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Abstract

Herein, 2-(2-methoxyphenoxy)-1-phenylethanol (3-O-4), 2-methoxyphenyl anisole (a-O-4) and 4-phenoxyphenol
(4-O-5) were selected as typical lignin model compounds. Given the effectiveness of traditional acid-base catalysts for
lignin depolymerisation, a novel Ni/CaO-H-ZSM-5(60) catalyst was prepared to investigate the difficulty level of C-O
bond of three model compounds cleavage in ethanol. It was observed that Ni/CaO-H-ZSM-5(60) had prominent per-
formance on the C-O bond cleavage at very mild conditions (140 °C, 1 MPa H,). Among them, the C-O bond of a-0-4
and B-O-4 could be completely cleaved within 60 min. Although the C-O bond of 4-O-5 had high bond energy, 41.2%
of conversion was occurred in 60 min. The introduction of CaO could regulate the acidity of H-ZSM-5 to enhance the
ability to break C-O bonds. Moreover, the possible pathways of C-O ether bonds in three lignin model compounds

cleavage were proposed in order to selectively obtain target products from the raw lignin degradation.
Keywords: Lignin model compound, Ni, CaO, H-ZSM-5, Hydrogenolysis

Introduction

As one of the most abundant renewable energy sources
today, lignocellulosic biomass, which can generate zero-
carbon fuels and green fine chemical, has the advantages
of widely distributed, renewable and clean [1]. Hemicel-
lulose (20—35%), cellulose (35-50%), and lignin (10—25%)
are mainly three components in lignocellulosic biomass.
Among them, extensive efforts have been devoted to con-
vert hemicellulose and cellulose into fine chemicals and
fuels for a long time [2—4].

In contrast, lignin, as one of the main components of
lignocellulosic biomass, is a three-dimensional amor-
phous polymer combining with sinapyl alcohol (S),
coniferyl alcohol (G) and p-coumaryl alcohol (H) (Fig. 1)
[5, 6]. In addition, lignin has sufficient mechanical
strength and hardness, and these stable properties make
it be difficult to depolymerization. Therefore, researches
on the application of lignin were still in the primary stage
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and some industries even treat it as a waste product [7].
However, lignin with unique structure, chemical prop-
erties and high energy density was known as the only
renewable aromatic compound in nature, and a great
deal of fine chemicals and fuels could be obtained from
it, especially aromatics [8]. At present, it has been con-
firmed that the methods of pyrolysis [9], noble metal
catalysis [10], acid catalysis [11] and oxidation [12] have
a prominent effect on the degradation of lignin. How-
ever, most of these methods have quite a few drawbacks.
For example, pyrolysis requires either high temperature
(>250 °C) or high pressure (>4 MPa), and the products
would re-polymerize at high temperatures during the
reaction. Noble metal catalysts could achieve high con-
version of biomass in relatively short time, but its high
cost and low availability limit their applications in large
scale processes [13]. Application of acid catalysts could
lead to equipment corrosion, which was not condu-
cive to recovery, and even requires high temperatures
(>340 °C) to obtain aromatics and gases [14, 15]. The
methods of oxidation lignin usually caused irreparable
damage to aromatic structure in lignin and the lignin
would be deeply oxidized to COx and H,O, reducing the
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Fig. 1 Representative structure of native lignin and three lignin model compounds for the 3-O-4, a-O-4, and 4-O-5 linkages

yield of lignin products [16, 17]. Amongst all the meth-
ods we known, acid—base catalytic degradation of lignin
has been widely studied. Konnerth et al. [18] proved that
strong bases such as NaOH could break the C—O bonds
of dimeric lignin model compounds in aqueous solutions
with the high selectivity. Bengoechea et al. [19] found
that the stable Lewis acidity in the alumina support was
beneficial to the conversion of lignin, and proposed suit-
able acidic conditions were indispensable for efficient
depolymerization of lignin. With the sustainable devel-
opment of green chemistry, the solid acid—base catalysts
have attracted much attention due to its low corrosivity
and high catalytic selectivity, especially hindering the for-
mation of tar by-products. Wherein, metal oxides were
considered as outstanding catalysts for lignin conver-
sion, and some researches were dedicated on them [20,
21]. However, some metal oxides such as MgO and CaO
as catalysts also have many drawbacks such as small sur-
face area and easy aggregation during the reaction. In
order to improve the catalytic activities of metal oxides,
a large number of materials has been found to be suitable
as catalytic supports for the lignin conversion and have
been widely studied. The materials of hydrotalcite (HTC)
[22, 23], activated carbon [24], alumina [25], silica [26],
and zirconia [27] have also been reported to be effective
remarkably in cleavage of C-O bonds in lignin model
compounds. Compared with them, ZSM-5 zeolites with
unique shape are suitable for aromatization and crack-
ing reactions due to the properties of high temperature
resistance, ideal pore size and suitable acidity. However,
although the acidic sites of ZSM-5 were benefit for the
hydrodeoxygenation reaction, the hydrocarbon con-
version process easily forms coke, resulting in loss of

