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ABSTRACT

Current industrial catalysts for a-pinene hydrogenation suffer from harsh reaction conditions and poor selectivity
to cis-pinane, primarily due to their inability to effectively adsorb a-pinene in a specific favorable configuration
on the catalyst surface. In this study, a high-specific-surface-area, rod-shaped CeO,-supported ultra-fine Ru
nanoparticle (average particle size of 4 nm) catalyst was synthesized via hydrothermal method for the highly
stereoselective hydrogenation of a-pinene to cis-pinane. The resulting Ru/CeO»-H catalyst achieved an a-pinene
conversion of 99.3 % and an impressive cis-pinane selectivity of up to 99.6 % under exceptionally low tem-
perature (30 °C, 0.6 MPa H; and 0.5 h with high TOF of 1236 hh. Density functional theory (DFT) calculations
indicated that a-pinene preferentially adsorbs onto the Ru surface via the backside of its intramolecular dimethyl
bridge. This particular adsorption mode lowers the energy barriers for further hydrogenation to generate cis-
pinane. The oriented dimethyl-up configuration of a-pinene and ultra-low activation energy (12.04 kJ/mol
obtained from kinetic tests) enable the highly selective production of cis-pinane at ambient temperature.
Furthermore, the strong interaction between the CeO,-H support and highly dispersed Ru, combined with the
ambient-temperature reaction conditions, effectively prevents metal nanoparticle agglomeration and coking,
imparting the catalyst with exceptional stability. Notably, the catalyst was reused at least 15 times without
observing any significant deactivation, demonstrating its significant potential for practical applications.

1. Introduction

concerns over the flammability of Raney Ni have driven researchers to
explore safer and more efficient alternative catalysts for this reaction.

Turpentine oil represents a valuable biomass resource, with a-pinene
making up about 80 % of its composition. This compound can be con-
verted into various high-value chemicals, such as synthetic fragrances
and pharmaceuticals [1-5]. A key transformation in maximizing the
value of turpentine is the hydrogenation of a-pinene to cis-pinane.
However, this reaction generally produces two isomeric products: cis-
pinane and trans-pinane as shown in Scheme 1 [6-8]. Notably, cis-
pinane not only demonstrates greater reactivity but also experiences
fewer side reactions in the synthesis of downstream high-value chem-
icals, establishing it as the ultimate desired product in the hydrogena-
tion process of a-pinene [9-11].

In industrial applications, the hydrogenation of a-pinene is typically
carried out utilizing Raney nickel (Ni) catalyst under high temperature
and pressure conditions (100 ~ 160 °C, 2.0 ~ 2.5 MPa Hj). However,
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Noble metals such as palladium (Pd), platinum (Pt), rhodium (Rh), and
ruthenium (Ru) are among the most widely studied options. While Pd is
known for its high reactivity, it often achieves less than 90 % selectivity
for cis-pinane due to the random stereochemical adsorption of a-pinene
[12-15]. In contrast, Pt and Rh offer better selectivity but at signifi-
cantly higher costs, thereby increasing catalyst preparation expenses
[11,16]. Ru, being a more affordable noble metal than Pd, Pt, and Rh,
has gained attention for its remarkable o-pinene conversion and
impressive selectivity for cis-pinane [17]. For instance, Xie et al. utilized
ruthenium nanoparticles stabilized by modified carboxymethyl cellulose
to facilitate the hydrogenation of a-pinene in an aqueous solution. Under
conditions of 75 °C and 1.5 MPa Hj for 5 h, this method achieved an
a-pinene conversion of 96.6 % and a cis-pinane selectivity of 98.4 %
[18]. Furthermore, Xie’s team also reported a surface-modified
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Scheme 1. Hydrogenation of a-pinene to produce cis-pinane and trans-pinane.

molecular sieve supported Ru nanoparticles, which successfully cata-
lyzed the selective hydrogenation of o-pinene under mild conditions
(25 °C, 1 MPa Hj, and 1 h), resulting in complete conversion of a-pinene
with a cis-pinane selectivity of 99 %. Unfortunately, this catalyst
exhibited a significant loss of activity after six recycling cycles [19].
Alain Roucoux stabilized ruthenium nanoparticles in aqueous media
using ammonium salt surfactants to catalyze the selective hydrogena-
tion of a-pinene. Under conditions of 110 °C and 3.0 MPa Hj, for 4 h, this
approach achieved 100 % conversion of a-pinene with a cis-pinane
selectivity of 98 % [20]. Despite these advances, challenges remain with
coordination agents-stabilized Ru nanoparticles, such as difficulties in
product separation and stabilizer loss. Utilizing appropriate carriers to
disperse and stabilize Ru nanoparticles could help mitigate these issues;
however, supported Ru catalysts still face significant obstacles con-
cerning high reaction temperatures, pressures, and overall stability.

Selecting an appropriate carrier is crucial for optimizing the per-
formance of nanometal catalysts. Cerium dioxide (CeO,) stands out for
its unique ability to transition between Ce** and Ce>*, which creates
abundant oxygen vacancies on its surface and fosters strong interactions
with metal nanoparticles [21-23]. This robust metal-O-Ce interface
enhances metal dispersion on CeO,, while its strong adhesion to various
metals, including silver (Ag), gold (Au), and platinum (Pt), significantly
mitigates or even prevents metal sintering [24-27]. Such fascinating
properties of CeO3 establish favorable conditions for the development of
finely dispersed nanometal catalysts. For example, Zhang et al.
demonstrated the semi-hydrogenation of quinoline at room temperature
using a Pt-CeO;, catalyst, highlighting the importance of strong electron-
metal support interactions [28]. Given its rich oxygen vacancy, strong
metal interactions, and controllable synthesis, CeO, is emerging as a
pivotal support in heterogeneous catalysis. The effective dispersion of
Ru on CeO; for the selective hydrogenation of a-pinene further un-
derscores its substantial application potential.

In this study, CeO5 with a large specific surface area was prepared
using a straightforward hydrothermal method. Subsequently, metal Ru
nanoparticles were supported on CeO; to serve as a catalyst for the se-
lective hydrogenation of a-pinene under mild temperature and pressure
conditions. The resulting catalyst exhibited excellent reactivity, high cis-
pinane selectivity, and recycling stability during operation. Addition-
ally, the underlying mechanisms responsible for the catalyst’s high ac-
tivity and selectivity in the production of cis-pinane were investigated
through a combination of kinetic analysis and density functional theory
(DFT) calculations.

