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The lignin oil produced by rapid pyrolysis of lignin is considered a promising liquid fuel source.
Hydrodeoxygenation (HDO) is a kind of efficient method to upgrade the lignin oil, and a high-
performance catalyst is key to the hydrodeoxygenation of lignin oil. In this study, a high dispersion and
small size Ru nanoparticle loaded N-doped carbon catalyst was derived by the direct pyrolysis of
a mixture of ruthenium trichloride and melamine, and it could efficiently convert lignin oil. The lignin oil
was completely transformed at 240 °C and 1 MPa H,, and 36.58% cyclohexane was obtained. The
formation, surface area, and nitrogen species of the catalyst could be controlled by changing the

Received 22nd March 2023 precursor of the nitrogen-doped carbon support. The percentage of pyridine nitrogen possessed with
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Accepted 28th June 2023 melamine as a nitrogen—carbon precursor (31.35%) was much higher than that with urea (16.47%) and
dicyandiamide (8.20%) as nitrogen—carbon precursors. The presence of pyridine nitrogen could not only

DOI: 10.1035/d3ra01866k serve as the coordination site for even dispersity and stability of Ru nanoparticles but also regulated the
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Introduction

As the world population increases, leading to the rapid
consumption of fossil fuels, there is an urgent need to
develop safe, clean, efficient, and renewable sources.* Lignin
is the second most abundant biopolymer in biomass, and it is
a renewable resource of aromatic compounds in nature,”> and
is considered a renewable alternative to traditional fossil
fuels.* In addition, pulping and paper industries also
contribute approximately 50 million tons of lignin “waste”
annually.* As the most abundant natural aromatic, lignin can
serve as a potentially valuable source for the production of
biofuels, energy, and chemicals. Thus, the effective depoly-
merization of lignin into aromatics would greatly improve
the economics of the overall biorefinery process.> However,

State Key Laboratory of High-efficiency Coal Utilization and Green Chemical
Engineering, College of Chemistry and Chemical Engineering, Ningxia University,
Yinchuan, China. E-mail: yulongma796@sohu.com; cassyg2015@163.com

T Electronic supplementary information (ESI) available: TEM images of Ru/NC-M
(Fig. S1); N, adsorption isotherm (Fig. S2); XPS spectra of catalysts N 1s (Fig. S3);
hydrogenolysis of lignin oil over different catalysts (Fig. S4); ICP-MS analysis for
the Ru/N-doped carbon catalysts (Table S1); BET surface area, pore volume and
pore diameter of catalysts (Table S2); the various Ru species content of the
Ru/N-doped carbon catalysts (Table S3); the data of pyridine-IR (Table S4); the
comparison of catalytic performance between the Ru/NC-M and previous
reported catalysts (Table S5); graphical abstract (Fig. S5). See DOI:
https://doi.org/10.1039/d3ra01866k

© 2023 The Author(s). Published by the Royal Society of Chemistry

electron density of Ru nanoparticles (NPs) and increased the active site Ru® through electron transfer.

the utilization of lignin is low and there is a need to develop
efficient ways and methods to utilize lignin.

Lignin is a phenylpropane structure linked by C-C and
C-0 bonds, where C-O bonds account for two-thirds of the
total number of bonds, and the dissociation energy is lower
than that of C-C bonds. Hence, breaking aromatic C-O bonds
is crucial for valorizing lignin to fuels/value-added chem-
icals.® The depolymerization methods of lignin mainly
include pyrolysis,” hydrolysis,®* hydrogenolysis,” and oxida-
tion.’ Metal-based catalysts are the common choices to
complete the hydrogenolysis process due to the high catalytic
activity of the metal sites,"* Such as Ru-,"* Ni-,** Pd-,** Pt"*-
based catalysts. Activated carbon is the most widely used
catalyst carrier because of its easy availability and low cost.
However, the absence of adequate anchoring sites in activated
carbon leads to the aggregation and reduction of metal NPs.
Therefore, highly active carriers have aroused great interest in
the preparation of supported metal catalysts for lignin
conversion.