catalytic activity and complete inactivation. Therefore, in
order to improve the activity of catalyst, it was particu-
larly important for the modification of ZSM-5. Zhang
et al. [28] found that the Fe-modified ZSM-5 zeolite
could significantly increase the yield of olefins. Similarly,
Niu et al. [29] studied the catalytic performance of Zn-
modified ZSM-5 zeolite in the conversion of methanol to
aromatic hydrocarbons (MTA) and found that small crys-
tal of Zn/H-ZSM-5 can greatly improve aromatics selec-
tivity and catalyst. In addition, metal nickel, which has
similar electronic properties with palladium or platinum,
was extensively used to modify HZSM-5 to improve the
activity of hydrodeoxygenation of the catalysts [30, 31].

In this study, 2-(2-methoxyphenoxy)-1-phenylethanol,
2-methoxyphenyl anisole, 4-phenoxyphenol were used as
lignin model compounds for the -O-4, a-O-4 and 4-O-5
bonds, respectively. We selected H-ZSM-5 zeolite with
Si/Al, ratio of 60, and modified it by incorporating the
metal Ni (Ni loading=45 wt%) and CaO with the deposi-
tion—precipitation (DP) method to prepare Ni/CaO-H-
ZSM-5(60) catalyst. The efficiency of the cleavage of C-O
bond in three typical lignin model compounds was inves-
tigated. Moreover, according to the results, the possible
pathways of C-O bonds cleavage of lignin model com-
pounds were proposed, respectively.

Materials and methods

Materials

Chemicals and reagents were received from commer-
cial suppliers: Ni (NO;),-6H,0 (Tianjin Kai-Chemical
Reagent Co. Ltd), Ca (NO,),-4H,0O (Aladdin), NaOH
(Sinopharm Chemical Reagent Co. Ltd), Na,CO; (Sin-
opharm Chemical Reagent Co. Ltd), 4-O-5 lignin model
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compound (Aladdin), -O-4 lignin model compound and
a-0O-4 lignin model compound were prepared in our lab-
oratory, as seen below.

H-ZSM-5 zeolite with Si/Al, ratio of 60 from Nan Jin
Huang Ma was used for the preparation of the catalyst
involved in the experiment. In addition, H-ZSM-5(60)
zeolite was used after calcination at 550 °C for 6 h and all
chemicals were of analytical grade and used without any
purification.

Preparation of lignin model compounds
2-(2-Methoxyphenoxy)-1-phenylethanol (B-O-4) was
synthesized in a two-step process [32]. 2-Bromoaceto-
phenone (50 mmol, 9.9 g), guaiacol (50 mmol, 6.2 g) and
K,CO; (137 mmol, 19 g) were added to a 100 mL flask.
Stirred it for 5 min after adding 50 mL of acetonitrile,
then, added KI (1.2 mmol, 0.2 g) and stirred it contin-
ued for 10 min. Next, the reaction mixture was stirred
at reflux temperature for 24 h before recrystallized from
ethanol. Then, the obtained compound was dissolved in
the mixture of THF:H,O (5:1) (60 mL), and sodium boro-
hydride (37 mmol, 1.4 g) was added batch-wise, next, the
mixture was stirred at room temperature overnight. After
the reaction, the mixture was diluted with dilute hydro-
chloric acid until no bubbles were formed. Later, 80 mL
of ethyl acetate was added thereto, and the organic phase
was washed three times with 30 mL of saturated brine.
B-O-4 model compound obtained after solvent evapora-
tion (shown in Additional file 1: Figure S1).

