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a  b  s  t  r  a  c  t

Lignin  is  the  most  abundant  and  renewable  resources  for production  of  natural  aromatics.  In this  paper,
new  bimetallic  catalytic  system  of  Ru and  Ni  supported  onto  nitrogen-doped  activated  carbon  (Ru-Ni-
AC/N)  was  developed  and  its performances  on  hydrogenolysis  of  lignin  model  compounds  under  mild
reaction  conditions  (1.0 MPa,  230 ◦C, in  aqueous)  were  investigated.  The  results  indicate  that  Ru-Ni-AC/N
was  a highly  active,  selective  and stable  catalyst  for the conversion  of lignin  model  compounds  into
aromatics,  e.g.  phenol,  benzene  and  their  derivatives.  As  verified  by BET,  XRD,  HRTEM,  XPS,  H2-TPR  and
eywords:
ydrogenolysis
ignin model compounds
imetallic catalyst
itrogen-doped

ICP-MS,  the  strong  synergistic  effects  between  i) Ru  and  Ni  and  ii) metals  and  N-groups  were  contributed
to  its excellent  aromatics  selectivity.  What’s  more,  the  introduction  of electron  rich  N  atoms  on AC was
beneficial  to  the  stabilization  of  metal  particles,  which  greatly  enhanced  the  durability  of  the  catalyst.

© 2017  Published  by  Elsevier  B.V.
ynergistic effects

. Introduction

Lignin is a natural polymer of methoxylated phenylpropane
nits and holds considerable potential as a renewable resource for
he sustainable production of fuels and bulk chemicals [1,2]. Via fast
yrolysis process, it can be converted into a liquid mixture, which
ontaining about 5–35% of phenolic chemicals [3]. Those phenols
an be a potential feedstock to produce aromatics, e.g. phenol, ben-
ene and their derivatives, instead of petrochemical resource via
ydrogenolysis. Besides solvents, these aromatic compounds are
asic feedstock in multiple chemical processes, which are more
conomical variable than normal biofuels [4]. Especially, phenol
nd its derivatives are widely used as chemical building blocks
or synthetic bioplastics. As shown in Scheme 1, there is gener-
lly a competition between hydrogenolysis and hydrogenation of
uaiacol [5–9] during the catalytic process. Therefore, the selective
leavage of C O bonds without aromatic ring hydrogenation is of

reat importance.

Previous works revealed that noble metals such as Pd, Pt, Ru
nd Rh, offer high activities for hydrogenolysis reactions, but they

∗ Corresponding authors.
E-mail addresses: xugq@qibebt.ac.cn (G. Xu), muxd@qibebt.ac.cn (X. Mu).

1 These authors contributed equally.

ttps://doi.org/10.1016/j.mcat.2017.12.009
468-8231/© 2017 Published by Elsevier B.V.
are also highly active for hydrogenation of aromatic rings to pro-
duce cycloparaffin [10–12]. Non-noble transition metals, such as
Ni and Fe, display low activity for hydrogenation reactions but high
selectivity for aromatic rings [13–15]. Hong et al. [16] synthesized a
series of Pd-Fe2O3 catalysts and applied them for hydrogenolysis of
m-cresol. They found that the addition of Pd remarkably promoted
the catalytic activity and showed high selectivity towards toluene
without saturation of aromatic ring and C C cleavage. What’s more,
the combination of Fe with Pd supported onto activated carbon (Pd-
Fe-AC) could enhance the benzene yield dramatically compared
with Fe-AC and Pd-AC during the process of vapor-phase guaiacol
hydrogenolysis reaction [17].

Although activated carbon is the most potential “sustainable”
host materials for metal particles, the metals deposited on carbons
can be easily leached during catalytic processes owing to the weak
interaction between the metals and the carbon surface [18]. Nitro-
gen doping was proved to be an efficient strategy to modify the
surface and physicochemical properties of activated carbon sup-
port [19]. Xu et al. [20] have synthesized palladium nanoparticles
supported on mesoporous nitrogen-doped activated catalyst (Pd-
AC/N) and have tested its catalytic ability for biofuel upgrade. The

high catalytic performance of catalyst was attributed to the special
structure of nitrogen-doped activated carbon and metal hetero-
junction which leads to a very stable and uniform dispersion of Pd

https://doi.org/10.1016/j.mcat.2017.12.009
http://www.sciencedirect.com/science/journal/24688231
http://www.elsevier.com/locate/mcat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcat.2017.12.009&domain=pdf
mailto:xugq@qibebt.ac.cn
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Scheme 1. Cleavage of C O bond

anoparticles. It was also evidenced by our previous work [21] that
he stability of Ir-AC/N catalyst improved a lot compared with Ir-AC,
n account of the interaction between N-groups and Ir particles.