The lignin oil produced using either pyrolysis has been
considered a clean and environmentally friendly energy fuel
as its combustion generates lower greenhouse gas emissions
compared to the conventional fossil fuels.'® However, due to
the high content of water and oxygen, low heating value and
low stability of pyrolytic lignin oil, it is very difficult to directly
utilize pyrolytic lignin oil."” Therefore, it is very important to
upgrade pyrolytic lignin oil. The most efficient way to upgrade
pyrolysis lignocellulosic oil is hydrodeoxygenation,'® which
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can remove oxygen and H, in lignocellulosic oil in the form of
H,0, while in the cracking process, oxygen in lignocellulosic
oil is mainly removed in the form of CO, and CO, thus
reducing the total carbon production.*

In recent years, the nitrogen-doped carbon carrier metal
catalysts have attracted extensive interest because nitrogen
doping can improve the catalytic activity by enhancing the
electronic interaction between the metal and carbon carriers
and changing the acid-base properties of the carrier
surface.”® Yang et al.** synthesized a series of N-doped carbon
(NC-x) carriers with high nitrogen content, prepared Ru/NC-x
catalysts by ultrasound-assisted impregnation, and con-
verted nitrobenzene to aniline at room temperature, and
nitrogen doping highly dispersed ruthenium nanoparticles,
forming electron-deficient ruthenium species. Li et al?
synthesized a Ru@N-doped carbon catalyst by two-stage
pyrolysis of carbon-nitrogen precursor and ruthenium tri-
chloride mixture, which showed favorable catalytic activity
for the cracking of C-O bonds in lignin with a total aromatic
monomer yield of 30.5%, and the incorporation of pyridine
or pyrrole N atoms on graphitic carbon support can not only
uniformly disperse and stabilize Ru nanoparticles (NPs) but
also produce defect-free carbon structures. Jacky et al”
presented a facile methodology for the in situ formation of
palladium nanoparticles by reduced gases produced by the
pyrolysis of bio-polymeric marine waste, chitosan resulting
in the N-doped carbon support. The incorporation of
nitrogen into the carbon framework served as a nucleation
site for the uniform and stabilized palladium metal
dispersion.

While the reported noble metal-based catalysts (such as
Pd/C,** and Au/CdS**) had excellent catalytic properties, they
were more expensive and had limitations in large-scale
applications. Non-precious metal catalysts were low cost,
but when used for hydrogenolysis of lignin oils, a high metal
loading was required for high conversion and selectivity.
Compared with monometallic catalysts, bimetallic catalyst*
showed stronger catalytic performance, with significantly
improved conversion and monomer selectivity. However, the
preparation process of bimetallic catalyst was more complex,
and the catalyst stability needs to be increased further. In this
work, it was concluded that the Ru/N-doped carbon catalyst
could exhibit excellent catalytic performance for lignin oil
under milder reaction conditions and the metal Ru was less
expensive than other noble metals (such as Pd and Pt).
Therefore, Ru was a suitable hydrogenolysis metal for the
conversion of lignin oil.

In this paper, the Ru/NC-M catalyst with strong metal
support interaction was prepared by in situ direct pyrolysis of
a mixture of melamine and RuCl;-xH,0. This Ru/NC-M
catalyst could achieve efficient conversion of lignin oil
under relatively mild conditions. The pyridine in the carrier
remodels the electron density of Ru NPs and offers more Ru’
active sites through electron interactions. Therefore, the
catalyst exhibited superior catalytic activity in the hydro-
genolysis of lignin oil.
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Experimental
Materials

The reagents used in this experiment are all analytical grade.
Ruthenium chloride hydrate (RuClz-xH,0, 30%), melamine,
dicyandiamide, guaiacol and Ru/C (Ru was 5 wt%) were
purchased from Aladdin reagent. Urea (CO(NH,),), ethyl acetate
and isopropanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Straw lignin is purchased from Shandong
Longli Co., Ltd.

