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A B S T R A C T

Hydrodeoxygenation (HDO) is a pivotal process in the efficient utilization of biomass, with ruthenium (Ru) 
emerging as a highly effective catalyst for this reaction. A dimer model compound, more representative of bio-oil 
oligomers than monomers, was used to explore the HDO mechanism over a Ru catalyst through both density 
functional theory (DFT) calculations and experimental studies. Initially, the adsorption of 2-Phenylethyl phenyl 
ether (PPE) was examined through DFT, leading to the determination of an optimized structure. Subsequent 
calculations of the HDO reaction pathways on the Ru (0001) surface revealed that the β-O-4 linkage cleavage 
occurred with significantly low activation energy. For the experimental study, a Ru/Nb2O5 catalyst was syn
thesized using wet impregnation method. Characterization of this catalyst through scanning electron microscopy 
(SEM) and X-ray diffraction (XRD) confirmed its congruence with the DFT model. The catalytic performance of 
Ru/Nb2O5 was evaluated in the PPE HDO process, where it demonstrated high efficiency. The applicability of the 
Ru/Nb2O5 catalyst was extended to a real lignin bio-oil so as to further assess its effectiveness. This research 
provides a systematic study on PPE HDO over a Ru catalyst, illustrating the potential of using dimer model 
compounds in HDO mechanism investigations and the promising capabilities of Ru-based catalysts.

1. Introduction

Biomass resources represent the only renewable carbon resource in 
nature, and their rational utilization is of significant importance for 
global carbon emission control [1]. Regrettably, due to the high poly
merization of lignocellulose, a major constituent of biomass, its efficient 
utilization poses a significant challenge. Biomass utilization encom
passes a wide range of pathways, including biochemical processes such 
as fermentation, thermochemical methods like gasification and pyroly
sis, and catalytic upgrading techniques [2–4]. Among these, fast pyrol
ysis has been extensively studied for their potential to produce bio-oil 
which can serve as intermediates for high-value fuels and chemicals 
[4–6]. However, the high oxygen content of bio-oil leads to several 
drawbacks: it is acidic and corrosive, has a low calorific value, and poor 
stability. These factors result in significant differences in properties 
compared to traditional fossil fuels, making direct utilization chal
lenging. Consequently, hydrodeoxygenation (HDO) emerges as a 
promising industrial-scale technology for bio-oil upgrading.

Bio-oil primarily comprises water, organic monomers, and oligomers 
derived from the depolymerization of biomass macromolecules [7]. 
Currently, research on HDO predominantly focus on monomeric arenes, 
including compounds like phenol, guaiacol, vanillin, and others [8–11]. 
However, it is important to note that oligomers also play a crucial role in 
the composition and properties of bio-oil. Notably, oligomers mainly 
originating from incomplete lignin decomposition contribute to the high 
viscosity and the propensity for char formation during the upgrading 
and storage processes of bio-oil. Consequently, investigating the 
behavior of oligomers in the HDO process of bio-oil is essential. In the 
context of lignin polymer, the most relevant chemical bonds include 
β-O-4 (43–65 %), α-O-4 (4–8 %), and 4-O-5(4–7 %), among others 
(Figure S1) [12,13]. Of these, the β-O-4 linkage is the most prevalent, 
constituting over 40 % of lignin fraction in both softwood and hardwood 
[14]. Therefore, a model compound containing the β-O-4 linkage, such 
as 2-Phenylethyl phenyl ether (PPE), represents a good choice for 
studying the behavior of oligomers during HDO.

Density Functional Theory (DFT) serves as a robust tool for 
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investigating reaction pathways, predicting product distributions, and 
quantifying properties related to catalyst activity. During the recent 
years, DFT research is mainly focusing on the cleavage of Caromatic-O 
bonds by aromatic monomers, leaving the study of the β-O-4 dimer 
model compound relatively underexplored. López and Li [15], studied 
the adsorption structures and potential reaction pathways of β-O-4 
linkage molecules on the Ni (111) surface. They confirmed that the 
groups attached to the α-carbon and β-carbon, along with their spatial 
positioning, significantly influence the reaction barrier and the distri
bution of intermediates and products. Su and colleagues [16], investi
gated the reaction behavior of β-O-4 molecules on both NbOPO4 and Pd 
clusters. They elucidated that the strong adsorption interaction at the Nb 
adsorption sites with oxygen plays a crucial role in facilitating the 
cleavage of the β-O-4 linkage, and they also endeavored to reveal the 
synergistic effect between the Pd cluster and NbPO4 support.