In this study, a novel kind of catalysts were prepared by loading
u and Ni on nitrogen-doped activated carbon (AC/N), and their
erformances in hydrogenolysis of lignin based monomeric sub-
trates (guaiacol, alkyl substituted guaiacol, syringol, etc.) were
ested under mild reaction conditions (1.0 MPa, 230 ◦C, in aque-
us). The influence of major reaction parameters, such as metal
oading, H2 pressure, reaction temperature and solvent, were fully
nvestigated and the possible reaction pathways were also pro-
osed. Moreover, the interaction among Ru, Ni and the electron
ich N atoms were analyzed in detail by BET, XRD, HRTEM, H2-TPR,
PS and ICP-MS to dissect the good aromatics yield and enhanced
urability of the new catalyst.

. Experimental

.1. Materials

Commercially available chemicals including metal precursors
f Ru, Ni, Pt and Fe, 1,10-phenanthroline, lignin phenolic model
ompounds and other organic reagents were purchased from SCRC,
lfa Aesar or TCI and used as received. Activated carbon support

Vulcan XC72R) was provided by Cabot Corporation.

.2. Catalyst preparation

.2.1. The preparation of AC/N support
The AC/N support were prepared according to reference [21].

enerally, 5 g 1,10-phenanthroline monohydrate was dissolved in
5 mL  ethanol, and then mixed slowly with aqueous solution of
2SO4 (5 g 98% H2SO4 diluted with 25 mL  deionized water). Ethanol
nd water were removed by distillation after the mixture stirred for

 h. Followed, 2.5 g of the synthesized phenanthroline sulfuric acid
alt, 5 g activated carbon (Vulcan XC72R), 80 mL  of deionized water
nd 50 mL  of ethanol were added into a 250 mL round-bottom flask
nd stirred at room temperature for 12 h. After all solvents were
vaporated, the obtained black solids were calcined at 900 ◦C in a
ube furnace under N2 atmosphere for 6 h with a heating rate of
◦C min−1. Finally, the nitrogen-doped activated carbon support
as obtained.

.2.2. The preparation of mono- and bi- metallic catalysts
All catalysts were prepared by incipient wetness impregnation

ethod. Chloride nickel hydrate (NiCl2·6H2O), rhodium chloride

ydrate (RuCl3·6H2O), palladium chloride hydrate (PdCl2·H2O),

ron chloride hydrate (FeCl3·6H2O), and activated carbon (AC),
itrogen-doped activated carbon (AC/N) were used as metal pre-
ursors and supports, respectively. Take 1%Ru-5%Ni-AC/N as an
 hydrogenation of aromatic ring.

example, 0.02 g RuCl3·3H2O and 0.15 g NiCl2·6H2O were dissolved
into 5 mL  water, then 0.75 g nitrogen-doped carbon support was
added into the solution with stirring for 5 h at room tempera-
ture. After that, water was removed by a rotary evaporator and
the obtained powder was dried at 110 ◦C overnight. The dried sam-
ples were reduced in a H2 flow at 200 ◦C for 5 h prior to use. The
obtained catalyst was  denoted as x%Ru–y%Ni-AC/N, where x% and
y% refer to the mass percentage of Ru and Ni.

2.3. Catalyst characterization

BET (Brunauer-Emmett-Teller) and Barrett-Joyner-Halenda
(BJH) were conducted using an ASAP-2020 analyzer. XRD (Powder
X-ray diffraction) was  recorded at a Bruker D8 diffractometer with
Cu target and K� (� = 1.54 Å) radiation. HRTEM (High-resolution
transmission electron microscopy) images were performed with
FEI Tecnai G20 instrument. EDS elemental mappings were carried
out on Hitachi SU8000 instrument and XEDS elemental analy-
ses were performed with JEM-2100F electron microscope which
equipped with an Oxford X-MaxN80 T energy dispersive X-ray
spectroscopy. The XEDS elemental analyses were tested by con-
trolling the position of irradiated area within 5 nm.  During TEM
samples prepared, the powder samples were dissolved in ethanol
under ultrasonication for 5 min, and then several droplets of the
sample were laid on a copper grid coated with carbon film.

The XPS (X-ray photoelectron spectroscopy) spectra were per-
formed with a Thermo Escalab 250XI system using an Al K�
(1486.6 eV) as the X-ray source and deconvoluted with XPS PEAK41
software. The binding energies were calibrated using a criterion of
C 1 s peak (284.8 eV) as a reference.