Preparation of catalysts

Ru/NC catalyst is prepared by the one-pot method. The weighed
50 mg RuCl;-xH,0 and 5 g of urea, dicyandiamide, and mela-
mine were put into a mortar for grinding, and the ground
powder was put into a crucible, and calcined for 2 h at 500 °C,
600 °C and 650 °C in a muffle furnace. The calcined sample
powder was placed in an H, tube furnace, calcined at 300 °C for
2 h (heating rate was 5 °C min '), and passed by 1% O,/N, for
2 h after the temperature was reduced to room temperature. The
prepared catalysts were named Ru/NC-U, Ru/NC-D, and Ru/NC-
M. Urea, dicyandiamide, and melamine were put into the
muffle furnace for calcination respectively to obtain a carrier
without added metal, which was named NC-U, NC-D, and NC-
M.

Preparation of lignin oil

The straw lignin used in this study was purchased from Shan-
dong Longli Co., Ltd. The straw lignin was dried and ground
before the experiment. The pyrolysis of straw lignin was carried
out at a rapid heating rate of 30 °C min~" in a nitrogen atmo-
sphere to 550 °C. After pyrolysis, the liquid collected was
extracted with 30 mL ethyl acetate to remove the water phase,
and then the ethyl acetate was removed with a rotary evaporator
to obtain dark brown liquid lignin oil. GC-FID (Shimadzu GC-
2014, CAP-5, 30 m x 250 um X 0.25 pm) and GC-MS (Agilent,
7890B/5977C, 60 m X 250 pm X 0.25 pm) were used for quali-
tative and quantitative analysis of lignin oil. The initial furnace
temperature was 45 °C and kept for 1 min. Then the tempera-
ture was raised to 120 °C at 20 °C min~* and then to 280 °C at
50 °C min~" for 2 min.

Degradation of lignin oil

100 mg of lignin oil, 50 mg of catalyst, and 30 mL of isopropanol
were added to a 100 mL stainless steel autoclave (Beijing
Century Senlang Chemical Co., Ltd., China). After the reactor is
purged three times with nitrogen, it is filled with 1 MPa
hydrogen. Then, the catalytic reaction is performed at 240 °C
and 800 rpm. Immediately after the reaction, the reactor is
cooled to room temperature with an ice bath, and the liquid
products are collected for further study. All experiments were
repeated three times. The reaction products were qualitatively
analyzed by gas chromatography (Shimadzu GC-2014, CAP-5, 30
m X 250 pum x 0.25 pm) using a hydrogen flame ionization
detector (FID). The injector and detector temperature was 280 ©
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C and the injection volume was 2 pL. The external standard
method was used to calculate the conversion rate of the reac-
tants, the selectivity of the product, and the yield. The calcula-
tion was as follows:

Conversion = (ninitial - nremaining amount after reaction)/ninitial X

100% (1)
Product selectivity = nproduct/Miotal product X 100% (2)

where n is the molar mass.

Catalyst characterization

On an Xray diffractometer (dmax2200pc, Rigaku), X-ray
diffraction (XRD) spectra of the sample were obtained using
Cu ko1 radiation (A = 1.540 A) at 40 kV and 40 mA. And scan in
the range of 3-85°. The metal content was measured on ICP-MS
(Aglient 7800). The sample and the acid solvent were mixed and
then microwave digestion was performed to measure the metal
content in the sample. The morphology of the catalyst was
characterized by SEM (Czech Republic TESCAN MIRA LMS). The
morphology and metal particle size of the catalyst was charac-
terized by transmission electron microscopy (TEM, FEI Talos
F200x, USA). The nitrogen adsorption and desorption curve,
specific surface area, and pore structure characteristics of the
sample were obtained by using the automatic specific surface
area and porosity analyzer (ASAP2460, Micromeritics, USA).
Using the Thermo ESCALAB 250XI device, X-ray photoelectron
spectroscopy (XPS) of the sample was obtained. The type of
acidity (Lewis acid and Brensted acid) on the catalyst surface
was measured using pyridine infrared (Tensor 27). The struc-
tural characteristics of lignin oil samples and depolymerized
products were studied using a 2D HSQC method (Bruker-Avance
I1I 600 MHz spectrometer, Germany), and the lignin oil samples
were tested after dissolution with deuterated dimethyl sulfoxide
(DMSO) with a scan number of 32 and a relaxation time of 1.5 s.
Using the Netzsch TG 209 F3 Tarsus device, TG of the sample
was obtained.