The preparation processes of 2-methoxyphenyl anisole
(a-O-4) and 1-methoxy-2-phenylethoxybenzene were
the same as that of p-O-4, and only the reactant materi-
als were different. 2-methoxyphenyl anisole (a-O-4) was
prepared from 2-bromoethylbenzene (50 mmol, 9.2 g)
and guaiacol (50 mmol, 6.2 g). Preparation of 1-methoxy-
2-phenylethoxybenzene from benzyl bromide (50 mmol,
8.6 g) and guaiacol (50 mmol, 6.2 g). In addition, the
structure and purity of the model compounds prepared
were confirmed by the H!'NMR spectrum (shown in
Additional file 1: Figure S1).

Catalyst synthesis

The nickel and calcium oxide nanoparticles were intro-
duced into the zeolites using deposition—precipitation
(DP) method, a typical synthetic method, and the specific
procedure was carried out as follows [33].

0.30 g of Ca (NO,),-4H,0 (Ca loading=5 wt%) and
2.23 g of Ni (NO3),-6H,0 (Ni loading=45 wt%) were
dissolved in deionized water, denoted as solution A. The
mixture of NaOH and Na,CO, was prepared at a concen-
tration of 0.25 mol/L and 0.8 mol/L, respectively, called
solution B. In another 300 mL beaker, 0.48 g of H-ZSM-
5(60) and 50 mL of deionized water were introduced
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under fast stirring at 60 °C (solution C). In the next step,
solution B was added dropwise to the beaker C, until
the pH of the solution in the beaker C was maintained
between 10 and 11. Then, solution A was added slowly
to the beaker C under vigorous stirring and light green
precipitation was observed. Throughout the precipita-
tion process, the pH of the solution in the beaker C was
kept it around 10 in order to precipitation of all metal
cations. After that, the substance was stirred at 60 °C
for 16 h before dried overnight at 80 °C and calcined in
a flow of air at 400 °C for 5 h (heat rate 1 °C/min). Next,
the freshly synthesized material was reduced in a flow of
H, at 570 °C for 2.5 h (flow rate: 40—45 mL/min) and pas-
sivated in a flowing 5% O,/N, (flow rate: 7—-8 mL/min) for
12 h at room temperature. The catalysts were prepared
by a specific procedure shown in Additional file 2: Figure
S2. In order to explore the physicochemical properties of
Ni/CaO-H-ZSM-5(60), we prepared CaO-H-ZSM-5(60)
and Ni/H-ZSM-5(60) catalyst at the same way.

Analytical methods

Characterization of catalyst

Prior to the reactions, detailed characterizations of the
fresh or used catalyst were carried out. X-Ray diffrac-
tion (XRD). The powder XRD patterns were recorded on
a Dmax2200PC (Rigaku) diffractometer with a Cu Kal
radiation source (A =0.1540 nm), operating at 40 kV and
40 mA. Transmission electron microscopy (TEM). The
TEM images were taken with a JEOL model JEM 2010
EX microscope instrument, and the accelerating volt-
age was 200 kV. Brunauer—-Emmett—Teller (BET). The N,
adsorption—desorption experiments were performed at
77 K using Micromeritics ASAP2010 surface area Ana-
lyzer. The specific surface area, pore volume and pore
size distribution were obtained using BET, N, adsorp-
tion—desorption isotherms and Barrett—Joyner—Halenda
(BJH) methods. Fourier transform infrared spectroscopy
(FT-IR). The acid sites in supports were determined from
FT-IR on a Thermo Nicolet 380. The sample was pre-
treated in a vacuum at 500 °C for 1 h before adsorption
of pyridine for 30 min at room temperature, and then
desorbed at 150 °C, 250 °C and 350 °C for 30 min. Deter-
mination of leaching content of Ca and Ni by induc-
tively coupled plasma atomic emission spectrometry
(ICP-AES).

Catalytic tests and product analysis

In a typical reaction, 0.61 g p-O-4 lignin model com-
pound (2.5 mmol) and 0.102 g active catalyst were added
to 30 mL ethanol, and loaded into a 50 mL stainless
steel batch reactor. Then, the autoclave was flushed with
H, three times before filled 1 MPa H, and the reaction
were conducted at 100-250 °C with the stirring speed of
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700 rpm (detailed steps as shown in Additional file 3: Fig-
ure S3). After the reaction, the reactor was placed in ice
water and cooled to room temperature, then, the liquid
products in the reactor were collected for further analysis.