2. Experimental section
2.1. Materials

a-Pinene (99 %), Ce(NO3)3-6H20 (99.99 %), RuCls-3H20, NaOH (99
%), methanol (>99.5 %), ethanol (>99.5 %), and palladium acetate (99
%) were obtained from Shanghai Titan Scientific Co., Ltd. Commercial
Pd/C and Pt/C catalysts were sourced from Shanghai Aladdin
Biochemical Technology Co., Ltd. Hy with a purity of 99.99 % was
supplied by Jiangxi Huahong Gas Co., Ltd. All chemicals were utilized as
received, without any further treatment.
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2.2. Catalyst preparation

Preparation of Ru/CeO5-H, CeO5-H550, and CeO2-H750: First, the
carrier CeOy-H was prepared by a hydrothermal method reported pre-
viously [29,30]. Initially, 50 mL aqueous solution containing 14.4 g
NaOH was gradually added to 10 mL aqueous solution containing 1.3 g
Ce(NO3)3-6H20. The mixture was stirred for 1 h, after which it was
transferred to a 100 mL hydrothermal reactor and maintained at a
constant temperature of 100 °C for 24 h. The resulting precipitate was
washed with deionized water until neutral pH was achieved. Subse-
quently, the sample was vacuum-dried at 60 °C for 12 h and then
calcined in a muffle furnace at 550 °C in an air atmosphere for 4 h to
obtain the CeO,-H carrier, where H stands for the hydrothermal syn-
thesis method. To prepare the Ru/CeOs-H catalyst, 0.3 g CeO2-H carrier
was impregnated in 33 mL ethanol solution of ruthenium chloride at a
concentration of 1 mg/mL. The mixture was stirred for 12 h, after which
the solvent was removed using a rotary evaporator. The resultant sample
was then reduced in a 10 % Hy/Nj atmosphere at 550 °C for 6 h with a
heating rate of 2.5 °C/min, yielding the CeO,-H supported Ru catalyst,
designated as Ru/CeO,-H. Ce02-H550 and CeO,-H750 was obtained by
reducing the bare CeO5-H support in a 10 % Hy/N, atmosphere for 6 h
with a heating rate of 2.5 °C/min at 550 °C and 750 °C, respectively.

Preparation of Ru/CeO2-H750: The preparation of Ru/CeO2-H750
followed the same procedure as Ru/CeO,-H, with the sole modification
being the reducing temperature using Ho/Ns, which was increased to
750 °C.

Preparation of Ru/CeO5-C and CeO5-C550: The CeO5-C carrier was
produced by directly calcining Ce(NO3)3-6H20 at 550 °C for 4 h in a
muffle furnace under an air atmosphere. The procedure for loading
ruthenium and the theoretical metal loading amount were consistent
with those applied for the Ru/CeOy-H catalyst. The final obtained
catalyst was designated as Ru/CeO5-C, where C stands for the calcina-
tion process. CeO3-C550 was obtained by reducing the bare CeO2-C
support in a 10 % Hy/N, atmosphere for 6 h with a heating rate of
2.5 °C/min at 550 °C.

Preparation of Pd/CeO2-H: In a typical procedure, 0.3 g of CeO2-H
carrier was impregnated with 33 mL of an acetonitrile solution con-
taining 1 mg/mL of palladium acetate, followed by stirring for 12 h. The
solvent was then removed using a rotary evaporator, and the obtained
solid was subjected to reduction at 550 °C in a 10 % Ha/N5 atmosphere
for 6 h in a tubular furnace, with a heating rate of 2.5 °C/min. The
resulting catalyst, denoted as Pd/CeO»-H, had a theoretical Pd loading of
5 wt%.

2.3. Catalyst characterization

The N, adsorption—desorption isotherms of the catalysts were ob-
tained using a Micromeritics Tristar II 3020 instrument, allowing for the
assessment of specific surface area, pore size, and pore volume. Prior to
analysis, all catalyst samples were evacuated at 100 °C under vacuum
for 12 h to eliminate moisture and any potential adsorbed impurities.
The crystallographic properties of the catalysts were characterized by X-
ray diffraction (XRD) employing Cu Ka radiation (A = 1.5406 1°\) on a
Rigaku RINT-2200 diffractometer, with a scanning speed of 10°/min
and over a scanning angle range of 5° to 90°. The morphology and
structure were analyzed using a HITACHI SU8020 scanning electron
microscope (SEM) and a JEOL JEM-2100 transmission electron micro-
scope (TEM). Elemental distribution was further investigated using en-
ergy dispersive spectroscopy (EDS). The hydrogen temperature-
programmed reduction (Hy-TPR) analysis was performed using a
Micromeritics Auto Chem II 2920 analyzer. All samples underwent
pretreatment in a pure He flow at 150 °C for 1 h to remove moisture and
any possible adsorbed surface impurities, followed by cooling to 70 °C.
The temperature was then ramped to 800 °C at a rate of 10 °C/min in a
10 % Hy/Ar flow, with the detection signal recorded throughout the
process. Additionally, the surface elemental composition and chemical
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states of the catalysts were analyzed using X-ray photoelectron spec-
troscopy (XPS) under vacuum conditions of 5.0 x 108 Pa, employing an
AXIS Supra spectrometer (Kratos Analytical Ltd., UK) equipped with a
monochromatic Al Ka X-ray source (1486.6 eV). Survey scans were
conducted over a binding energy range of 0 ~ 1200 eV, followed by
high-resolution scans of specific elements, including C 1s, O 1s, Ru 3d,
and Ce 3d, to elucidate the elemental composition and chemical states.
The acquired spectra were calibrated using the C 1s peak at 284.8 eV as a
reference. The deposition of carbon species on the catalyst was quanti-
tatively analyzed using a thermogravimetric-mass spectrometry (TG-
MS) system, specifically a Hitachi 7300 mass spectrometer (MSAA
SPECTROMETER LC-D200M PRO, Japan). Approximately 10 mg of the
catalyst sample was accurately weighed and placed in a platinum cru-
cible for analysis. The measurement was conducted under an oxygen
atmosphere with a flow rate of 50 mL/min. The sample was heated from
room temperature to 800 °C at a constant heating rate of 10 °C/min to
monitor the thermal processes. Simultaneously, mass spectrometry was
employed to detect and analyze the evolved gaseous products during the
whole process.