In experimental studies, numerous researchers have utilized HDO of 
model compounds to test catalyst performance and investigate mecha
nisms. PPE is a prototypical model compound for studying β-O-4 linkage 
cleavage. Zhao and Luo [17], explored the kinetics and mechanisms of 
the PPE HDO reaction using a self-devised stepwise approach with a Ru 
catalyst in water. They confirmed that hydrogen pressure significantly 
influences selectivity performance. Creaser et al. [18,19], investigated 
the influence of support acidity on product selectivity during the PPE 
HDO process. They established that acidic support can improve the 
hydrolysis efficiency of the ether bond. Consequently, PPE serves as an 
effective model compound for investigating oligomers, and indeed, 
validating these findings through real bio-oil studies is also crucial. In 
terms of catalyst selection, Ru has been widely studied as an active metal 
for HDO, exhibiting high catalytic activity in both lignin-derived model 
compounds and real bio-oil [20,21]. Carrasco-Ruiz et al. [21], investi
gated a series of Ru-based catalysts for the HDO upgrading of bio-oil 
model compounds, demonstrating that well-dispersed Ru metal parti
cles can catalyze the HDO process with both stability and efficiency. In 
addition, Nb₂O₅, characterized by abundant acidic sites and strong water 
resistance, shows significant potential as a support material in HDO 
processes where the bio-oil feed contains a high water content [22,23].

In this work, DFT calculations were combined with experimental 
studies to improve the understanding of oligomer degradation during 
the HDO process. PPE was selected as the model compound in this study. 
Initially, adsorption and reaction pathways were examined through DFT 
calculations. Subsequently, HDO experiments were conducted to 
investigate product distributions and validate the DFT simulation out
comes. Finally, bio-oil produced in a commercial fast pyrolysis plant was 
used for HDO experiments to corroborate the findings obtained from the 
model compound studies.

2. Materials and methods

2.1. DFT calculation

In this study, we performed slab model calculations utilizing the 
Vienna Ab-initio Simulation Package (VASP) [24,25] with the Atomic 
Simulation Environment (ASE) software [26]. Perdew-Burke-Ernzerhof 
(PBE) functional [27] with Grimme’s DFT-D3 correction was applied 
[28]. Inner electrons were modeled using projector augmented wave 
(PAW) [29,30] pseudopotentials, and a cutoff energy of 400 eV. The 
Brillouin zone sampling was executed via a Γ-centered k-point mesh, 
generated employing the Monkhorst-Pack method. The Ru (0001) sur
face was modeled comprising of four layers, with vacuum height of 15 Å. 
The bottom two layers were fixed in bulk positions, while the top two 
layers were allowed to relax during geometry optimizations. For 
adsorption of PPE on Ru (0001) surface a supercell of 5 × 7 and 2 × 1 ×
1 k-points were used (see supplementary information (SI), Figure S2–4 
for extensive tests). Various initial orientations were tested in order to 
justify the most stable one.

Geometry optimizations proceeded until the force on each atom 

diminished below the convergence threshold of 0.03 eV/Å, ensuring 
energy convergence within 10− 6 eV. For the adsorption energy calcu
lation, it was obtained as the Eq. (1), 

Eads = Etotal − Esurf − Eadsorbate (1) 

where Etotal denotes the total energy of molecule absorbate covered on a 
surface, Esurf denotes the energy of a surface, and Eabsorbate denotes the 
energy of molecule in vacuum.

We employed the Climbing Image Nudged Elastic Band (CINEB) [31] 
and dimer methods to investigate the transition states of elemental re
actions. And all of the transition state structures were tested to make 
sure only one imaginary frequency. The reaction barrier was determined 
as equation 2, 

Ebarrier = ETS − EIS (2) 

where ETS denotes the energy of transition state, EIS denotes the energy 
of initial state. The thermochemistry was calculated by the package of 
VASPKIT [32].