H2-TPR (H2-temperature programmed reduction) was carried
out on a Chemisorption Analyzer (Micromeritics AutoChem II 2920)
equipped with a thermal conductivity detector (TCD). For H2-TPR
analysis, about 100 mg  of sample was used for each measurement
and pre-treated in a Ar flow at 200 ◦C for 2 h. TPR was initiated from
room temperature to 900 ◦C at 10 ◦C min−1 with a mixture flow of
10% H2/Ar (20 mL  min−1).

ICP-MS (inductively coupled plasma mass spectrometry) was
performed on an Agilent 7700ce system. After each reaction, the
aqueous solution was diluted with water to 100.0 mL  prior to sub-
ject to the analyzer.

For H2-TPD (H2-temperature programmed desorption) analy-
ses, Micromeritics AutoChem II 2920 Chemisorption Analyzer was
used as instrument. The sample (100 mg)  was pre-treated under Ar
flow at 300 ◦C for 2 h, and then cooled to 230 ◦C for 2 h. After exposed

to a 10% H2/Ar flow (20 mL  min−1), the physical adsorption of H2
was purged by Ar flow for 2 h until pulses base line became sta-
ble. Furnace temperature was increased from 100 to 800 ◦C with a
heating rate of 10 ◦C min−1 in a Ar flow.
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s (20–60 ◦) of 1%Ru-5%Ni-AC/N and 1.5%Ru-10%Ni-AC/N catalyst.
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Table 1
Pore structure parameters of catalysts tested by N2 adsorption-desorption.

Sample BET surface area
(m2/g)

Average pore diameter
(4  V/A) (nm)

AC 220.25 11.65
AC(Acid Treated a) 185.32 18.47
1%Ru-5%Ni-AC 180.17 13.45
AC-N 173.21 21.50
1%Ru-AC/N 167.91 18.32
5%Ni-AC/N 155.49 16.12
1%Ru-5%Ni-AC/N 155.46 20.38
1.5%Ru-10%Ni-AC/N 133.58 21.57
1%Ru-5%Ni-AC/N (recycle 3 times) 145.08 21.23

a Acid treated processes were: 2.5 g purchased AC was added into a H2SO4 solution
(water/ethanol,40 mL/25 mL)  with the pH of ca. 4.0, which was  similar to the pH of
phenanthroline sulfuric acid salt solution. After stirred at room temperature for 12 h
Fig. 1. a) XRD patterns of the catalysts and b) partial pattern

.4. Catalytic activity test

In a typical experiment, the reactant, solvent and catalysts were
harged into a 100 mL  autoclave equipped with a magnetic stir-
er. After purging the reactor with hydrogen 3 times to remove
he air, the reactor was charged with the desired H2 pressure and
eated to the reaction temperature. When the reaction was fin-

shed, the reactor was quickly cooled by cold water to minimize the
y-products. The products were extracted by 25 mL  ethyl acetate
nd subsequently analyzed by GC (Shimadzu, GC-2010 Plus) and
C–MS (Shimadzu, GCMS-QP 2010 Ultra). N-dodecane was used
s an internal standard. Conversion (Con.%), selectivity to aromat-
cs (S-a.%) and yield were calculated according to the following
quations:

on.% =
(

1 − nc
rea

ni
rea

)
× 100%

−a.% =
(

nc
phe

+ nc
ben

ni
rea − nc

rea

)
× 100%

ield = Con.% × S−a% ÷ 100%

here ni and nc are the initial and current mole number; the
ubscripts “rea”, “phe”, “are” were used to denote the reactant,
enerated phenol (phenol derivatives) and generated benzene
benzene derivatives), respectively.

. Results and discussion

.1. Physicochemical properties

The BET surface area of the activated carbon (AC) was  ca.
20 m2/g. To estimate the influence of acid conditions during
reparation of N-doped AC, acid treated AC without N-doping and
etal loading was also discussed. After acid treatment and load-

ng with N-groups and metals, decrease on BET surface area and
ncrease on average pore diameter were found in all samples as
xcepted (Table 1). Such phenomenon clearly indicated that exist-

ng acid during N-groups loading could collapsed the adjacent pore

alls, N-groups and metal particles blocked some small diameter
ores, all of which resulted in wider pores and smaller BET surface
rea of the carbon support [22,23].
and  evaporated all solvent, the obtained black solids were calcined at 900 ◦C under
N2 atmosphere for 6 h and reduced at 200 ◦C under H2 atmosphere for 5 h.