2.4. Catalyst evaluation

In a typical selective hydrogenation process of a-pinene, 0.2 g of
a-pinene, 20.0 mg of catalyst, and 6.0 mL of solvent methanol were
loaded into a 25 mL stainless steel high-pressure reactor. The reactor
was then purged with pure H; for 10 min to remove any air, followed by
pressurization with Hy to 0.6 MPa. The reaction was maintained at 30 °C
for 2 h with stirring at a speed of 600 rpm. After completion of the re-
action, the reactor was cooled to room temperature, and the reaction
mixture was filtered and analyzed using gas chromatography. A Thermo
Trace 1310 gas chromatograph (Thermo Fisher Scientific, USA) equip-
ped with a TG-5HT capillary column (30 m x 0.25 mm x 0.1 pm,
Thermo Fisher Scientific, USA) was used for analysis. The inlet tem-
perature was maintained at 250 °C, and the detector was set to 260 °C.
The initial oven temperature was set at 50 °C and held for 1 min, fol-
lowed by a ramp of 10 °C/min up to 170 °C, with an additional hold time
of 2 min at this temperature. The quantitative analysis of post-reaction
mixtures was conducted using an internal standard method. n-Heptane
was employed as the internal standard to ensure accurate quantification.
The concentration of a-pinene and each product was determined by gas
chromatography (GC), with the response factors calibrated. The peak
areas of the target compounds were normalized against the internal
standard to calculate their respective concentrations.

The definitions of a-pinene conversion (X), selectivity to cis-pinane
(Scis), and molar turnover frequency (TOF) are defined as following:

G -C

X
Co

x 100%

Ceis
= 100%
Scis Go_C x 100%

Ngp—n
Npy X t

TOF =

where Cj is the initial concentration of a-pinene (mol-L’l), C is the
concentration of a-pinene at reaction time t (h), C,;s is the concentrations
of cis-pinane, ng is the initial molar amount of a-pinene (mol) added to
the reactor, n is the number of moles of a-pinene remained after reac-
tion, and ngy is the total molar amount of Ru in the catalyst introduced
into the reaction system (determined by ICP analysis). Accordingly, the
unit of TOF is h™1.

To evaluate the stability of the catalyst, after separation and recov-
ery, the catalyst was washed three times with methanol and dried in a
vacuum oven at 40 °C for 1 h before proceeding to the next cycle. Given
that approximately 3 % of the catalyst is inevitably lost during the re-
covery process, an equivalent amount of used catalyst (matching the
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number of previous uses) is added before each subsequent reaction
cycle. This approach helps mitigate any potential decrease in activity
due to catalyst loss.

2.5. Computational details

Density functional theory (DFT) calculations were performed to
investigate the underlying mechanism contributing to the high selec-
tivity for a-pinene on the prepared Ru catalyst, as well as the compar-
atively lower selectivity observed on the Pd catalyst. All theoretical
calculations were conducted using the CASTEP software package [31].
The Generalized Gradient Approximation (GGA) functional in the
Perdew-Burke-Ernzerhof (PBE) form was employed throughout the
analysis [32-34]. The typical Ru(200) surface was created in a 3 x 3
supercell with a vacuum slab of 15 A thickness for surface catalytic re-
action. The typical (111) surface of Pd was created in a 4 x 4 supercell
with the same vacuum slab thickness. A fine convergence tolerance was
applied throughout the calculations. All computations utilized a cut-off
energy of 400 eV and a Self-Consistent Field (SCF) tolerance of 2.0 x 10
6 eV/atom. A k-point mesh of 2 x 2 x 1 was implemented for all opti-
mizations, and transition states (TS) were located utilizing the Linear
Synchronous Transit/Quadratic Synchronous Transit (LST/QST)
method [35,36].

2.6. Kinetic study

The hydrogenation kinetics of a-pinene were investigated using a
pseudo-first-order kinetic model, with an excess of H, maintained
throughout the reaction to fulfill the assumptions required for this
model. The total reaction rate constant k for the hydrogenation of
a-pinene to form pinane (including both cis- and trans- isomers) was
determined by measuring the concentration C of a-pinene at various
reaction times t under a specific reaction temperature T. The rate con-
stant k was obtained from the linear relationship of In(C/Cy) versus t.
The individual rate constants for the formation of cis-pinane (k;) and
trans-pinane (k2) were derived based on the characteristics of parallel
(competitive) reactions. Furthermore, the total activation energies E,
(for the overall reaction), E,; (for cis-pinane), and E,2 (for trans-pinane)
were calculated by fitting the linear plots of In k, In k;, and In ky versus
1/T, respectively. Above derivation process for the kinetic study has
been supplemented in the Supplementary Materials.

3. Results and discussion
3.1. Characterization of catalysts

Fig. 1 presents the TEM images of the Ru/CeO,-H and Ru/CeO,-C
catalyst, along with the size distribution of Ru nanoparticles on the
support. The Ru/CeOs-H exhibits a long and slender rod-like
morphology, with widths ranging from 6 ~ 15 nm and an average
width of 9.4 nm. The length of these rods even extends up to 200 nm
(Fig. S1 in the Supplementary Materials). SEM-EDS mapping showed
elements O, Ce and Ru exist uniformly on the catalyst surface (Fig. S2 in
the Supplementary Materials). High-resolution TEM (HRTEM) images
(Fig. 1b) reveal the distance between the clear lattice fringes which was
measured to be 0.31 nm, corresponding to the interplanar spacing of the
Ce03(111) crystal plane [37-39]. Ru nanoparticles are uniformly
dispersed across the CeO»-H support, exhibiting a size distribution
(Fig. 1c) ranging from 2.5 to 5.5 nm, with an average particle size of 4.0
nm. This uniform distribution and small size of metal Ru on CeO»-H is
indicative of a greater exposure of Ru active sites. The Ru/CeO,-H750
catalyst, reduced at an elevated temperature of 750 °C, preserved the
rod-like morphology of the CeO, support (Fig. S3 in the Supplementary
Materials). However, high-temperature sintering led to an increase in
the Ru nanoparticle size, resulting in an average particle diameter of 6.8
nm. In contrast, the CeO5-C support, obtained through direct calcination
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Fig. 1. TEM, HRTEM and Ru particle size distribution images of (a, b, ¢) Ru/CeO»-H, and (d, e, f) Ru/CeO,-C.