Results and discussion

Characterization of catalysts

Ru/NC catalysts (Ru/NC-U, Ru/NC-D, and Ru/NC-M) were
prepared by pyrolysis of ruthenium trichloride and urea,
dicyandiamide, and melamine mixtures, respectively. The
actual content of Ru determined according to ICP-MS was
6.40 wt%, 7.50 wt%, and 3.24 wt%, respectively (Table S17).
Through SEM characterization, it could be seen that the
topography of Ru/NC-U has no obvious layered structure
(Fig. 1a), and the topography of Ru/NC-D and Ru/NC-M was
a folded layered structure (Fig. 1b and c¢), meanwhile, the partial
metal agglomeration could be only observed in Ru/NC-D. In the
process of pyrolysis, firstly, the melamine was coagulated into
layered graphitic carbon nitride (g-C;N,) and a carbon skeleton
at 600 °C, respectively. The morphology of the wrinkled nano-
sheets originated from the morphology of the g-C;N,.*® For
further carbonization at the higher temperature volatile gases

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of (a) Ru/NC-U, (b) Ru/NC-D, (c) Ru/NC-M, TEM
images of (d) Ru/NC-U, (e) Ru/NC-D, (f) Ru/NC-M.

from the decomposition of g-C;N, was generated.*” According to
the transmission electron microscopy (TEM) results, it could be
seen that there was an agglomeration of metal Ru on Ru/NC-D
and Ru/NC-U catalysts (Fig. 1e and d), and the average size of Ru
NPs was 11.26 and 7.09 nm, respectively. For Ru/NC-M catalyst,
the metal Ru was uniformly distributed on the support (Fig. 1f),
and the average size of Ru NPs is 3.06 nm, which was much
smaller than the average size of Ru/NC-U and Ru/NC-D, the
proportion of pyridine nitrogen bound to Ru/NC-M was the
highest, 31.35%, which was much higher than that of Ru/NC-U
(16.47%) and Ru/NC-D (8.20%), so the presence of pyridine
nitrogen can make the metal have better dispersion.

X-ray diffraction (XRD) spectroscopy was used to elucidate
the crystal structures of various catalysts (Fig. 2), the diffraction
peaks of Ru/NC-U and Ru/NC-D at 26 of 38.39°, 42.15°, and
44.00° were ascribed to the (100), (002) and (101) crystal planes
of Ru, respectively (PDF#06-0663). It was also shown that Ru
exists as a (002) crystal plane (Fig. S1t). However, these feature
peaks of Ru/NC-M were extremely small, indicating that Ru NPs
were well dispersed on the NC-M carrier, while Ru might be
agglomerated on the NC-U and NC-D carriers."” According to the
measured N, adsorption-desorption isotherms (Fig. S21), all
catalysts showed similar type III N, adsorption-desorption
isotherms, of which only Ru/NC-M showed a significant
hysteresis loop, demonstrating the presence of a mesoporous
structure.”® Ru/NC-U and Ru/NC-D did not show a significant
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Fig. 2 XRD of catalysts.
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hysteresis loop probably because of the relatively small specific
surface area. The specific surface areas of Ru/NC-U, Ru/NC-D,
and Ru/NC-M had specific surface areas of 2.2, 2.6, and 8.6
m? g, respectively (Table S2t).

The surface chemical composition and chemical states of the
surface elements in Ru/NC-U, Ru/NC-D, and Ru/NC-M were
investigated based on XPS analysis. Four peaks with binding
energies of 399.34 eV, 399.96 eV, 400.97 eV, and 402.10 eV could
be distinguished from different N species according to the high-
resolution N 1s spectra (Fig. S37T), which were pyridine N,
pyrrole N, graphite N, and N-oxide.?*** The total nitrogen
content in Ru/NC-U, Ru/NC-D, and Ru/NC-M decreased
sequentially (Fig. 3a), and pyridine N in Ru/NC-U and Ru/NC-D,
accounting for 16.47% and 8.20% of the total nitrogen species,
respectively.