The reaction products were qualitatively analy-
sis by GC-MS (Agilent 19091S-433, HP-5 ms,
30 m x 250 pm x 0.25 pm), and the temperature setting
program was as follows: the temperature of the injector
and the detector were 260 °C and 270 °C, respectively.
The initial temperature of the GC column oven was 50 °C
kept for 5 min. Then the temperature was increased to
100 °C at the rate of 10 °C/min and retained for 5 min, fol-
lowed by an increase to 300 °C (30 °C/min) kept for 4 min.
Quantitatively analysis using GC-FID (GC-2014C, Won-
dacap-5, 30 m x 250 pm x 0.25 pm) without further dilu-
tion. The temperature setting program was as follows: the
initial temperature of the GC column oven was 60 °C kept
for 1 min, then the temperature was increased to 100 °C at
the rate of 2 °C/min and retained for 1 min, followed by an
increase to 260 °C (10 °C/min) kept for 2 min (Additional
file 3: Figure S3). In addition, calibration the concentra-
tion of the products using the external standard, and the
products of 2-methoxyphenyl anisole and 4-phenoxyphe-
nol conversion were conducted as the same way. The con-
version of model compound, as well as the yield and the
selectivity of the products were calculated based on the
following equation, respectively:

Conversion(%) = n,/np * 100% (1)
Molar yield of product i(%) = n;/np * 100% 2)

Selectivity of product i(%) = n;/nc % 100% (3)
where n, and n, were the moles of the model compound
consumed and the model compound initially added,
respectively. n; and n, were deemed as the moles of prod-
uct i and the total product, respectively. In the above
calculation, 1 mol of reactant could produce 2 mol of
monomer products.

Result and discussion

Characterization of the catalysts

The N, adsorption—desorption isotherms and pore size
distributions of all catalysts were shown in Fig. 2a, b,
it could be seen that the pore size distributions of the
four samples were almost identical. In addition, the Si/
Al, ratios of these four samples were determined by wet
chemical analysis (Table 1). Compared to the original
H-ZSM-5(60), the Si/Al, ratios of the modified H-ZSM-
5(60) catalysts were slight variation. Infrared adsorp-
tion experiments were performed using a basic probe
molecule (pyridine) to determine the type of acid sites
(Lewis or Bronsted). Compared with the H-ZSM-5(60),
Ni/H-ZSM-5(60) has an extremely low concentration of
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Fig. 2 a N, adsorption-desorption isotherms and b size distributions
of original and modified H-ZSM-5(60) catalysts

Bronsted acid sites, but the concentration of Lewis acid
sites was slight variation (Table 1), indicating that the
addition of nickel would lead to the reduction of Bron-
sted acid sites. Some studies on the effect of nickel addi-
tion on H-ZSM-5(60) had reported that the Bronsted
acid sites of the catalyst would decrease with increasing
nickel concentration [34, 35], which were consist with the
result we found. In addition, from the results in Table 1,
finding that the addition of CaO significantly reduced the
Lewis acid sites of the catalyst (Ni/CaO-H-ZSM-5(60)).
The powder X-ray diffraction patterns of pure
H-ZSM-5(60) zeolite and three typical catalysts [CaO-
H-ZSM-5(60), Ni/H-ZSM-5(60) and Ni/CaO-H-
ZSM-5(60)] was presented in Fig. 3. The characteristic
diffraction peaks of H-ZSM-5 phase (JCPDS#80-0922)
still exist in the catalysts containing Ni and CaO, illus-
trating that the structure of the H-ZSM-5 was quite sta-
ble, and the addition of Ni and CaO did not change the
phase structure of the H-ZSM-5, but the peak intensity
had a significant decrease compared with that of the
pure H-ZSM-5. The main reason was that the addition
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Table 1 The physicochemical properties of H-ZSM-5 and Ni catalysts
Catalyst Content (wt%) Si/Al, (mol/mol) FT-IR (umol/g)
Si Al B L B/L
H-ZSM-5(60) 42.35 152 536 4257 3255 1.31
Ca0-H-ZSM-5(60) 37.46 142 50.7 3736 303.2 1.23
Ni/H-ZSM -5(60) 2247 0.88 49.1 428 268.8 0.16
Ni/CaO-H-ZSM-5(60) 20.55 0.85 46.5 31.8 157.6 02
of metal (Ni) would dilute of the H-ZSM-5. There were
I o NEAT.07I2 another two possible reasons about it. One reason was
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Fig. 3 XRD pattern of different catalysts. (a) H-ZSM-5(60), (b)
Ca0-H-ZSM-5(60), (c) Ni/CaO-H-ZSM-5(60) and (d) Ni/H-ZSM-5(60)