of Ce(NOs)3-6H20, displays an irregular block-like morphology
(Fig. 1d), with the HRTEM image also showing clear lattice fringes with
an interplanar spacing of 0.31 nm, corresponding to the CeO3(111)
crystal plane [39]. TEM images and particle size distribution of the
comparative catalyst Pd/CeO,-H are presented in Fig. S3 (in the Sup-
plementary Materials). It illustrates the characteristic lattice fringes of
the Pd(111) crystal plane, with an interplanar spacing of 0.22 nm
[40,41]. In contrast to Ru/CeOy-H, the Pd nanoparticles on CeOy-H
exhibit a significantly larger size, ranging from 4 nm to 14 nm, with an
average particle size of 9.2 nm. This larger size is disadvantageous for
the exposure of more active Pd sites.

Fig. 3 displays the Ny adsorption-desorption isotherms of as-
prepared Ru catalysts and CeO, supports, and pore diameter distribu-
tions are presented in Fig. S4 (in the Supplementary Materials). BET
surface area analysis (Table 1) indicates that the hydrothermally
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Fig. 2. XRD patterns of as-prepared Ru catalysts and CeO, supports.
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Fig. 3. N, adsorption-desorption isotherms of as-prepared Ru catalysts and
CeO;, supports.

prepared CeO,-H support possesses a significantly higher specific sur-
face area of 162.8 m?/g, compared to only 48.8 m?/g for CeO,-C ob-
tained from the direct calcination of cerium nitrate. After the loading of
Ru, the specific surface area of Ru/CeO,-H remains high at 84.7 mz/g,
which is 1.66 times larger than that of Ru/CeO»-C (50.9 mz/g).
Furthermore, the pore volume (0.47 cm®/g) and average pore size
(19.35 nm) of Ru/CeOy-H are considerably higher than those of Ru/
CeO9-C. This substantial specific surface area and rich pore structure
facilitate the diffusion of reactants and products, thereby being benefi-
cial for accelerating the chemical reaction rate. Data analysis from
Table 1 reveals that the hydrothermally synthesized support CeOy-H
(162.8 m?/g) experienced a reduction in specific surface area after high-
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Table 1

Textural parameters of the prepared catalysts and supports.
Entry Sample Sger (M2/ Pore Volume (cm®/  Pore Size

g) g) (nm)
1 Ru/CeO,-H 84.7 0.47 19.35
2 Ru/Ce0,-C 50.9 0.20 10.15
3 Ru/CeO,- 57.3 0.42 26.68
H750

4 CeOy-H 162.8 0.88 19.23
5 CeO2-C 48.8 0.19 12.49
6 Ce0O42-H550 84.9 0.43 18.16
7 Ce0,-C550 50.1 0.16 11.78
8 Ce0O5-H750 49.0 0.46 26.79

temperature treatment in the 10 % Hy/N5 atmosphere. The samples
Ce0,-H550 (84.9 m?%/g) and Ce0,-H750 (49.0 m?%/g) were obtained by
treating CeOy-H at 550 °C and 750 °C for 6 h, respectively. The observed
changes in pore volume (0.88 cm>/g — 0.46 cm®/g) and pore diameter
(19.23 nm — 26.79 nm) suggest that high-temperature treatment led to
structural collapse, increasing the pore diameter while decreasing the
pore volume. Consequently, the specific surface area of Ru/CeO2-H
(84.7 m?/g) was nearly identical to that of CeO,-H550 but lower than
that of CeOs-H, confirming the dominant impact of thermal treatment
on the surface area. Compared to high-temperature Hy/N; treatment,
the influence of Ru metal on the catalyst’s surface area is negligible.
Further comparative analysis reveals that high-temperature Hy/Na
reduction leads to an increase in the specific surface area of the CeO,-C
support, exhibiting a completely opposite trend compared to its effect on
CeO2-H. In Table 1 (Entry 2 and 5), it could also be found that the
prolonged high-temperature treatment induced structural changes in
the framework of CeO,-C, leading to an increase in pore volume from
0.19 cm®/g to 0.20 cm®/g and a decrease in pore diameter from 12.49
nm to 10.15 nm, which contributed to the growth of the specific surface
area. The specific surface area of CeO,-C550 (50.1 mz/g) was compa-
rable to that of Ru/CeO,-C (50.9 m?/g), further supporting the conclu-
sion that high-temperature reduction rather than Ru metal influences
the textural properties of the support. The differing structural effects of
high-temperature reduction on CeO2-H and CeO,-C are likely attributed
to the differences in their preparation methods, which inherently in-
fluence their structural characteristics.

Fig. 2 displays the XRD patterns of as-prepared Ru-loaded catalysts
and the two CeO, supports. Clear diffraction peaks corresponding to
characteristic crystallographic planes of CeO including (111) (28.6°),
(200) (33.1°), and (220) (47.5°) etc. are observed [42,43]. Notably, no
discernible diffraction peaks corresponding to Ru are observed in the
XRD patterns of Ru/CeO3-H, Ru/Ce0,-C, or even Ru/Ce0O3-H750, which
was reduced at a much higher temperature (750 °C). Reducing the scan
speed from 5°/min to 1°/min in the narrow 20 range 35-50° (Fig. S5 in
the Supplementary Materials) still did not detect any diffraction peaks
corresponding to Ru. The absence of Ru signals in XRD can be attributed
to its low content relative to CeOz or the small particle size of Ru on
average, which limits the diffraction intensity. ICP analysis (Table S1)
determined that the Ru content in the catalyst ranged from 2.4 to 3.0 wt
%. Given the particularly small Ru particle size, the characteristic
diffraction peaks of Ru may be challenging to detect in the XRD analysis.
This aligns with the TEM analysis, where Ru nanoparticles are visible
with clear lattice fringes but small size in average. In the XRD pattern of
Pd/CeOy-H (Fig. S6 in the Supplementary Materials), alongside the
characteristic peaks of CeO,, a faint diffraction signal at 40.1° corre-
sponding to the Pd(111) crystalline plane is observed [44,45]. This
weak diffraction intensity is likely due to the small particle size of Pd and
its relatively low loading content.