2.2. Catalyst preparation and characterization

For the synthesis of Ru/Nb2O5, wet impregnation method was 
employed. Specifically, RuCl3⋅xH2O (obtained from Sigma Aldrich, 
USA) was used as the precursor, with a targeted loading of 5 % by 
weight. The metal salt was dissolved in deionized water and sonicated 
using a Sonorex Super RK 100 ultrasonic bath at 35 kHz for 30 minutes 
to ensure thorough mixing. Subsequently, amorphous Nb2O5 powder 
(sourced from CBMM, Minas Gerais, Brazil) was added to the solution to 
form a slurry, which was magnetically stirred for 2 h. The slurry was 
then evaporated at 200 rpm, 40 ◦C, and under a reduced pressure of 45 
mbar. Then, the catalyst was dried in an oven overnight and subse
quently calcined at 350 ◦C for 2 h. Prior to the reaction, the fresh catalyst 
was subjected to reduction in a tube furnace at 350 ◦C for 2 h under a 
H2/N2 atmosphere.

Catalyst morphology and surface elemental distribution were char
acterized using a Carl Zeiss DSM 982 Gemini Field Emission-SEM, 
equipped with secondary ion, backscattered, and transmission de
tectors for comprehensive surface analysis. Representative microsurface 
areas (1 mm²) were subjected to elemental mapping via a Si(Li) X-ray 
detector (INCA Penta FET, 30 mm² crystal size, Oxford Instrument, UK) 
coupled to the SEM, providing detailed elemental composition insights. 
The crystalline structure was characterized using X-ray diffraction on 
the X’Pert PRO MPD system (PANanalytical GmbH), equipped with a Cu 
Kα radiation source (1.54060 Å). Data were collected across a 2θ range 
of 5◦ to 120◦, employing a 0.017◦ step size over a duration of 1 h. The 
porous characteristics of Nb2O5 support and the synthesized catalyst 
through nitrogen physisorption at 77 K, utilizing a Quantachrome 
NovaWin instrument. Prior to measurement, the samples underwent 
degassing at 230 ◦C for 20 h. The surface area was calculated according 
to Brunauer–Emmett–Teller (BET) model. The acidity of the catalysts 
was evaluated using NH3 Temperature-Programmed Desorption (TPD). 
For the measurement, 100 mg sample were placed in a quartz reactor 
and underwent a pretreatment of hydrogen reduction, followed by 
cooling to 90 ◦C. Subsequently, the temperature was ramped from 90 ◦C 
to 650 ◦C at a rate of 10 ◦C per minute, and this cycle was repeated five 
times.

2.3. Catalytic performance test

In a typical model compound HDO experiment, 0.5 g of the model 
compound (PPE, 97 %, acquired from VWR Chemicals), 0.5 g of the 
catalyst, and 50 g of the solvent (decalin, 98 %, sourced from Sigma 
Aldrich) were placed into a 200 ml batch reactor. The catalyst test under 
different temperatures was performed under 50 bar H2 and 2-hour 
conditions. Prior to each reaction, the reactor was purged three times 
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with pure argon (Ar) to ensure complete removal of air. Throughout the 
reaction, the temperature was increased with a rate of 3.3 ◦C/min, and 
the mixture was stirred continuously at 600 rpm. After the reaction, the 
mixture was cooled to room temperature using an ice-water bath, 
catalyst was removed through filtration and the liquid product was then 
analyzed using GC–MS (Agilent 6890 N with an Agilent 5973 N mass 
spectrometer) for compound identification and GC-FID (HP 5890 gas 
chromatograph equipped with an Rxi®5Sil MS capillary column (0.25 
μm × 0.25 μm × 30 m)) for quantification of each compound. The 
conversion and selectivity were calculated according to Eq. (3) and Eq. 
(4), respectively. 

Conversion(%) =
Mole of substrates consumed

Mole of substrates fed
× 100% (3) 

Selectivity(%) =
Mole of substrates consumed to form each product

Mole of total products
× 100%

(4) 

For the fast pyrolysis bio-oil HDO experiments, bio-oil was beech 
wood fast pyrolysis oil supplied by BTG Biomass Technology Group BV 
(Enschede, Netherlands). During storage, a moderate phase separation 
of the pyrolysis oil was observed, which was further promoted by 
intentional aging at 80 ◦C for 24 h. As a result, the upper layer, referred 
to as the light phase, which is rich in low and medium molecular-weight 
compounds. Firstly, 50 g of this bio-oil and 2 g of catalyst were intro
duced into a 200 mL batch reactor. The subsequent operational pro
cedures were identical to those employed in the model compound HDO 
experiments. In this case, due to the more complex reactor eluent 
composition, centrifugation was employed for the separation of the 
aqueous phase, oil phase, and solid particulates. GC–MS was utilized to 
identify the various compounds in the oil phase, and GC (6890 Agilent, 
equipped with a valve switching system and two columns (Restek 
57,096 Hayesep Q and Restek Molsieve 5A)) was used to identify and 
quantify the compounds for gas products. The contents of carbon, 
hydrogen, and nitrogen were determined through elemental analysis 
using a Leco True Spec Macro instrument (LECO Europe). The oxygen 
content was inferred based on the assumption that the samples consisted 
solely of carbon, nitrogen, hydrogen, and oxygen.