The XRD patterns of the prepared catalysts were present in
Fig. 1. The broad peak at 20–30 ◦ was  attributed to amorphous
AC and AC/N support [24]. When 1 wt.% or 1.5 wt.% content of Ru
was deposited on AC/N (1%Ru-AC/N or 1%Ru-5%Ni-AC/N or 1.5%Ru-
10%Ni-AC/N), there was no obvious change observed. However,
when 5 wt.% Ni content was  loaded (5%Ni-AC/N or 1%Ru-5%Ni-
AC/N), new diffraction peak corresponding to NiCl2 was found at
15.30, indicating Ni2+ was  not completely reduced to Ni0 by H2
during the catalysts preparation process. When Ni loading content
was increased to 10 wt.%, new diffraction peaks at 44.7◦ and 53.5◦

related to metallic Ni and 36.8◦ and 43.5◦ to NiO gradually showed
up (1.5%Ru-10%Ni-AC/N). The presence of NiO phase indicating the
reduced Ni was oxidized by O2 in air. The undetectable peaks of
Ru and/or Ni species in samples of 1%Ru-AC/N, 5%Ni-AC/N, 1%Ru-
5%Ni-A/N and 1%Ru-5%Ni-AC were resulted from the low content
and the well dispersed nano metallic and metallic oxide particles
on the supports, which can be confirmed by the HRTEM and corre-
sponding EDS elemental mappings (Fig. 2). From Fig. 2a–f, metallic
and metallic oxide particles were partially dispersed on the spheri-
cal supports in the size range from 0.5 to 2 nm.  Both Ni and Ru were
found within 5 nm indicating that two  metals coexisted in close dis-
tances as testified by HRTEM-XEDS elemental analyses (Fig. 3). EDS
elemental mappings proved that the location region of Ru did not

overlap that of Ni suggesting majority of Ru-Ni coexisted in the
form of separate particles with close distance [25], which was  in
accordance with the work of Lucília S. Ribeiro et al. [26]. Morales-
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Fig. 2. HRTEM of the supported catalysts with a) 1%Ru-AC/N, b) 5%Ni-AC/N, c) 1%Ru-5%Ni-AC/N, d) 1%Ru-5%Ni-AC, e) 1.5%Ru-10%Ni-AC/N, f) 1%Ru-5%Ni-AC/N(recycle 3
times) and g) EDS elemental mappings of Ru (red) and Ni (green) in 1%Ru-5%Ni-AC/N catalyst. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
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Fig. 3. a) HRTEM image and b) XEDS elemental analyses of the 1%Ru-5%Ni-AC/N catalyst.

Table 2
Catalytic performance of prepared catalysts for hydrogenolysis of guaiacol.a

Entry Catalyst Yield (%) Con. (%) S-a (%) Selectivity (%)

1 2 3 4 5

1 AC –b – – – – – – –
2  AC/N – – – – – – – –
3  1%Ru-AC/N 8 74 11 2 9 1 50 38
4  5%Ni-AC/N – – – – – – – –
5  1%Ru-5%Ni-AC/N 57 69 83 24 59 1 10 6
6  1%Ru-AC/N+5%Ni-AC/Nc 14 71 20 5 15 1 58 21
7  1%Ru-5%Ni/AC 40 63 64 19 45 2 24 10
8  1%Ru-5%Fe-AC/N 32 40 80 23 57 3 5 12
9  1%Pd-5%Fe-AC/N 17 33 51 14 37 12 14 23
10  1%Pd-5%Ni-AC/N 19 39 48 13 35 6 23 23

a Reaction conditions: guaiacol 6.0 mmol, catalyst 0.1 g, H2O 35 mL,  230 ◦C, H2 1.0 MPa, 4 h.
b
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‘–’ means no product or only a trace amount of product was obtained.
c The two catalysts were all 0.1 g.

ano et al. also concluded that only very small Ru-Ni alloy formed
nd the majority of the Ni and Ru existed in the form of nearly
onometallic particles as verified by EXAFS analysis [27].
XPS characterizations were employed to investigate the surface

alence state of the catalysts, as shown in Fig. 4. For 1%Ru-AC/N
Fig. 4a), the intense doublet peaks of 3p3/2 and 3p1/2 for Ru (0)
ppeared at 462.5 and 484.9 eV, while the weak 3p3/2 and 3p1/2
eaks appeared at 464.5 and 487.3 eV are attributed to RuCl3, and
eak at 467.2 and 489.6 eV are assigned to RuO2 [28]. Ru 3p was
lso exhibited satellite structure peak at 474.0 eV. For 5%Ni-AC/N
Fig. 4b), two peaks centered at 856.3 and 874.0 eV are correspond-
ng to metallic Ni 2p3/2 and 2p1/2, and peaks with binding energies
f 862.0 and 880.8 eV indexed to Ni2+ (NiCl2, NiO) 2p3/2 and 2p1/2
ave also been detected [29,30].