Fig. 4 presents the FTIR spectra of the three Ru-based catalysts. A
broad peak around 3446 cm ™! corresponds to typical bridging hydroxyl
groups [46]. Near 1630 cm ™!, a band is attributed to the bending vi-
bration of hydroxyl groups associated with adsorbed water [47]. The
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Fig. 4. FTIR spectra of the prepared Ru catalysts.

peak at 1384 cm ™! also corresponds to —OH vibrations, as reported in the
literature [48]. A small peak around 1314 cm™! is linked to Ce-O-Ce
vibrations, while broad peaks near 700 cm™! and 500 cm™! serve as
fingerprints for Ce-O bonds [48,49]. These surface functional group
characteristics are consistent with most reported CeO, supports, indi-
cating the successful synthesis of the CeO» support.

The valence states and surface compositions of the prepared Ru
catalysts were characterized by XPS. Fig. 5 presents the Ru 3d and Ce 3d
spectra of the three Ru-based catalysts, and Table 2 summarizes the
percentages of Ru’, oxygen vacancies (Op), and Ce>* species. Decon-
volution of the Ru 3ds/, spectra identified three valence states, with
binding energy peaks located at approximately 280.5 eV (Ru®), 281.5 eV
(Ru‘”), and 282.8 eV (Ru®™) (Fig. 5a) [50-52]. As shown in Table 2, the
surface Ru® content of the three catalysts varies slightly, with values of
56 % for Ru/Ce0,-H, 52 % for Ru/Ce0,-C, and 58 % for Ru/Ce0,-H750.
The Ce 3d spectra were deconvoluted into ten peaks. The peaks at
approximately 880.4 eV and 885.0 eV (3ds/3), along with their corre-
sponding 3ds/, peaks, were assigned to Ce>' species, while the
remaining six peaks were attributed to Cce*t species [50-53]. The ce3t
content (Table 2) follows the trend Ru/CeO»,-H < Ru/Ce0»-C < Ru/
CeO2-H750. The O 1s spectra (presented in Fig. S7 in the Supplementary
Materials) were deconvoluted into three peaks at approximately 529.5
eV, 531.2 eV, and 533.0 eV, corresponding to lattice oxygen, oxygen
vacancies, and surface-adsorbed oxygen species, respectively
[50,52-54]. Oxygen vacancies were detected on all three Ru-supported
catalysts, which are critical for stabilizing metallic Ru on the catalyst
surface. A comparison between Ru/CeOy-H and Ru/CeO3-H750 in-
dicates that higher reduction temperatures promote oxygen loss from
the CeO;, lattice, resulting in the formation of oxygen vacancies and Ce>*
species, consistent with previous studies [51,55,56]. However, despite
having the highest oxygen vacancy content, Ru/CeO2-H750 exhibited
inferior catalytic performance compared to Ru/CeO;-H. This observa-
tion suggests that, beyond oxygen vacancy content, the highly dispersed
state of metallic Ru on the support surface is a more decisive factor in
achieving superior catalytic performance.

Hy-TPR analyses were conducted to investigate the redox properties
of the Ru-based catalysts and CeO; supports, as illustrated in Fig. 6. The
reduction peak observed below 180 °C corresponds to RuOy species.
Notably, Ru/CeOy-H exhibits the lowest reduction temperature
(115 °C), indicating the most potent reducibility and the strongest Hy
dissociation capability among the three Ru catalysts [57]. The RuOy
reduction temperature in Ru/CeO»-C, at 125 °C, is slightly higher,
positioning it as the second most reducible. Differently, Ru species in
Ru/CeO,-C show the highest reduction temperatures, with two peaks
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Fig. 5. XPS spectra of (a) Ru 3d and (b) Ce 3d for as-prepared Ru catalysts.
Table 2 Table 3

Surface content of Ce, O and Ru species on the prepared Ru catalysts.

Catalytic activity of a-pinene hydrogenation and selectivity to cis-pinane on

different catalysts.

Sample Surface content (%)
ce*t  ce** o, 03 O, Ru® Ru** Ru®*

Ru/CeOy-H 12 88 75 16 56 28 16

Ru/CeO,-C 20 80 71 22 7 52 37 11

Ru/Ce0,-H750 33 67 54 33 13 58 33 9
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Fig. 6. H,-TPR of as-prepared Ru catalysts and CeO, supports.

below 180 °C. This phenomenon is likely due to the presence of two
distinct Ru species formed during high-temperature (750 °C) reduction.
One species consists of Ru incorporated into the CeO; lattice as Ru-O-Ce
which reduces at a lower temperature, and the other one is RuO; located
on the support surface, requiring a higher reduction temperature
[57-60]. The trend in Ru species reduction temperatures (Ru/CeOy-H <
Ru/Ce02-C < Ru/Ce02-H750) suggests a descending order of Hy
dissociation capability: Ru/CeO3-H > Ru/CeO,-C > Ru/Ce05-H750,
consistent with the catalytic activity reported in Table 3 (Ru/CeOs-H >
Ru/CeO,-C > Ru/Ce0,2-H750). Reduction peaks observed between
180 °C and 600 °C correspond to the reduction of Ce*' to Ce3*
[57,58,61], while peaks above 600 °C are attributed to the reduction of
bulk ceria, independent of Ru [57,62]. Furthermore, the reduction peaks
of Ru-loaded CeO- shift to lower temperatures relative to pure CeOs
[62,63].

