (10 mL), hydrogen gas (50 mL min %) at
1 atm.

excellent performance for the hydrogenation of LA into GVL at ambient
reaction condition.

To compare the catalytic activity of Ru@C-Al,O; catalyst with other
Ru-supported catalysts, we synthesized various Ru-supported catalysts
such as Ru/Al,O5 (3.2 wt% Ru), Ru/TiO, (3.23 wt% Ru), and Ru/AC
(3.3 wt% Ru). Further, these catalysts were used for LA hydrogenation
to GVL under desired reaction condition (Table 1, entry 9-11). The Ru/
Al,0O3, Ru/TiO,, and Ru/AC catalysts exhibited lower activity for LA
conversion (Ru/Al,03 87%, Ru/TiO, 88%, and Ru/AC 60%) at 60 °C for
2h. Although these catalysts show better efficiency for the hydro-
genation of LA into GVL, it is required to use higher temperature and
pressure [24,25,29,43]. These results reveal that the Ru@C-Al,O; cat-
alyst is highly active for LA hydrogenation to GVL at ambient reaction
condition.

The reaction kinetics of LA hydrogenation into GLV is studied to
calculate reaction rate constant (k) and activation energy (Ea). The LA
hydrogenation was carried out at different temperatures and reaction
time using Ru@C-Al,O3 as a catalyst under ambient hydrogen pressure
(Fig. 3a). It was reported that the reaction pathway for hydrogenation
of LA into GVL proceeds via the formation either angelia lactone or 4-
hydroxyl pentanoic acid as an intermediate product (Scheme S1),
which is subsequently converted to GVL [16]. However, we have not
observed these intermediate products in all of our experimented reac-
tion conditions (Fig. 3a), suggesting that the formation of the inter-
mediate products is an instantaneous step. In addition, the only GVL
product was detected by HPLC, suggesting that further hydrogenation
of GVL to side products does not proceed (Fig. 3a). Thus, we assume
that the catalytic hydrogenation of LA to GVL should obey the first-
order reaction kinetics which can be expressed as the following equa-
tion;

e LAl

= k*[LA]

where [LA] means molar concentrations of LA, and k is the rate con-
stant of LA hydrogenation at a certain temperature. After the sub-
sequent integral calculation, the original equation will become.

—IndQ-X) =kt

where t and X are the reaction time and LA conversion, respectively. As
shown in Fig. 3b, the linear relationship between -In(1-x) and reaction
time is well-established, indicating that the hydrogenation of LA into
GVL is the first-order reaction [24,26], with a high reaction rate con-
stant (k) of 0.654h~ %, 1.404h~ ', and 2.532h™! at temperatures of
25°C, 45 °C, and 60 °C, respectively (Table 2). Moreover, the activation
energy (E,) over Ru@C-Al,O; catalyst was determined to be
Ea = 34.66 kJ mol ™!, which is lower than the reported Ea values for
the hydrogenation LA into GVL (Table 2). This demonstrates that
Ru@C-Al,05 catalyst exhibits an excellent catalytic reactivity for the LA
hydrogenation to GVL at ambient temperature and hydrogen pressure.
Further, the reaction rate constant (k) of the LA hydrogenation over
various amounts of Ru@C-Al,O3 catalyst was also determined. As
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Fig. 3. a) LA concentration and GVL yield at varing reaction time and temperature using Ru@C-Al,O3 catalyst, b) plots of -In(1-x) vs reaction time. Reaction
condition: LA (1 mmol), Ru@C-Al,03 (20 mg), H,O (10 mL), hydrogen gas (50 mL min~b).

Table 2
Reaction rate constant (k) and activation energy (Ea) of LA hydrogenation over
various Ru-supported catalysts.

Entry Catalysts T (°C) H, gas (MPa) k(h™!) Ea (kJ Ref.
mol™ 1)
1 Ru/C-Al,0;3 RT Ambient 0.654 34.66 This
(~0.1) work

45 1.404
60 2.532

2 Ru/RGO 40 4 2.092 66.01 24

3 Ru/AC 40 4 0.338 87.66 24

4 Ru-TPPTS 50-90 4.5 1.5 61.0 35

5 Ni-NIO 110-140 2 - 93.7 14

Reaction condition: LA (1 mmol), H,O (10 mL), hydrogen gas (50 mL min~ 1) at
1 atm.

shown in Figure S3, the reaction rate constant increased from
1.878 7! to 2.526 h ! corresponding to the increase of Ru@C-Al,O3
catalyst amount from 10 mg to 20 mg, indicating that the Ru@C-Al,03
catalyst played inportant role for the hydrogenation of LA into GVL.