that the process of catalysts preparation would affect the
structure of H-ZSM-5 and result in the decrease of peak
intensity of H-ZSM-5, and the higher the alkali concen-
tration, the lower the peak intensity [36]. Another rea-
son may be that the interaction between H-ZSM-5 and
the active components (Ca, Ni) resulted in a disordered
crystal structure of H-ZSM-5, which caused a decrease
in the intensity of its characteristic diffraction peaks [37].
In addition, the characteristic diffraction peaks of Ni
phase (JCPDS#87-0172) could found clearly, while the
XRD pattern of Ni/CaO-H-ZSM-5(60) did not show any
diffraction peak of CaO. Combined with the results of
Fig. 4e (EDX-Mapping), it could be stated that CaO was
dispersed on the surface of the catalyst.

The metal dispersions of the catalysts [H-ZSM-
5(60), CaO-H-ZSM-5(60), Ni/H-ZSM-5(60) and Ni/

Fig. 4 TEM images and EDX mapping of different catalysts. TEM images of a H-ZSM-5(60), b CaO-H-ZSM-5(60), ¢ Ni-H-ZSM-5(60) and d Ni/CaO-
H-ZSM-5(60). e EDX mapping of Ni/CaO-H-ZSM-5(60)
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CaO-H-ZSM-5(60)] were characterized by TEM and
EDX mapping, as shown in Fig. 4. It could be seen that
the elements of Ni, Ca and O in Ni/CaO-H-ZSM-5(60),
prepared by the deposition—precipitation method, were
uniformly and regularly dispersed on the H-ZSM-5(60)
zeolite (Fig. 4e). In addition, Ni nanoparticles had small
particle size and uniform distribution without aggrega-
tion (Fig. 4b—d), the reason for this result was that the
large specific surface area of the H-ZSM-5 zeolite was
conducive to the dispersion of nickel. The used cata-
lyst (Ni/CaO-H-ZSM-5(60)) was also characterized
by TEM and EDX mapping as shown in the Fig. 5. The
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elements of Ni, Ca, and O were still distributed evenly
on the support of H-ZSM-5 zeolite after the reaction.
Additionally, the average particle size of the Ni/CaO-
H-ZSM-5(60) catalyst was calculated by TEM analysis
(Fig. 6). The average particle size of the Ni/CaO-H-
ZSM-5(60) after the first cycle was 6.95 nm, which was
similar with the particle size of the fresh Ni/CaO-H-
ZSM-5(60) (6.47 nm). The result indicated that the
catalyst was quite stable during the reaction. When the
catalyst was cycled three times, the average particle size
of Ni/CaO-H-ZSM-5(60) reached 9.47 nm, indicating

Ca Kal

200 nm

Fig. 6 TEM images and metal particle size distributions of Ni/CaO-H-ZSM-5(60). a Before reaction, b after one cycle and c after three cycles
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that the particles of nickel had underwent significant
agglomeration during the catalytic reaction.

The stability of the catalyst was determined by meas-
uring the concentration of the metal in the liquid phase
product using ICP-AES. In the first cycle, the concen-
trations of Ca and Ni in the liquid phase were 0.13 and
0.08 mg L7, respectively. After the second cycle, the
concentrations of Ca and Ni were 0.12 and 0.04 mg L.
respectively. It experienced the last cycle, the concentra-
tions of Ca and Ni were 0.18 and 0.12 mg L™}, respec-
tively. The leaching concentrations of Ca and Ni were
extremely low in three cycles, it explained why the Ni/
CaO-H-ZSM-5(60) catalyst was still active for three
cycles.

Catalyst screening

2-(2-Methoxyphenoxy)-1-phenylethanol containing
alkyl-aryl-ether linkages, was used as the reactant for
testing the activity of catalyst, because it was a kind of
representative p-O-4 lignin model compound and was
most abundant in native lignin. Ethanol was selected as
reaction solvent for the lignin model compounds con-
version. Because the alcohol molecule could be used as
a nucleophilic reagent in the C-O cracking process [38,
39], and the products dissolved in ethanol could stably
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maintained without separation and condensation even at
a harsh condition. However, subsequent experiments had
found that H, provided hydrogen source during the reac-
tion, which was essential for the cleavage of C-O ether
bond.