Entry Catalyst Reaction Conversion Selectivity
condition (%) (%)

1 Ru/CeO,-H 30°C, 0.6 MPa, 2 h 99.3 99.6

2 Ru/CeO,-C 30°C, 0.6 MPa, 2 h 80.2 98.5

3 Ru/Ce0O2-H750 30°C, 0.6 MPa, 2 h 20.3 97.6

4 Pd/CeO,-H 30°C, 0.6 MPa, 2 h 27.8 67.1

5 Pd/C 30°C, 0.6 MPa, 2 h 99.4 82.4

6 Pt/C 30°C, 0.6 MPa, 2 h 99.4 79.0

3.2. Catalytic performance of catalysts

The catalytic performance of the Ru-based catalysts supported on
CeOy, for the hydrogenation of a-pinene is summarized in Table 3. For
comparison, commercial Pd/C and Pt/C catalysts were also evaluated
under identical reaction conditions. As illustrated in Table 3, the Ru/
CeO2-H catalyst exhibited outstanding performance, achieving an
a-pinene conversion of 99.3 % and a cis-pinane selectivity of 99.6 %
after 2 h under mild reaction conditions (30 °C, 0.6 MPa). In contrast,
the Ru/Ce0,-C catalyst exhibited significantly lower activity and poor
selectivity to cis-pinane, with a modest a-pinene conversion of 80.2 %
and a cis-pinane selectivity of 98.5 % under the same conditions. This
pronounced difference in performance can be attributed to the superior
physicochemical properties of the CeO»-H support, which was prepared
via hydrothermal synthesis. The nanorods have a small size, with di-
ameters ranging from 6 to 15 nm and lengths up to 200 nm as charac-
terized by TEM. This elongated nanostructure inherently lacks large
pores. Ru particles are primarily deposited on the surface of the nano-
rods, and the elongated rod-shaped support can stack and interlace,
creating larger and more abundant inter-rod voids. The higher specific
surface area, larger pore volume, and pore size of CeO-H facilitate
better dispersion of Ru nanoparticles and enhance the diffusion of re-
actants and products. These features boost the activity of the catalyst. On
catalyst Ru/CeO,-H750, a substantial decline in catalytic activity was
observed. The a-pinene conversion sharply declined to 20.3 %, repre-
senting a reduction of up to 79 % compared to Ru/CeO»-H, accompanied
by a slight decrease in cis-pinane selectivity. This reduction in perfor-
mance is likely due to the aggregation of Ru nanoparticles at elevated
reduction temperatures, which leads to a decrease in the number of
active Ru sites available on the catalyst surface, thereby seriously
weakening catalytic efficiency. Blank reactions for identifying activity of
the supports were also carried out under the same reaction conditions as
the Ru-based catalysts. It was found that none of the three supports
(CeO5-H, Ce05-H550, Ce0,-C, Ce05-C550 and CeO,-H750) exhibited
catalytic activity, even when the reaction temperature was increased to
120 °C. This confirms that the observed hydrogenation activity
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originates from the Ru species. Table 2 provides the surface content of
various Ru species. The three Ru-based catalysts contain similar
amounts of Ru’, while the Ru*" and Ru®" contents vary. Since olefin
hydrogenation is primarily catalyzed by zero-valent metals, Ru should
be in the metallic state (Ru®) to effectively dissociate Hy. Unreduced,
high-valent Ru species, such as Ru** and Ru®" generally lack intrinsic
hydrogenation activity. Therefore, Ru’ serves as the key active species in
a-pinene hydrogenation, while Ru** and Ru®" contribute negligibly to
catalytic performance. From the data in Table 2 and Table 3, while it
appears that catalysts with higher Ru®" content exhibit higher a-pinene
conversion, it is difficult to conclude that an increased Ru®" fraction
directly enhances catalytic activity. A more rigorous data analysis re-
veals a strong linear correlation between Ru nanoparticle size in average
and Ru®" content, which is in better agreement than the correlation
between Ru®* content and a-pinene conversion. This observation sug-
gests that higher Ru dispersion results in both an increased exposure of
Ru’ active sites and greater interaction between Ru atoms and the CeOy
support, leading to the formation of high-valent Ru®" species. A more
cautious and reasonable conclusion is that the high dispersion of Ru on
the CeOs surface, which leads to an increased exposure of Ru® active
sites, is the direct reason for the enhanced catalytic activity. The increase
in Ru®* content is merely a consequence of the high dispersion of Ru and
does not contribute significantly to catalytic activity.

As reported, oxygen vacancies on CeO; usually play a crucial role in
activating hydrogen, enhancing hydrogen spillover, improving metal
dispersion, or strengthening metal-support interactions [64-66]. How-
ever, in the Ho-TPR profiles of blank CeO2-H and CeO»-C (Fig. 6), no
hydrogen consumption peaks are observed in the low-temperature re-
gion (< 300 °C), suggesting that Hy dissociation is challenging on the
prepared blank CeO, support by sole oxygen vacancies. Interestingly,
after loading Ru, all three catalysts (Ru/CeO2-H < Ru/Ce0O,-C < Ru/
Ce02-H750) exhibit hydrogen consumption peaks at lower tempera-
tures, indicating that Ru plays the key role in hydrogen dissociation.

(a)

100- 100
_ 80 80
S S
£ 60 L60 &
5 £
z 2
£ 401 L40 3
20 20

<
!
T
=)

10 20 30 40 50 60 70
Temperature (°C)

100 C L 100
80 L 80
£ 60 60 2
£ &
> 153
£ 40 L40 5
&) w

20- L 20

=]
I
r
>

0.5 1 2 3 4 5
Time (h)

Chemical Engineering Journal 512 (2025) 162563

From the TG-MS analysis (Fig. S10 in the Supplementary Materials), a
continuous weight loss is found due to hydroxyl condensation dehy-
dration. This suggests that oxygen vacancies interact with the hydrogen
spillover produced by Ru during Hy dissociation to form surface hy-
droxyl groups, thereby facilitating H-H bond cleavage and hydrogen
migration, in line with previous reports [66]. However, no positive
correlation is found between catalyst activity and the amount of oxygen
vacancies (Op) from the data in Table 2 and Table 3. It is likely that the
increased catalytic activity, resulting from the higher dispersion of Ru
and the corresponding increase in metal active sites, outweighs the
positive effect brought about by the increased oxygen vacancy content.
Thus, it is proposed that the primary role of oxygen vacancies is to
improve the dispersion of Ru and enhance metal-support interactions,
which exposes more active sites and prevents nanoparticle agglomera-
tion and deactivation of the catalyst.