An obvious shift of Ru 3p and Ni 2p peak to higher binding
nergy (about 0.2–0.8 eV) were observed (Fig. 4a, b) when Ru and
i were supported together on AC/N(1%Ru-5%Ni-AC/N), indicating

here was indeed a synergistic effect between Ru and Ni. Owing to
 strong interaction effect between metals and N-groups, peaks of
u and Ni for Ru-Ni-AC/N catalyst were shifted to higher binding
nergy (about 0.2–0.6 eV) when compared with Ru-Ni-AC (Fig. 4a,

).

The 1%Ru-5%Ni-AC/N catalyst had a nitrogen content of 1.5
tomic% as measured by XPS, suggesting N-groups were doped suc-
cessfully in the activated carbon catalysts. Fig. 4 (c) shows XPS
spectrum of N 1 s and the two  N 1 s peaks were corresponded
to pyridinic nitrogen (398.8 eV) and graphitic nitrogen (402.2 eV).
The pyridinic-N was  the major species that enhanced the binding
between metal NPs and N-doped AC support because their lone pair
electrons can serve as metal coordination sites [31,32].

The H2-TPR spectra of the catalysts were presented in Fig. 5.
A H2 consumption zone at 450–750 ◦C was  detected for both AC
and AC/N supports, which was  mainly caused by the reduction of
functional groups on the support [33]. For 1%Ru-AC/N, a peak at
176 ◦C appeared together with a weak shoulder peak at 335 ◦C,
which were attributed to the reduction of RuCl3 and RuO2 [33],
respectively. 5%Ni-AC/N presented a main hydrogen consumption
peak at 370 ◦C belonging to the Ni2+ (NiCl2, NiO) reduction peak
[34]. For 1%Ru-5%Ni-AC/N bimetallic catalyst, the reduction peak
of RuCl3 and RuO2 was at 176 ◦C unchanged, while the hydrogen
consumption peaks corresponding to the reduction of Ni2+ (NiCl2,
NiO) was shifted towards a lower reduction temperature (305 ◦C).
Those results also implied the synergistic effect existed between
Ru and Ni. The addition of ruthenium metal site could enhance the
splitting of more molecular hydrogen into atomic hydrogen, and

Ni2+ cations are more rapidly reduced by atomic hydrogen than by
molecular hydrogen [35,36]. Compared with 1%Ru-5%Ni-AC/N, the
reduction peaks of RuCl3, RuO2, NiCl2 and NiO in 1%Ru-5%Ni-AC
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Fig. 4. XPS comparison of various catalysts with 

s
R
h

non N functionalized activated carbon support catalyst 1%Ru-5%Ni-

Fig. 5. H2-TPR spectra of the catalysts.
hift to lower temperature of 170 ◦C and 300 ◦C, indicating that the
u3+(RuCl3), Ru4+(RuO2) and Ni2+ (NiCl2, NiO) in 1%Ru-5%Ni-AC/N
ave been both stabilized by the N atoms.
a) Ru 3p XPS, b) Ni 2p XPS and c) N 1s XPS.

3.2. Catalytic activity

The performances of different catalysts for the hydrogenolysis
of guaiacol were listed in Table 2. GC–MS analysis revealed that the
products were benzene, phenol, cyclohexane, cyclohexanol and the
others (2-methoxy cyclohexanol and trace amount of the carbon
loss).

The blank supports AC and AC/N showed no catalytic activity
(Table 2, entries 1, 2). When 1 wt.% of Ru was  loaded on AC/N
(1%Ru-AC/N), the conversion was enhanced dramatically to 74%,
and most of the benzene rings were fully saturated owing to the
excellent hydrogenation ability of Ru (Table 2, entry 3). On the other
hand, 5%Ni-AC/N displayed no catalytic activity under such mild
conditions (Table 2, entry 4) [16,37]. However, when 1%Ru-5%Ni-
AC/N was  used as catalyst, the yield of aromatics was  dramatically
increased from 8% to 57% (Table 2, entries 3–5). Those result implied
that the synergetic effects between Ru and Ni, which certificated
by HRTEM, XPS and H2-TPR, could enhance the selectivity towards
aromatic products. To further confirm this conclusion, 1%Ru-AC/N
and 5%Ni-AC/N were mechanically mixed to catalyze this reaction
and only 14% of aromatics yield was obtained (Table 2, entry 6).

To investigate the influence of N functionalized carbon supports,
AC were prepared. As shown in Table 2 (entries 5 and 7), AC
supported catalyst showed a lower conversion (63%) and selectivity
(64%) compared with AC/N supported catalyst (69% and 83%).
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Fig. 7. The effect of a) Ru and b) Ni loading on guaiacol conversion. Reaction condi-
tions: guaiacol 6.0 mmol, catalyst 0.1 g, H2O 35 mL, 230 ◦C, H2 1.0 MPa, 4 h.
ig. 6. The performance of Ru-Ni-AC/N and Ru-Ni-AC catalysts on guaiacol
ydrogenolysis reaction for 3 recycles.