As shown in Table 2, the conversion of f-O-4 model
compound over H-ZSM-5(60) and CaO-H-ZSM-5(60)
was extremely low, with only 2.1% and 5.3% conver-
sion, respectively. However, over Ni/H-ZSM-5(60) and
Ni/CaO-H-ZSM-5(60), the conversion of f-O-4 model
compound reached more than 80%. The results indicated
that Ni was indispensable in the hydrogenation reaction.
In addition, it could be found that the addition of CaO
in Ni/H-ZSM-5(60) significantly affected the product
distributions of the B-O-4 model compound (Table 2).
Over Ni/H-ZSM-5(60), about 83% of the -O-4 had been
converted, producing 14.8% selectivity of ethylbenzene,
11.7% selectivity of guaiacol and 73.4% selectivity of dehy-
dration product (1-methoxy-2-phenylethoxybenzene). In
contrast, over Ni/CaO-H-ZSM-5(60), about 90% of the
B-O-4 had been converted, producing 7.4% selectivity of
ethylbenzene, 42.7% selectivity of 1-phenylethanol, 49.6%
selectivity of guaiacol and only 0.3% selectivity of dehy-
dration product. In addition, 1-phenylethanol, as a reac-
tant, was converted by these two catalysts and the results

Table 2 The main product distributions of the conversion of -0-4, 4-O-5, a-O-4 and 1-phenyl ethanol over different

catalyst
Reactant Catalyst Conv. (%) Selectivity (%)
Ethylbenzene  1-Phenyl Guaiacol 1-Methoxy-2-
ethanol phenethoxybenzene
-0-4 model compound H-ZSM-5(60) 2.1 - - 472 10.7
CaO-H-ZSM-5(60) 53 - 375 62.5 -
Ni—H-ZSM-5(60) 828 14.8 - 1.7 734
Ni-CaO-H-ZSM-5(60) 882 74 427 49.6 03
1-Phenyl ethanol Ni-H-ZSM-5(60) 56.6 100 - - -
Ni—CaO-H-ZSM-5(60) 44.0 99.2 - - -
Reactant Catalyst Conv. (%) Benzene Cyclohexanol  Cyclohexanone  Phenol
4-0O-5 model compound H-ZSM-5(60) 14 100 - - -
CaO-H-ZSM-5(60) 23 53 - - 94.7
Ni-H-ZSM-5(60) 26.2 65.5 12 116 229
Ni—CaO-H-ZSM-5(60) 473 10.1 20.6 32 66.1
Reactant Catalyst Conv. (%)  Toluene Guaiacol
a-O-4 model compound - 2.7 30.3 69.7
H-ZSM-5(60) 3.6 58 29.5
CaO-H-ZSM-5(60) 75 487 513
Ni—H-ZSM-5(60) 99.5 46.5 535
Ni-CaO-H-ZSM-5(60) 100 494 50.5

Reaction conditions: the amount of the reactant (3-0-4, 1-phenyl ethanol, 4-O-5 and a-0-4) was 2.5 mMmol, M ,ctantMeatalyse = 6:1, €thanol (30 mL), 140 °C, 1 MPa H,,

90 min, stirring at 700 rpm
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shown in Table 2. According the results, inferring that
the Ni/H-ZSM-5(60) catalyst had better performance on
hydrodeoxygenation, while Ni/CaO-H-ZSM-5(60) had
more effective on the cleavage of ether bonds.