The catalytic performance of the CeO,-H-supported Pd catalyst (Pd/
Ce0,-H) was notably suboptimal, exhibiting an a-pinene conversion of
merely 27.8 % and a cis-pinane selectivity of only 67.1 %. In contrast,
the commercial Pd/C and Pt/C catalysts demonstrated significantly
higher catalytic activity, achieving a-pinene conversions exceeding 99
%. However, their cis-pinane selectivity was considerably lower than
that of Ru/CeOs-H, averaging around 80 %. Table S1 (in the Supple-
mentary Materials) further highlights other highly effective a-pinene
hydrogenation catalysts reported in the literature, including Ni, Pd, and
Rh etc. Comparatively, the Ru/CeOs-H catalyst distinguishes itself by
delivering superior catalytic performance under milder reaction condi-
tions, operating at a temperature of 30 °C and a pressure of 0.6 MPa,
which are notably milder than those required for the other catalysts.
Additionally, it achieves exceptional a-pinene conversion and cis-pinane
selectivity.

The effects of reaction temperature, Hy pressure, and reaction time
on the conversion and cis-pinane selectivity in the hydrogenation of
a-pinene catalyzed by Ru/CeO,-H were systematically investigated
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Fig. 7. Catalytic performance and reusability test of a-pinene hydrogenation on Ru/CeO,-H catalyst. Reaction conditions: (a) 0.2 g substrate, 20 mg catalyst, 6 mL
methanol, 0.6 MPa H,, 600 rpm, 2 h; (b) 0.2 g substrate, 20 mg catalyst, 6 mL methanol, 30 °C, 600 rpm, 2 h; (c) 0.2 g substrate, 20 mg catalyst, 6 mL methanol,
30 °C, 0.6 MPa H,, 600 rpm; (d) 0.2 g substrate, 20 mg catalyst, 6 mL methanol, 30 °C, 0.6 MPa H,, 600 rpm, 2 h.
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(Fig. 7). In Fig. S8 (in the Supplementary Materials), the exploration of
catalyst dosage at 30 °C and 0.6 MPa H, revealed that a catalyst-to-
substrate (a-pinene) mass ratio of 1:10 was sufficient to achieve com-
plete conversion of a-pinene. Moreover, further increasing the catalyst
dosage did not result in a decline in cis-pinane selectivity. In the sub-
sequent exploration of temperature, pressure, and other reaction con-
ditions, the same catalyst-to-substrate ratio was maintained. Notably, as
the reaction temperature increased from 10 °C to 70 °C, the cis-pinane
selectivity decreased only slightly, from 99.6 % to 97.7 %. This obser-
vation indicates that the selectivity for cis-pinane remains exceptionally
high, even at elevated temperatures. Moreover, extending the reaction
time to 5 h (Fig. 7c) maintained a high cis-pinane selectivity of 97.6 %.
Increasing the Hy pressure to 1.4 MPa resulted in a cis-pinane selectivity
of 98.7 %, with no significant rise in trans-pinane selectivity. These
findings illustrate that the Ru/CeOy-H catalyst exhibits remarkable
adaptability to variations in reaction conditions—including tempera-
ture, Hy pressure, and reaction time—without a corresponding increase
in the yield of the by-product trans-pinane under more rigorous condi-
tions. Additionally, the turnover frequency (TOF) for a-pinene hydro-
genation over Ru/CeO»-H reaches 1236 h~!(30°C, 0.6 MPa H and 0.5
h). This TOF value is markedly higher than those reported for many Ru-
based or other metal catalysts (e.g., Ni, Pd, Rh) as listed in Table S2
[10,12,16,67-71].

3.3. Cyclic stability of the catalyst Ru/CeO2-H

The recycling performance of the Ru/CeO»-H catalyst in the hydro-
genation of a-pinene is presented in Fig. 7d. After 15 cycles, the catalyst
maintains a conversion and cis-pinane selectivity approaching 100 %,
demonstrating exceptional stability throughout the recycling process. X-
ray diffraction (XRD) analysis of the recycled catalyst (Fig. S9 in the
Supplementary Materials) reveals no detectable diffraction peaks cor-
responding to Ru, indicating that the Ru nanoparticles have not un-
dergone agglomeration. This observation suggests a strong interaction
between the Ru nanoparticles and the CeO,-H support. Additionally, the
mild reaction temperature (30 °C) effectively mitigates the agglomera-
tion of Ru nanoparticles and inhibits the formation of carbon deposits.
To further confirm that no carbon deposition occurs, thermogravimetric
and mass spectrometry (TG-MS) analysis under an Oy atmosphere
(Fig. S10 in the Supplementary Materials). The results showed that only
H>0 was produced throughout the weight loss process. The HpO signal
originated from two sources: water molecules desorbed on the catalyst
below 200 °C [72], and water produced by the dehydration of surface
hydroxyl groups as the temperature increased [52]. No CO- signals were
detected at any stage, indicating that no carbon deposition occurred on
the catalyst surface. Collectively, these factors contribute to the cata-
lyst’s sustained stability and prolonged service life.

1.0 (a) Ts1 TS2 Trans-pinane
Cis-pinane
0.73 277
3 RN
>, 0.5+ ; ! i :
86 ! | ! '
b ! . ! !
= 10.14 ) ; 0.17
£00{ 22 004 P
E Cmle.‘l‘ : -0.06 ," '.I‘_
& | H \-0.33/
4046/ . 055 4L
-0.5 - — Cullyy I —
CyHy6* . -0.51
CyoHyg CyHyg

Reaction Coordination

Chemical Engineering Journal 512 (2025) 162563
3.4. Mechanism of high cis-pinane selectivity on Ru/CeOy-H