However, pyridine N dominated in Ru/NC-M, accounting for
31.35% of the total nitrogen species (Table 1). The peak of
398.25 eV might contain the role of nitrogen in the metal-N
bond, which was due to the fact that the binding energies of
pyridine N and Ru-Nx were very close to each other, making it
difficult to distinguish quantitatively.** The proportion of
distinct nitrogen species varied with NC precursors. The high-
resolution Ru 3p spectrum (Fig. 3b) showed four peaks with
binding energies of 462.00 eV and 484.24 eV assigned to Ru’
3ps2 and Ru® 3py,,, and binding energies of 464.23 eV and
486.13 eV assigned to Ru™" 3pz, and Ru™" 3p;,,.** Among the
three catalysts, Ru/NC-M had the highest Ru’ content of
71.94%, while Ru/NC-U and Ru/NC-D had 65.50% and 59.14%
of Ru’, respectively (Table S31). As the percentage of pyridine
nitrogen increased, the content of Ru® also increased, indi-
cating that the dominant pyridine nitrogen could regulate the
electron density of Ru NPs and increase the active site Ru’
through electron transfer,” Therefore the Ru/NC-M catalysts
possessed stronger catalytic performance.

In addition, the Brensted acid and Lewis acid distributions
were measured by pyridine adsorption IR (Py-IR). The acidity
distribution of the catalyst was analyzed based on pyridine
infrared and the concentrations of Brgnsted (B) and Lewis (L)
acid centers in the catalyst were quantitated (Fig. 4a). The bands
at around 1450 cm™ " and 1596 cm " were ascribed to the
adsorption of pyridine on the Lewis acidic site, the bands at
around 1544 cm ' and 1650 cm ' were ascribed to the
adsorption of pyridine on the Brgnsted acidic site, and the band
at around 1490 cm ™' was ascribed to the adsorption of pyridine
on both the Lewis acidic site and the Brgnsted acidic site.****
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Fig. 3 XPS spectra of catalysts (a) proportion of each nitrogen species
and (b) Ru 3p.
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Table 1 The various N species content of the Ru/N-doped carbon
catalysts

Pyridinic Graphitic
Catalyst N Pyrrolic N N N-oxide
Ru/NC-U 16.47 10.23 29.47 43.83
Ru/NC-D 8.20 10.60 27.90 53.30
Ru/NC-M 31.35 22.03 21.66 24.95

The distribution of lignin oil hydrolysis products depended on
the acidity of the catalyst. It could be clearly seen that Ru/NC-M
catalyst owned a higher amount of Lewis acid, Brensted acid,
and total acid than Ru/NC-U and Ru/NC-D catalysts (Table S47),
and the selectivity for cyclohexane was also the highest. A
synergistic interaction between Lewis and Brensted acid sites
and hydrogen donors was reported to show intensive hydrogen
production.®* Reactive hydrogen species would further attack
the C-O bond. In addition, the Brgnsted acidic site promoted
the removal of the -OH group,* and the Lewis acidic site
promoted the removal of the O-CH; group.** Therefore, a suit-
able increase in acidity could lead to a good catalytic perfor-
mance. Furthermore, the increase of total and Brgnsted acids of
the catalyst was shown to be necessary for the cleavage of C-O
bonds in lignin, which can favor the hydrogenolysis of lignin-
derived dimers.*® Thermal gravity analysis is an effective way
to determine the thermal stability of the samples. The weight
loss below 100 °C was due to the removal of surface water
molecules. A steep curve from 323 to 421 °C is observed, and the
weight loss at this stage is rapid, which can be ascribed to the
sublimation of melamine (Fig. 4b).

Hydrogenolysis of lignin oil

To investigate the role of carriers in the hydrogenolysis of lignin
oil (Table 2), carriers without loaded metal Ru (NC-U, NC-D, and
NC-M) were added to the hydrogenolysis reaction, and the
conversion of lignin oil was found to be extremely low, all less
than 3%, which indicated that the carriers were not active for
the hydrogenolysis of lignin oil, thus it showed that the syner-
gistic effect between metal Ru® and nitrogen-doped carbon
carriers played a key role in the degradation of lignin oil.