Apart from Ru and Ni, Pd and Fe were also chosen as candi-
ates for this hydrogenolysis reactions because previous report
17] suggested that Pd-Fe was efficient for catalyzing vapor-phase
uaiacol hydrogenolysis reaction. However, the results (Table 2,
ntries 8–10) indicated that the combination of Pd-Fe, Pt-Ni and
u-Fe showed less activity than Ru-Ni for guaiacol hydrogenolysis
onversion under the mild reaction conditions.

.3. The recycling property of catalyst

For testing the stability of the supported catalysts, Ru-Ni-AC/N
atalyst was recycled. Non-nitrogen-doped Ru-Ni-AC catalyst was
lso measured for contrast. The catalysts was recovered by filtra-
ion, washed by deionized water, dried 12 h at 110 ◦C and then
educed 4 h in H2 at 200 ◦C after each reaction run. After three
ecycles, Ru-Ni-AC/N catalyst retained 80% of the original activity
Fig. 6). However, Ru-Ni-AC catalyst only showed 40% of the original
ctivity, which was far lower than the Ru-Ni-AC/N catalyst (Fig. 6).
he loss of activity was probably caused by the leaching of metal
articles (Table 3), metal aggregation (Fig. 2f) and possible metal
xidation.

The leaching of Ru and Ni of Ru-Ni-AC/N catalyst were analyzed
y ICP-MS (Table 3). Although metals leaching was  found in both
atalysts to varying degrees, the amount of metal leaching in N-
oped AC was much less than that in non-N doped AC. Compared
he loss activity of both catalyst, the metal leaching was  mainly
esponsible for this negative effect on activity. It was  possible that
he N doping is helpful to stabilize metal on the support [38]. This
tabilizing phenomenon can also be partly elucidated by the higher
eduction temperature of Ru-Ni-AC/N than Ru-Ni-AC in H2-TPR
Fig. 5) analyses.

.4. Optimization of reaction conditions

The yield of aromatics is related to the amount of desorbed
ydrogen which be greatly affected by the composition and distri-
ution of the loaded active metals[37], thus an appropriate Ru/Ni
atio is important for the catalytic system. Fig. 7 displayed the influ-
nce of Ru and Ni contents on catalysts performances. The results
howed that a higher Ru content leaded to a more active catalyst
hen Ni content was held constant at 5 wt.% (Fig. 7a). 1.5 wt.% of
u with 10 wt.% of Ni was found to be the optimal combination,

btaining 83% of conversion and 79% of selectivity (Fig. 7b).

The effect of H2 pressure on the hydrogenolysis reaction was
hown in Fig. 8. With the H2 pressure increasing from 0.5 MPa  to

 MPa, the conversion of guaiacol raised from 10% to 95%, but the
Fig. 8. The effect of H2 pressure on guaiacol conversion. Reaction conditions: gua-
iacol 6.0 mmol, 1.5%Ru-10%Ni-AC/N 0.1 g, H2O 35 mL, 230 ◦C, 4 h.

selectivity to aromatics was  declined because of the further hydro-
genation of benzene ring. The maximum yield of aromatics was
achieved with H2 pressure of 1.0 MPa, and phenol was  the major
product.

The influence of reaction temperature was shown in Fig. 9.
Low temperature (180 ◦C and 200 ◦C) was  favorable for the hydro-
genation of benzene rings in producing cyclohexanol, while high

temperature (230 ◦C and 250 ◦C) was good for hydrogenolysis of
guaiacol to form benzene and phenol. The optimized reaction tem-
perature was 250 ◦C with a conversion of 92% and selectivity to
aromatics of 84%. With a decrease in the reaction temperature,
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ig. 9. The effect of reaction temperature on guaiacol conversion. Reaction condi-
ions: guaiacol 6.0 mmol, 1.5%Ru-10%Ni-AC/N 0.1 g, H2O 35 mL,  H2 1.0 MPa, 4 h.

ydrogen concentration in the water became higher, which was
onducive to create spillover hydrogen on the catalyst surface
hat enhanced the selectivity of excessive hydrogenation products
cyclohexanol and cyclohexane) [39].