We speculate that the extraordinary properties of Ru@C-Al,O3
catalyst resulted in the superior performance for LA hydrogenation at
ambient reaction condition. We find that the binding energy of Ru 3ds >
in Ru@C-Al,03 is 280.3 eV (Fig. 1b), which is lower than the previously
reported values of Ru supported on the other substrates [24]. A lower
binding energy of Ru® NPs in Ru@C-Al,Oj catalyst indicates the higher
electron density surrounding to Ru® NPs, leading to the highly active
catalyst, which was demonstrated by Yulei Zhu’s group [24]. Moreover,
the small particle size of Ru® NPs within Ru@C-Al,O5 catalyst could
induce more active surface for catalyzing LA hydrogenation. Thus, we
suppose that high electron density on Ru® NPs and small average par-
ticle size could be the important factors for high catalytic activity of
Ru@C-Al,O3. Another possible reason resulted in the excellent catalytic
performance of Ru@C-Al,O5 catalyst is based on the Al,Os species
which could promote the dehydration step, consequently, the reaction
rate of LA hydrogenation enhanced. The acidic Al,O3 support bearing
the strongly active sites of Ru® NPs lead to low activation energy.

It is noticed that the hydrogen gas plays a crucial role for LA hy-
drogenation [10,44], thus, a variable flow rate of hydrogen gas was
considered for investigating the effect of hydrogen flow rate on the
hydrogenation of LA (Fig. 4). In case of LA hydrogenation, LA does not
consume in the absence of hydrogen. As expected, LA concentration
significantly decreased using 10 mL min~! hydrogen flow rate, con-
firming the importance of hydrogen gas. Subsequently, the increase of
hydrogen flow rate from 30mL min~' to 60mL min~! resulted in
complete conversion of LA, suggesting that the optimum flow rate of

100 L
96
g0 A 920 92 94 6
s .
> 60 4 -&-GVL yield
c
'g 40 -@-LA conversion
g
S
8 20
0

0 10 20 30 40 50

Hydrogen flow rate (mL min-")

Fig. 4. Influence of hydrogen flow rate on LA hydrogenation over Ru@Al,O3
catalyst (20 mg) at 60 °C for 1 h.

hydrogen is 50 mL min~'. On the other hand, The increasing trend of
GVL yield over time is similar to the increasing trend of LA conversion,
since the side products were not observed in this reaction.

The stability and reusability of Ru@C-Al,0O3 catalyst were further
investigated for the hydrogenation of LA. The catalyst was recycled as
described by the following procedure. At the end of the LA hydro-
genation run, the catalyst was separated from the reaction mixture
using high-speed centrifugation. The obtained catalyst was thoroughly
washed five times with water to remove the adsorbed species. Then the
recycled catalyst was dried and used for the next run under identical
reaction conditions. For product analysis, after the complete reaction,
the reaction mixture was cooled to room temperature and then diluted
to 25 mL using water. It was filtered with a 0.22 ym syringe filter for
HPLC analysis. As shown in Fig. 5, the Ru@C-Al,O5 catalyst was highly
active after seven runs. In addition, ICP-OES measurement shows that
there are no Ru leaching during the reaction, indicating that Ru@C-
Al,O3 catalyst is highly stable.

4. Conclusion

We synthesized a stable and recyclable catalyst for efficient LA
hydrogenation to GVL at ambient reaction condition. The RuCl;@MIL-
53-NH, was prepared via de novo synthesis method, which was reduced
under H,/N, pressure to obtain Ru nanoparticles confined within C-
Al,03. The Ru@C-Al,0O3 catalyst exhibits remarkable efficiency for
hydrogenation of the LA into GVL at ambient hydrogen pressure. GVL
was significantly obtained over the catalyst with a high yield of 99.9%
and low activation energy of 34.66kJ mol~' at ambient reaction
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Fig. 5. Recyclability of Ru@C-Al,O5 catalyst. Reaction condition: LA (1 mmol,),
(20 mg), H,0 (10 mL), hydrogen gas (50 mL min~'), 60 °C, 2h.

condition. The apparent activation energy value over Ru@C-Al,O3
catalyst is the lowest compared to other Ru-supported catalysts. In
addition, the catalyst can be reused seven times without any significant
loss in catalytic activity. Our study offers a novel Ru-supported catalyst,
which would be useful in various catalytic applications for biomass
conversion.
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