Similarly, the conversion and product distributions of
4-O-5 and a-O-4 model compounds over different cata-
lysts was also investigated (Table 2). It was found that the
conversions of 4-O-5 and a-O-4 model compounds over
H-ZSM-5(60) and CaO-H-ZSM-5(60) were extremely
low. Other than this, the product distributions of 4-O-5
model compounds over Ni/CaO-H-ZSM-5(60) were also
different from that over Ni/H-ZSM-5(60). There was no
doubt that over Ni/CaO-H-ZSM-5(60), about 47% of
the 4-O-5 model compounds had been converted mainly
producing phenol and cyclohexanol with the selectivity
of 66.1% and 20.6%, respectively. However, over Ni/H-
ZSM-5(60), about 26% of 4-O-5 model compounds was
converted, as well as benzene and phenol were deemed
as the main products with the selectivity of 65.5% and
22.9%, respectively (Table 2). According to the results,
the addition of CaO was beneficial to the conversion of
4-0O-5 model compound. The C-O ether bond of 4-O-5
model compounds had different break sites over Ni/
CaO-H-ZSM-5(60) and Ni/H-ZSM-5(60), resulting in
a change in product distributions. The product distri-
butions of a-O-4 conversion over these two catalysts
[Ni/H-ZSM-5(60), Ni/CaO-H-ZSM-5(60)] was consist-
ent (Table 2), the reason may be that the bond energy
of the C-O ether bond in a-O-4 model compounds was
lower, and it was easily cleaved during the hydrogena-
tion of the metal Ni. It was well known that the acidity
of H-ZSM-5 was beneficial to the hydrodeoxygenation
reaction of biomass [40, 41]. However, it could be seen
that Ni/H-ZSM-5 had quite low ability on breaking ether
bond. The introduction of CaO significantly enhanced
the cleavage of ether bonds, which would more favorable
for lignin degradation to small molecular weight com-
pounds. Therefore, we selected Ni/CaO-H-ZSM-5(60)
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and focused on the catalytic conversion of three typical
lignin model compounds over it.

To ascertain the catalytic activity of Ni/CaO-H-
ZSM-5(60), a series of additional experiments were
performed about the effect of reaction temperature on
B-O-4 conversion and the results were summarized in
Table 3. The conversion activity of the p-O-4 was the
lowest at 100 °C, then, along with the increasing of tem-
perature, the conversion rate increased sharply. Note
that the temperature maintained at 140-160 °C and the
catalytic activity remained high. When the temperature
was 140 °C, the catalytic activity was highest and p-O-4
conversion rate up to 100%, producing plenty of small
aromatic monomers such as ethylbenzene, 1-phenyletha-
nol, and guaiacol with the selectivity of 20.3%, 30.9% and
47.2%, respectively.

Hydrogenolysis of 3-0-4 model compound

Figure 7a shown the product distributions for
2-(2-methoxyphenoxy)-1-phenylethanol (f-O-4) con-
version as a function of time at 140 °C and 1 MPa H,.
Over Ni/CaO-H-ZSM-5(60), about 92% of the B-O-4
had been converted in 30 min, producing 35.2% selectiv-
ity of 1-phenylethanol, 55.6% selectivity of guaiacol and
6.7% selectivity of ethylbenzene. During the reaction,
only a small amount of dehydration product (1-methoxy-
2-phenylethoxybenzene) was obtained. These results
indicated that Ni/CaO-H-ZSM-5(60) catalyst had a high
selectivity for breaking the f-O-4 linkage. As the reac-
tion proceeded, the selectivity of guaiacol remained sta-
ble, whereas the selectivity of 1-phenylethanol decreased
after reaching a maximum of 37.1% at 45 min, followed
hydrogenolysis producing ethylbenzene.

In order to analysis the possible pathways for the C-O
cleavage in  2-(2-methoxyphenoxy)-1-phenylethanol
(B-O-4), a series of additional experiments as a func-
tion of time were performed. Figure 8 summarized the
product distributions of 1-phenylethanol, guaiacol, and

Table 3 The main product distributions of 3-O-4 conversion at different temperature over Ni/CaO-H-ZSM-5(60)

Temperature (°C) Conversion (%) Selectivity (%)
Ethylbenzene 1-Phenylethanol Guaiacol

100 16.7 2.8 46.4 495
120 772 40 457 49.1
140 100.0 203 309 472
160 932 11.0 37.1 50.8
180 66.6 33 441 520
200 46.0 28 36.2 61.0
250 65.7 56 29.2 64.7

Reaction conditions: -O-4 (0.61 g, 2.5 mmol), Ni/CaO-H-ZSM-5(60) (0.102 g), ethanol (30 mL), 140 °C, 1 MPa H,, 60 min, stirring at 700 rpm