The results showed that the synergistic effect between Ru®
and nitrogen-doped carbon support plays a key role in the
degradation of lignin oil. In addition, hydrodeoxygenation of
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Fig. 4
NC-M.

(a) Pyridine-IR acidity distribution of the samples, (b) TG of Ru/
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Table 2 Hydrodeoxygenation reaction of lignin oil over different
catalysts®

Product selectivity (%)

Conversion

Catalyst (%) 1 2 3 4 5
Blank 0 0 0 0 0 0
NC-U 1.88 0 0 0 0 100
NC-D 1.37 0 0 0 0 100
NC-M 2.57 0 0 35.01 0 64.99
Ru/C 7.00 92.42 0 7.58 0 0
Ru/NC-U 100 13.79 7.86 36.17 12.42 29.77
Ru/NC-D 100 7.70 6.49 40.48 15.26 30.08
Ru/NC-M 100 36.58 5.01 27.85 12.17 18.39

“ Reaction conditions: 50 mg lignin oil, 25 mg catalyst, 30 mL
isopropanol, 240 °C, 1 MPa H,, 7 h, 800 rpm.

lignin oil with Ru/C catalyst (Ru was 5 wt%) revealed that the
conversion of lignin oil was less than 10%. Therefore, the
presence of nitrogen could enhance the activity of the catalyst.

L.gn.m._ﬂ-_+©+(?+é‘g+$+[§

After the straw lignin was pyrolyzed into lignin oil, the
monomer products were extracted with ethyl acetate and then
subjected to GC and GC-MS analysis. The main phenolic
monomer products produced were phenol (A), guaiacol (B), 4-
ethylphenol (C), 4-ethyl guaiacol (D), 2,6-dimethoxyphenol (E),
and 4-ethylcatechol (F) (Fig. 5a). Lignin oil was hydrogenated in
isopropanol at 240 °C, 1 MPa H,, and different catalysts for 7 h,
and the product compositions were shown in Table 2, Ru/NC-U
and Ru/NC-D showed the highest selectivity for cyclohexanol
with 36.17% and 40.48%, respectively, while Ru/NC-M showed

-
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Fig. 5 (a) GC-MS analysis of the main components of lignin oil, (b)
hydrodeoxygenation reaction of lignin oil over Ru/NC-M catalyst at
different times, (c) cycling experiments of Ru/NC-M catalyst. Reaction
conditions: 50 mg lignin oil, 25 mg Ru/NC-M, 30 mL isopropanol,
240 °C, 1 MPa Hy, 7 h, 800 rpm.
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the highest selectivity for cyclohexane with 36.58%. The results
indicated that Ru/NC-M had a stronger ability to break the C-O
bond. Compared with the selectivity of cyclohexane it was found
that Ru/NC-M had the highest selectivity for cyclohexane and
the strongest ability to remove hydroxyl groups, probably the
most B acidic sites, which would accelerate the dehydration of
cyclohexanol to obtain cyclohexane.*® Compared with Ru/NC-U
and Ru/NC-D, Ru/NC-M had a greater specific surface area and
enriched mesopores, which could be attributed to the presence
of mesoporous structures that could facilitate mass transfer and
diffusion of lignin oil in the catalyst.>” On the other hand, the
Ru/NC-M catalyst with the highest percentage of pyridine
nitrogen in the total nitrogen species provided more Ru® active
sites and therefore stronger catalytic activity. The effect of
reaction time on the degradation of lignin oil over Ru/NC-M
catalyst was investigated (Fig. 5b). The products at the begin-
ning of the reaction were only cyclohexane, cyclohexanol and 4-
ethylcyclohexanol with selectivity of 9.91%, 65.68%, and
24.41%, respectively, and conversion of 41%. As the reaction
time continued, in addition to cyclohexane, cyclohexanol, and
4-ethylcyclohexanol, ethyl cyclohexane and 4-methyl cyclo-
hexanol were also generated, and the conversion of lignin oil
gradually elevated, the content of cyclohexane gradually
increased, and the content of cyclohexanol gradually decreased,
which showed that Ru/NC-M could effectively break the C-O
bond, and finally the lignin oil was completely converted at 7 h
of the reaction.