3. Results and discussion

3.1. Calculation of the adsorption energy

In Fig. 1a and 1b, the PPE on Ru (0001) adsorption structure is 
presented. The adsorption energy of PPE on Ru (0001) was found to be 
exceptionally high, at − 4.49 eV, indicating the formation of a highly 
stable adsorption structure between the molecule and the surface. This is 
probably due to the adsorption of two aromatic rings that are known to 
adsorb rather strongly on the Ru surface, e.g. DFT calculations (PBE 
functional) of benzene adsorption on Ru (0001) have given energies 
between 1.40 and 1.60 eV [33–35]. Due to the high unsaturated bonds in 
benzene, the benzene ring of PPE is adsorbed at the most favorable site 
[36], thus showing that specific strong functional groups direct 
adsorption geometries and the corresponding energy [33]. Subse
quently, charge density difference analysis was conducted to gain in
sights into charge distribution, as illustrated in Fig. 1c and 1d The results 
indicate a significant change around the two benzene rings, suggesting a 
robust adsorption interaction between the benzene ring and the surface. 
To corroborate these findings, the adsorption study of benzene on the Ru 
(0001) surface was examined, as demonstrated in Figure S5. The 
adsorption energy of one benzene molecule is − 2.33 eV, thus about 50 % 
of the PPE adsorption. Note that our adsorption energies are higher due 
to the use of the D3 contribution, which is absent in earlier computa
tional studies. This confirms that the adsorption energy of PPE is pri
marily attributed to the benzene structure.

3.2. Reaction pathway of PPE HDO

The identified reaction pathways are shown in Fig. 2. In these cal
culations, it is hypothesized that no C–C bond cleavage occurs during 
the PPE HDO process, because of the higher theoretical bond energies of 
C–C bonds and consistent with previous experimental research findings 
[37,38]. For the breaking of the C–O bond in the β-O-4 linkage, the 
results indicate that dehydrogenation followed by cleavage is the most 
probable reaction pathway. In this reaction pathway, the highest reac
tion barrier is the 0.59 eV of the monomer hydrogenation step. In order 
to investigate the reaction barrier under actual reaction conditions (250 
◦C and 8 MPa) as opposed to ideal conditions, thermal corrections were 
applied according to the experimental parameters for this specific 
pathway. Fig. 3 illustrates the Gibbs free energy diagram at 250 ◦C, 

Fig. 1. The PPE on Ru (0001) adsorption structure (a, b) and the charge difference density plots for PPE adsorption (c, d). The blue-yellow distribution corresponds 
to charge accumulation (depletion).
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including the transition state structures, and all of element steps are 
compiled in Table 1. The entire reaction pathway reveals that the re
action barrier for C–O bond cleavage step is very low, showing a value 
of 0.31 eV as shown in Fig. 3, step3. Additionally, the hydrogenation of 

monomer intermediates represents the limiting step. The desorption 
energies of phenol and ethylbenzene are very high, as shown in Fig. 3, 
steps 8 and 9. And their saturated compounds (hydrogenation of the 
aromatic ring) can be more easily desorbed from catalyst surface, as 
shown in Fig. 3 steps 12 and 13. Therefore, both molecules could 
potentially be further hydrogenated to saturated compounds. Overall, it 
can be concluded that Ru is an exceptionally potent catalyst for breaking 
the C–O bond with a very low energy barrier.

Fig. 2. Reaction pathways of PPE HDO process, red values are energy barriers, black values are reaction energy in eV, and the blue Steps correspond to the steps 
in Table 1.

Fig. 3. Gibbs free energy diagram of PPE HDO process on Ru (0001) surface at 
a temperature of 250 ◦C. The black numbers refer to the elemental steps (see 
also Table 1), the 7 optimized transition states (TS) are shown as an inset. Blue 
values denote free energy changes during elemental reaction steps while the red 
values denote reaction free energy barriers.

Table 1 
Reaction steps corresponding Fig. 3.