As shown in Fig. 10, the product distribution and conversion
epended heavily on the solvent. Water, methanol, ethanol, n-
odecane and decalin were chosen as reaction media and water
as proved to be the suitable reaction solvent. When methanol

nd ethanol was used, much lower catalytic conversion (<20%)
as obtained. Such oxygen-containing solvents could occupy the

ctive sites of the catalysts, which would significantly affect the

uaiacol conversion [40]. It was also reported by Wang and cowork-
rs [41] that methanol and ethanol was protic solvents, displayed
igh polarity and Lewis basicity as indicated by the highest val-
es of donor number (DN > 100 kJ mol−1), which markedly reduced

ig. 11. The conversion of a) guaiacol, b) phenol and c) benzene depended on the catalyst
.1  g, H2O 35 mL,  230 ◦C, H2 1.0 MPa.
Fig. 10. The effect of solvent on guaiacol conversion. Reaction conditions: guaiacol
6.0  mmol, 1.5%Ru-10%Ni-AC/N 0.1 g, solvent 35 mL, 230 ◦C, H2 1.0 MPa, 4 h.

the catalytic activity towards hydrogenolysis of phenols. Full con-
version (100%) was  achieved by using decalin and n-dodecane as
solvent media, but the selectivity to aromatics is quite low. As
aprotic nonpolar solvents, they showed no Lewis basicity (DN  = 0),
which made cycloalkanes as their desired products [41]. when
water was used as solvent, 79% of selectivity and 83% of conversion
were obtained because the H+ ion created from water under such
hydrothermal conditions could act as the acid and thus accelerated
the hydrogenolysis rate of guaiacol [42].

3.5. Study the selectivity of catalysts
In order to figure out the reason of high aromatics selec-
tivity of Ru-Ni-AC/N, benzene and phenol, two of the objected
products, were also selected to react with the three catalysts

s used with the reaction times. Reaction conditions: substrates 6.0 mmol, catalysts
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Fig. 12. H2-TPD spectra of reduced 1.5%Ru-10%Ni-AC/N, 1.5%Ru-AC/N and 1.5%Ru-
10%Ni-AC catalysts.

Fig. 13. a) Evolution of reactant and product concentrations with reaction time and b)
conditions: guaiacol 6.0 mmol, 1.5%Ru-10%Ni-AC/N 0.1 g, H2O 35 mL,  230 ◦C, H2 1.0 MPa.

Table 3
Metal leaching from the hydrogenolysis reaction as measured by ICP-MS.a

Catalyst Cycle Ru concentra-
tion(ug/ml)

Ni concentra-
tion(mg/ml)

1%Ru-5%Ni-AC 1 14.27 13.04
1%Ru-5%Ni-AC/N 1 2.72 4.79
1%Ru-5%Ni-AC 2 14.80 6.65
1%Ru-5%Ni-AC/N 2 2.05 3.08
1%Ru-5%Ni-AC 3 6.23 4.11

1%Ru-5%Ni-AC/N 3 1.66 1.56

a Reaction conditions: guaiacol 6.0 mmol, 1%Ru-5%Ni-AC/N 0.1 g, H2O 35 mL,
230 ◦C, H2 1.0 MPa, 4 h.

(Ru-Ni-AC/N, Ru-AC/N, Ru-Ni-AC) under the optimized reaction
conditions (Fig. 11). In the first 6 h, 1.5%Ru-10%Ni-AC/N achieved
a moderate conversion for guaiacol but the lowest conversion for
phenol or benzene. It demonstrated that the intermediate prod-
ucts of guaiacol (phenol or benzene) were not reacted fiercely in
the optimized catalytic system, leading a high selectivity towards
aromatics.

H2-TPD was  performed to study the hydrogen adsorption ability
 possible reaction pathways of Ru-Ni-AC/N for hydrogenolysis guaiacol. Reaction

of the three catalysts (Fig. 12) since hydrogen adsorption ability on
the catalyst surface is vital for lignin model compounds conversion
[43]. The peak below 600 ◦C was  related to hydrogen desorption and
peak above 600 ◦C referred to the gasification of carbon supports
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Fig. 14. Hydrogenolysis of other lignin model compounds with 1.5% Ru-1

Table 4
H2-TPD results of reduced 1.5%Ru-10%Ni-AC/N, 1.5%Ru-AC/N, 1.5%Ru-10%Ni-AC
catalysts.a

Catalyst Amount of desorbed hydrogen (umol/g)

1.5%Ru-AC/N 98.2
1.5%Ru-10%Ni-AC 65.3
1.5%Ru-10%Ni-AC/N 46.5

a ◦

[
o
1
w
l
h
b
c
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r
a
c
w
a
R
e
[
i
a
p

In order to explore the application scope of Ru-Ni-AC/N cata-
Calculated with peak below 600 C.