Since the reusability of catalysts was critical for commercial
applications, recovery and reusability of catalysts were investi-
gated under the same reaction conditions (Fig. 5c). At the end of
each reaction cycle, the solid catalyst was filtered, washed with
deionized water aqueous, then dried and reused. After five
cycles, the conversion of lignin oil was still above 80%, which
indicated that the Ru/NC-M catalyst possessed high stability.
The reacted Ru/NC-M catalyst was further characterized. The
catalyst remains in a layered structure as seen in the SEM image
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Fig. 6 (a) SEM images, (b) TEM images, (c) XRD patterns and (d) XPS
spectra of Ru/NC-M catalyst after reaction. Reaction conditions:
50 mg lignin oil, 25 mg Ru/NC-M, 30 mL isopropanol, 240 °C, 1 MPa
Hz, 7 h, 800 rpm.
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(Fig. 6a). The metal particles in the catalyst were found to be
4.89 nm according to the TEM characterization, which was
slightly increased than before the reaction (Fig. 6b). According
to the XRD patterns before and after the reaction of the Ru/NC-
M catalyst, it could be seen that the characteristic peaks of Ru
metal did not change, which showed that the crystalline shape
of the metal did not change, so this Ru/NC-M catalyst had high
stability (Fig. 6¢). The XPS characterization showed that Ru® and
Ru"" species were still present in the catalyst with 65.52% and
34.48%, respectively. Therefore, the Ru/NC-M catalyst possesses
a strong stability (Fig. 6d).

Analysis of depolymerization products

The depolymerization products on Ru/NC-M (Fig. S41) were
analyzed by GC and GC-MS. The products were cyclohexane,
ethyl cyclohexane, cyclohexanol, 4-methyl cyclohexanol, and 4-
ethylcyclohexanol, and compared with the composition of
lignin oil, it could be seen that the catalyst could not only crack
C-0 bonds but also hydrogenate aromatic benzene rings.

The chemical structure of the initial lignin oil was charac-
terized by two-dimensional HSQC, and the main side chains
and aromatic regions of the 2D HSQC-NMR spectra (dc/6200-0/
10.0-0) were shown in Fig. 7a, and the signal peaks of guaiacyl
(G), syringyl (S), and hydroxyphenyl (H) units were detected in
the benzene ring region. At 6¢/015111.7/6.9, dc/015115.8/6.7, and
0¢/05119.9/6.8, they correspond to C,-H,, Cs-Hs, and C¢—Hg of
the benzene ring of unit G, respectively.

At 0c/01104.8/6.69, it corresponded to C,¢-H,es of the
benzene ring of unit S. At §5/614129.5/7.2 corresponds to C, ¢~
H, ¢ of the benzene ring of unit H (Fig. 7a). In the sidechain
region, 6c/01355.6/3.7 are methoxy signals (Fig. 7b). These signal
peaks are absent in the lignin oil depolymerization products

(a) . * (b) o
* ¥ G F120 <
40
H
160
I 80
T T 200 y T
100 8.0 6.0 ppm 40 20 ppm
© . (d
e [ 120 .* Ethyl | 4
H
I 160
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T T 200 T T T T T
10 8 6 ppm 4 2 0 ppm
OMe
OH OH
G H

Fig.7 (a, b) HSQC NMR spectra of Lignin oil. (c, d) HSQC NMR spectra
of depolymerized products after hydrogenolysis lignin oil over Ru/NC-
M.
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produced after the reaction with Ru/NC-M (Fig. 7c). The signal
peak of the methyl group corresponds to 0c/0121.0/2.2, and the
signal peak of the ethyl group at 6¢/61;30.1/2.8 (Fig. 7d). The Ru/
NCM catalyst was found to have a strong C-O bond broken by
comparison, especially for hydroxyl and methoxy groups.

Catalytic transformation of lignin model compounds

Guaiacol was a representative lignin model compound, and
guaiacol is also contained in lignin oil. In order to further
understand the reaction pathway of lignin oil at Ru/NC-M, the
catalytic conversion of guaiacol was carried out at 240 °C and 1
Mpa H, with Ru/NC-M (Fig. 8).