Element steps

1 C6H5CH2CH2OC6H5 (g)→ C6H5CH2CH2OC6H5*
2 C6H5CH2CH2OC6H5* → C6H5CH2CHOC6H5* + H*
3 C6H5CH2CHOC6H5* → C6H5CH2CH* + *OC6H5

4 H2 (g) → 2H*
5 C6H5O* + H* → C6H5OH*
6 C6H5CH2CH* + H* → C6H5CH2CH2*
7 C6H5CH2CH2* + H*→ C6H5CH2CH3*
8 C6H5OH* → C6H5OH (g)
9 C6H5CH2CH3* → C6H5CH2CH3 (g)
10 C6H5OH* + 6H* → C6H11OH*
11 C6H5CH2CH3* + 6H* → C6H11CH2CH3*
12 C6H11OH* → C6H11OH (g)
13 C6H11CH2CH3* → C6H11CH2CH3 (g)
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3.3. Catalyst characterization and HDO performance

The morphological features of Ru/Nb2O5 catalyst are presented in 
Fig. 4a, b. As it can be seen in Fig. 4a, Nb2O5 support is composed of 
numerous discrete small blocks, while Ru nanoparticles are character
ized by a star shape morphology, of approximately 100–200 nm, which 
is sufficiently large to facilitate the exposure of the clean Ru (0001) 
surface. EDX mapping analysis of the sample (Fig. 4c) revealed the ho
mogeneous distribution of Ru on Nb2O5 support. The Ru content, as 
determined from EDX mapping and presented in Table S1, is approxi
mately 7.28 %. This value surpasses the expected 5 % content set during 
the catalyst preparation, suggesting an enrichment of Ru on the surface 
of the support material. To elucidate the crystalline structure of the 
catalyst, X-ray diffraction (XRD) analysis was conducted. The results, 
shown in Fig. 4d, exhibit well-defined peaks corresponding to Ru, 
indicating the high crystallinity of the Ru particles. The peaks at 38.38◦, 
42.18◦, 44.01◦, 58.34◦, 69.41◦, and 78.39◦ can be attributed to the 

hexagonal crystal structure of Ru. Regarding the Nb2O5 support mate
rial, its transformation to the TT-phase (pseudohexagonal) due to 
calcination at 380 ◦C typically results in the absence of significant peaks. 
However, an indistinct peak is observed between 20◦ and 30◦, aligning 
with the findings reported by Campos Fraga et al. [39]. The N2 phys
isorption results are shown in Fig. 4e and Table 2. After loading Ru onto 
the surface of Nb2O5, the catalyst exhibits a slight decrease in specific 
surface area, pore volume, and pore size compared to Nb2O5 without Ru 

Fig. 4. SEM images of fresh Ru/Nb2O5 (a, b), EDX elemental mapping of Ru, Nb, O (c), XRD patterns of Ru/Nb2O5 (d), N2 physisorption analysis of Ru/Nb2O5 (e), 
NH3 TPD analysis of Ru/Nb2O5 (f).

Table 2 
N2 physisorption results of Nb2O5 and Ru/Nb2O5.

Surface area (m2/ 
gcat)

Pore volume (cm3/ 
gcat)

Pore diameter 
(nm)

Nb2O5 93 0.12 3.6
Ru/ 

Nb2O5

88 0.11 3.5
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loading. The results of NH3 TPD are illustrated in Fig. 4f, wherein the 
acidic sites of Ru/Nb2O5 are predominantly concentrated in the 
low-temperature range of 200- 350 ◦C, indicating the prevalence of 
weak acidic sites as the primary acidic species, with an acidity value of 
175.77 μmol/g.

The experimental results of PPE HDO at different temperatures are 
depicted in Fig. 5, where the conversion remain close to 100 % across 
various temperatures. At lower temperatures, the primary product of the 
reaction is the dimer product, mainly resulting from benzene ring hy
drogenation, and the proposed formation mechanism is shown in 
Figure S6. This suggests that the Ru/ Nb2O5 catalyst exhibits notable 
hydrogenation capability and benzene ring hydrogenation efficiency 
even at low temperatures [40]. However, as the temperature rises, the 
dimer product gradually decreases, until at 250 ◦C, the products consist 
entirely of cyclohexane and ethylcyclohexane. These findings align with 
our DFT calculations presented in Section 3.2, which identified these 
products as derivatives from the hydrogenation of ethylbenzene and the 
HDO of phenol. Regarding the formation of hydrogenated monomers 
rather than arene products such as ethylbenzene, it is hypothesized that 
the arene products may exhibit a tendency towards strong adsorption 
onto the Ru surface. Supporting this hypothesis, our DFT results as 
illustrated in Fig. 3, indicate high desorption energies for ethylbenzene 
and phenol, rationalizing their further hydrogenation into the experi
mentally observed products like cyclohexane and ethylcyclohexane. 
Additionally, variations in reaction time yielded only minor changes in 
product distribution (as shown in Figure S7), implying that the cata
lyst’s activity is sufficiently robust to achieve a high reaction rate.