44]. As listed in Table 4, the amount of desorbed hydrogen (the area
f peak below 600 ◦C) in the catalysts were decreased in the order of
.5%Ru-AC/N > 1.5%Ru-10%Ni-AC > 1.5%Ru-10%Ni-AC/N. This trend
as in inverse proportion to the trend of activity for those cata-

ysts in benzene and phenol conversion. It is known that the strong
ydrogen adsorption ability of Ru causes hydrogenation of C C
ond in aromatic ring [45]. The introduce of inactive Ni and high
harged N-groups could decreases the hydrogen uptake of Ru-Ni-
C/N and thus provide an inhibition for hydrogenation of aromatic
ings. The highest hydrogen adsorption ability of Ru-AC/N causes

 very high conversion of guaiacol, while the major products were
yclohexane and cyclohexanol. Hydrogenolysis of CAr OCH3 bond
as the main reaction pathway with Ru-Ni-AC/N and Ru-Ni-AC cat-

lyst for guaiacol conversion. Although the hydrogen adsorption of
u-Ni-AC/N was lower than Ru-Ni-AC catalyst, the strong attraction
ffect to OCH3 group [46] and improved hydrogenolysis ability
38] caused by electron rich N atoms could speed up its conversion
n the first 6 h. From the above results, the relatively low adsorption

bility of hydrogen on the catalyst was a critical factor to selectively
roduce aromatics for the optimized catalyst.
0%Ni-AC/N catalyst. The substrate was 6.0 mmol for each reaction.

3.6. Reaction pathways

A set of hydrogenolysis reactions with varies reaction time was
conducted to obtain more information on kinetics (Fig. 13).

According to the results, guaiacol was decreased rapidly, while
phenol was  increased to its maximum in the first 4 h, which illus-
trated that the demethoxylation of guaiacol was  the first step for
the hydrogenolysis reaction. Subsequently, the content of phe-
nol began to decrease with the reason that dehydroxylation and
hydrosaturation of the aromatic structure proceeded concurrently.
The amount of benzene was increased gradually as the reaction
proceeded (in 12 h), and so did the ring hydrogenation products
(cyclohexanol and cyclohexane). Cyclohexanol reached its max-
imum in 14 h and then decreased, while the cyclohexane kept
increasing until the reaction finished (18 h), resulting from the
dehydroxylation of cyclohexanol and hydrosaturation of benzene.
Thus, a possible mechanism of Ru-Ni-AC/N for hydrogenolysis
guaiacol was proposed as following: phenol was the major interme-
diate formed through demethoxylation of guaiacol; the conversion
of phenol proceeded in two  reaction pathways: 1) dehydroxylation
of phenol to form benzene (favorable route) and then hydrogenated
to cyclohexane (unfavorable rote); 2) hydrogenation of phenol via
ring saturation to form cyclohexanol (unfavorable rote) and then
to cyclohexane (unfavorable rote).

3.7. Hydrogenolysis of other lignin model phenols
lyst, it was used in the hydrogenolysis of other monomeric phenols
which commonly existed in the lignin phenolic mixture (Fig. 14).
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For anisole, Ru-Ni-AC/N catalyst can effectively cleavage CAr O
ond to make benzene the major product. Comparable conver-
ion (∼80%) and aromatics selectivity (∼80%) was obtained for
ydrogenolysis of methyl- or ethyl- guaiacol. The side chains

ncreases the difficulty for hydrogenolysis reaction, to achieve a
atisfactory conversion of eugenol and isopropyl guaiacol, higher
2 pressure (1.5 MPa) were needed. Eugenol and propyl guaiacol

howed well conversion of ∼85% and aromatics selectivity of ∼70%.
u-Ni-AC/N catalyst also exhibited an excellent activity (>90%) for
ransforming diphenyl ether into aromatic compounds.

. Conclusion

In summary, the catalyst of bimetallic Ru-Ni supported on
itrogen-doped activated carbon (Ru-Ni-AC/N) is an active, sta-
le and effective catalyst for the hydrogenolysis of lignin model
ompounds to aromatics under mild reaction conditions. HRTEM,
PS and H2-TPR demonstrated the strong synergistic effect existed
etween Ru and Ni in bimetallic catalyst contributes to its improved
ydrogenolysis activity. The introduction of electron rich N atoms
nto AC not only leaded to an interaction effect between sup-
orts and metals but also retained the metal particles, which
ignificantly enhanced its aromatics selectivity and catalyst stabil-
ty. Furthermore, a moderate metals content (1.5%Ru-10%Ni), high
emperature (>230 ◦C) and low H2 pressure (1 MPa) were also found
o be benefit to produce aromatics. The catalyst also showed good
ctivity in the hydrogenolysis of other lignin model compounds.
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