According to GC-MS analysis, the products were mainly
cyclohexanol and 1-methyl-1,2-cyclohexanediol. When the
reaction was 1 h, the product was mainly 1-methyl-1,2-
cyclohexanediol, only a small amount of cyclohexanol was
produced, and the conversion was only 28.77% at this time. As
the reaction time increased, the selectivity for 1-methyl-1,2-
cyclohexanediol gradually decreased, while the selectivity for
cyclohexanol gradually increased. After 4 h of reaction, the
conversion of guaiacol was 100%. Based on the above results,
the reaction pathway of guaiacol over the Ru/NC-M catalyst was
proposed (Fig. 9). The first step was the alkylation and hydro-
genation on the benzene ring to convert guaiacol to 1-methyl-
1,2-cyclohexadiol. The second step was to hydrolyze 1-methyl-
1,2-cyclohexanediol to produce cyclohexanol. The benzene
ring of guaiacol was adsorbed on the surface of Ru NPs, and the
Bronsted acidic site on the catalyst could transfer the broken O-
CH; to the benzene ring, which was hydrogenated to produce 1-
methyl-1,2-cyclohexanediol, and then hydrolyzed 1-methyl-1,2-
cyclohexanediol to produce cyclohexanol. It had been reported
that the acidity of the support had a significant effect on the
alkyl transfer reaction,® which could be observed on catalysts
with acidic supports, while the Ru/NC-M catalyst contains
acidic sites. This is one of the best results for the hydro-
deoxygenation of guaiacol using the same catalyst with only
a trace amount of noble metal elements (Table S57).

Based on the experimental results and literature reports,***°
a possible reaction pathway for lignin oil on Ru/NC-M catalyst
was proposed, which first performed transalkylation and

ol on £ on
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Fig. 8 The effect of different reaction times on the catalytic products.
Reaction conditions: 100 mg guaiacol, 50 mg Ru/NC-M, 30 mL iso-
propanol, 240 °C, 1 MPa H,, 800 rpm.
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Fig. 9 Proposed pathways of guaiacol over Ru/NC-M catalysts in this
work.

hydrogenation reactions on the benzene ring, and then cleaved
the C-O bond to finally produce cycloalkane type products. The
activation of H, was vital in the hydrodeoxygenation reaction.
The presence of pyridine nitrogen could regulate the electron
density of Ru NPs, which in turn increases Ru’ through electron
transfer, while the results in Table 1 proved that the active site
was the metal Ru, and H, was easily activated at the active site to
be used for breaking the C-O bonds. In addition, the presence
of acidic sites in the catalyst could facilitate the removal of -OH
groups and O-CH; groups to obtain cyclohexane products.

Conclusion

In summary, the lamellar catalysts by direct pyrolysis of
a mixture of metal and nitrogen-carbon precursors were
prepared. By altering the nitrogen-carbon precursors, the
specific surface area, nitrogen doping type, and the pyridine N
content could be adjusted. Nitrogen-doped carbon catalysts
immobilized with Ru NPs with high dispersion and small size
were synthesized using melamine as the nitrogen-carbon
precursor when pyridine nitrogen dominated. There was
a significant electronic interaction between N and Ru NPs. The
presence of pyridine N not only stabilized and dispersed the Ru
NPs as a metal ligand site, but also increased the amount of Ru®.
Enhanced interaction between metal and carrier. Therefore, the
catalytic performance of Ru/NC-M catalyst synthesized with
melamine as a nitrogen-carbon precursor was stronger than
that of catalysts synthesized with urea as a nitrogen-carbon
precursor (Ru/NC-U) and dicyandiamide as a nitrogen—-carbon
precursor (Ru/NC-D). The high-performance Ru/NC-M catalyst
could completely degrade lignin oil at 240 °C and 1 MPa H,,
with a selectivity of 36.58% for cyclohexane, and possessed
a strong ability to break C-O bonds. The Ru/N-doped carbon
catalysts developed in this study were simple to synthesis and
provided a promising catalyst for the degradation of lignin oil.
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