3.4. Bio-oil HDO

In assessing the performance on bio-oil HDO, we utilized BTG light 
phase fast pyrolysis oil for testing the Ru/Nb2O5 catalyst. The gaseous 
products, collected after cooling the reactor, were immediately analyzed 
using GC. The results, as indicated in Table 3, demonstrate that the 
oxygen in bio-oil predominantly converted to CO2 and some CO in the 
gas products, with negligible organic gas presence. For instance, CH4 
content was only 0.06 %. This suggests a low likelihood of direct 
cleavage of carbon-containing groups in bio-oil to form organic gas 
products, thereby avoiding carbon loss in the HDO process. The 
elemental analysis results are presented in Table 4, indicating a notable 
decrease in oxygen content. The compounds present in the oil phase- 
including furans, phenols, guaiacols, ketones, carboxylic acids, and 

esters-were identified by GC–MS in both the raw bio-oil (Table S2) and 
the upgraded bio-oil (Table S3). By contrasting these two data sets, we 
observe several notable transformations, including demethoxylation 
reactions of phenolic compounds, hydrogenation of furan derivatives to 
cyclopentanones, hydrogenation/deoxygenation of ketones to hydro
carbons, and desulfurization of sulfur-containing species. Despite the 
upgrading process, the bio-oil still contained a significant number of 
oxygen-containing compounds and many unsaturated groups. This 
could be attributed to the use of raw bio-oil without solvent, leading to 
insufficient mixing and reduced adsorption of organic compounds on the 
catalyst surface. Additionally, the high-water content in the raw bio-oil 
might have inhibited the catalytic activity, or some minor presence of 
inorganic cations like Na+ or K+. The oxygen from bio-oil which was 
converted into H2O is neither part of the gas phase in Table 3 nor of the 
oil phase in Table S3 and was not part of this investigation.

4. Conclusion

In summary, the investigation of Ru catalysts in the HDO process was 
conducted through a combination of DFT calculations and experimental 
tests. The study utilized a dimer model compound, which can be 
regarded as a bridge between monomeric and oligomeric systems. The 
PPE molecule exhibited strong adsorption on the Ru (0001) surface, 
with the adsorption energy of PPE being nearly double that of benzene. 
This enhanced adsorption is attributed primarily to the 2 benzene rings 
in PPE, particularly when positioned at their optimal adsorption sites. In 
exploring the reaction pathways of PPE HDO on the Ru (0001) surface, it 
was observed that the energy barrier for β-O-4 linkage cleavage is 
notably low. And the step with the highest energy barrier is the hy
drogenation of the monomeric products of the dimer cleavage. Experi
mentally, the Ru/Nb2O5 catalyst demonstrated exceptional performance 
in PPE HDO, achieving nearly 100 % conversion at 250 ◦C and 5 MPa. 
The main products identified were benzene, cyclohexane, and ethyl
cyclohexane. Furthermore, when applied to real bio-oil HDO, the Ru/ 
Nb2O5 catalyst maintained a significant effect, despite the presence of 
oxygen-containing compounds. In conclusion, this work demonstrates 
that PPE, as a prototypical dimer model compound, provides a valuable 
link between traditional monomer studies and real bio-oil research, 
thereby offering insights into the effectiveness of Ru-based catalysts in 
HDO processes.
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Table 3 
Composition of the gas phase after the reaction.

H2 CO2 CO CH4 C2–C3

Content (w %) 89.19 8.38 0.71 0.06 0.04

Table 4 
Element content result of crude oil and upgrade oil.

Content (%)

C H N O

Crude oil 42.76 7.18 2.42 47.65
Upgrade oil 63.25 ± 0.84 6.74 ± 0.09 0.29 ± 0.01 29.72 ± 0.75
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