The high selectivity of the Ru/CeO»-H catalyst for the formation of
cis-pinane was elucidated through DFT calculations. The reaction
pathways for the hydrogenation of a-pinene on the Ru(200) and Pd(111)
crystal planes were computed to assess the generation of both cis-pinane
and trans-pinane. The energy changes and corresponding structures for
each step of the reaction pathway are illustrated in Fig. S12 ~ S15 (in the
Supplementary Materials), respectively. As depicted in Fig. 8a, the
adsorption energy of a-pinene on the Ru(200) surface in the dimethyl-up
configuration (—0.46 eV) is significantly lower than that in the
dimethyl-down configuration (—0.04 eV). This observation suggests a
preferential adsorption of a-pinene on the Ru(200) surface with a
dimethyl-up orientation, promoting the hydrogenation pathway toward
cis-pinane formation. Furthermore, the energy barrier for the first hy-
drogenation step (the addition of an H atom to the C atom of the C=C
bond) is 0.4 eV (TS1), which is considerably lower than the energy
barrier (0.77 eV) for the first hydrogen addition in the trans-pinane
formation pathway. Additionally, the energy barrier (TS2) for adding
the second H atom in the cis-pinane formation process is 0.5 eV, which is
lower than the 0.63 eV barrier (TS2) for trans-pinane formation. The
energy variation pathways for cis-pinane and trans-pinane formation on
the Ru(101) surface have also been calculated, as shown in Fig. S11 (in
the Supplementary Materials). The corresponding optimized structures
and identified transition states are presented in Fig. S16 and S17 (in the
Supplementary Materials). The results reveal that, similar to the Ru
(200) surface, a-pinene follows the same adsorption and hydrogenation
preference on Ru(101). The activation barriers for this pathway, TS1
(0.79 eV) and TS2 (1.03 eV), are both lower than those for trans-pinane
formation, where TS1 (1.28 eV) and TS2 (1.80 eV) are observed.
a-Pinene predominantly adsorbs in the dimethyl-bridge-up orientation
toward cis-pinane formation on Ru(101) surface. These findings suggest
that a-pinene is preferentially converted to cis-pinane via hydrogenation
on the Ru catalyst. In contrast, for the comparative catalyst Pd (Fig. 8b),
the adsorption energy of a-pinene on the Pd(200) surface in both
structural configurations are —0.09 eV, indicating a relatively high de-
gree of randomness in adsorption. On the Pd catalyst, the energy barriers
for the hydrogenation of a-pinene to cis-pinane are 0.51 eV for the first
step (TS1) and 0.64 eV for the second step (TS2). Similarly, the energy
barriers for the formation of trans-pinane are 0.57 eV for TS1 and 0.67
eV for TS2. The close proximity of these energy barriers suggests that the
hydrogenation of a-pinene to produce either cis-pinane or trans-pinane
encounters comparable kinetic challenges on the Pd catalyst. Although
the energy barrier for cis-pinane formation is marginally lower, the
difference is notably less pronounced than that observed with the Ru
metal. This aligns with the conclusion that the Ru catalyst exhibits
significantly higher selectivity for cis-pinane, whereas selectivity on the
Pd catalyst is markedly reduced.
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Fig. 8. Relative energy profiles of a-pinene hydrogenation to produce cis-pinane and trans-pinane on (a) Ru(200) and Pd(111) surface.
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3.5. Kinetic study

The hydrogenation kinetics of a-pinene over Ru/CeO,-H were thor-
oughly examined, with a particular emphasis on activation energy at
low reaction temperature. To ensure a stable hydrogen concentration in
the reaction medium, an excess of Hy was supplied by maintaining a
high pressure of 1.0 MPa with a continuous feed, enabling the reaction
to be approximated as a pseudo-first-order process. Kinetic studies were
conducted at 30 °C, 40 °C, and 50 °C (as shown in Fig. 9a), yielding rate
constant k for the overall hydrogenation of a-pinene to cis-pinane and
trans-pinane of 0.01522 min~!, 0.01758 min~!, and 0.02083 min !,
respectively. The overall activation energy for the transformation of
a-pinene, calculated using the Arrhenius equation, was notably low at
12.44 kJ-mol~!. Reaction rate constants k1 and ky at different temper-
atures were listed in Table S3 (in the Supplementary Materials).
Following a parallel reaction model, the plot of the natural logarithm of
the rate constant (In k;) for the hydrogenation of a-pinene to cis-pinane
versus 1/T (Fig. 9¢) provided an activation energy of 12.04 kJ-mol ™},
aligning closely with the overall activation energy for the process. In
comparison, the activation energy (E,) for the formation of trans-pinane
was found to be 27.41 kJ-mol ™!, which is substantially higher than the
E, for cis-pinane formation, indicating a preferential facilitation by the
Ru/CeO3-H catalyst toward cis-pinane production. Moreover, the energy
barrier for cis-pinane formation on Ru/CeO»-H is significantly lower
than that reported for the Pd/Al;03 (28 + 3 kJ/mol), Pd/C (35.5 + 1.4
kJ/mol) and Ni-B alloy (68.2 kJ/mol) catalysts [13,15,73]. This is also
the critical factor enabling Ru/CeO,-H to achieve efficient hydrogena-
tion of a-pinene under ambient temperature conditions. These kinetic
results demonstrate strong agreement with both DFT calculations and
experimental data, underscoring the selective efficacy of Ru/CeOs-H in
the hydrogenation of a-pinene to produce cis-pinane at impressively
mild conditions.
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4. Conclusions

In summary, we have successfully developed a novel Ru-based
catalyst that efficiently catalyzes the highly selective hydrogenation of
a-pinene to cis-pinane under ambient temperature with high efficiency.
The rod-like CeO,, with its large specific surface area and strong
support-metal interactions, enhances the dispersion of Ru nanoparticles,
significantly boosting catalytic activity. These mild conditions also
prevent carbon deposition, contributing to the catalyst’s excellent cyclic
stability. Mechanistic studies reveal that a-pinene preferentially adsorbs
onto the catalyst surface via the backside of its intramolecular dimethyl
bridge, which lowers the hydrogenation energy barrier and promotes
the selective formation of cis-pinane. Moreover, kinetic analysis dem-
onstrates that the activation energy for the hydrogenation of a-pinene to
cis-pinane on this Ru-based catalyst is substantially lower than that for
trans-pinane formation. Overall, the catalyst exhibits outstanding per-
formance, including high activity under mild conditions, exceptional
selectivity, and robust stability over multiple cycles, showcasing its
immense potential for industrial applications.
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