Guo et al. BMC Chemistry (2019) 13:36

Page 9 of 15

OH OH
OH
, sgiepiegle
o ‘OMe
SaNs i
MeO ©
Spiepee
p-O-4 MeO'
80 7 /: — > » 100
& 60 -
<
z B
= é
o= - =
E 40 - -
0 4
c s
7] - 60
3 g
= )
& 20—
— 40
0 ———— ¢ =
N T T T T T T T T T T
0 20 40 60 80 100 120 140
Time(min)
—a— cthylbenzene —e— phenol =t~ acetyl cyclohexane
=g 1-pheny] ethanol ==#=1-methoxy-2-phenyl ethoxybenzene
=4 guaiacol =p=—(3-O-4 conversion
Hydrogenolysns
(b) Ma]or
@)\ 0
Hydrogenatlon O)‘\
Hydrogenolysis T Minor
Major
OH A o OH
Hydrogenoly51s Hydrogenatlon
0 _— —_—
SaNe T
MeO
Hydrogenatlon OH
p-0-4 ~ Minor C(
OMe
Dehydratlon @/\/ j@ H2 ©/\
Mmor
OH
Fig. 7 aThe product distributions for the conversion of 2-(2-methoxyphenoxy)-1-phenylethanol (3-O-4) over Ni/CaO-H-ZSM-5(60) as a function
of time. Reaction conditions: 2-(2-methoxyphenoxy)-1-phenylethanol (3-0-4) (0.61 g, 2.5 mmol), Ni/CaO-H-ZSM-5(60) (0.102 g), ethanol (30 mL),
140 °C, 1 MPa H,. b Two different reaction pathways of 2-(2-methoxyphenoxy)-1-phenylethanol (3-O-4) conversion over Ni/CaO-H-ZSM-5(60)

1-methoxy-2-phenylethoxybenzene conversion in the
presence of 1 MPa H, at 140 °C. There was no doubt that
over Ni/CaO-H-ZSM-5(60), about 48% of the 1-pheny-
lethanol had been converted via two parallel reactions of
hydrogenolysis and hydrogenation in 60 min, producing

93.1% selectivity of ethylbenzene and 6.9% selectivity of
acetyl acetylcyclohexane (Fig. 8a). As the reaction pro-
ceeded, the ethylbenzene selectivity had remained around
thirteen times that of acetylcyclohexane, indicating that
1-phenylethanol preferentially underwent hydrogenolysis
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over the Ni/CaO-H-ZSM-5(60) during the reaction. By a
sharp contrast, guaiacol had a quite low conversion about
18% in 60 min under the same condition, producing
cyclohexanol, phenol, and 2-methoxycyclohexanol with
the selectivity of 29.2%, 43.4% and 26.9%, respectively. It
was known that guaiacol contained functional groups of
lignin, such as hydroxyl and methoxy groups. The bond
energy of C-O in methoxy group is 247 kJ/mol, which is
the weakest in guaiacol, while the bond energies of C-O
in phenolic hydroxyl group so high that difficult to break
(414 kJ/mol) [42]. Therefore, even under the condition
of sufficient hydrogen, the oxygen in guaiacol also could
not be completely removed and often results in phenol
as the main catalytic product, which was corresponding
with the result of Fig. 8b. In addition, the conversion of
guaiacol mainly proceeded two parallel competitive path-
ways over Ni/CaO-H-ZSM-5(60) catalyst at 140 °C, at
presence of 1 MPa H,. The first route was hydrogenation
benzene ring of guaiacol, producing 2-methoxycyclohex-
anol as the major products. Another route was dem-
ethoxylation to form phenol, and further be converted
to cyclohexanol and cyclohexanone via hydrogenation
(Fig. 8b). Similarly, using 1-methoxy-2-phenylethoxy-
benzene as the reactant (shown in Fig. 8c), it could be
seen that, over Ni/CaO-H-ZSM-5(60), about 37% of
1-methoxy-2-phenylethoxybenzene had been converted
at 120 min, producing 46.5% selectivity of ethylbenzene
and 53.5% selectivity of guaiacol. The result indicated
that 1-methoxy-2-phenylethoxybenzene was an inter-
mediate product of ethylbenzene and guaiacol, and if the
reaction conditions permit, it would eventually be con-
verted to ethylbenzene and guaiacol. At the same time, it
also explained why 1-methoxy-2-phenylethoxybenzene
appeared at the beginning of the reaction and eventually
disappeared.

Combining with the results of Figs. 7a and 8, we
deduced the corresponding reaction pathways about
the conversion of 2-(2-methoxyphenoxy)-1-phenyleth-
anol (B-O-4) over Ni/CaO-H-ZSM-5(60) which were
presented in Fig. 7b. The conversion of -O-4 mainly
followed two parallel competitive pathways over Ni/
CaO-H-ZSM-5(60) catalyst. The first one (major) was
that the C-O bond of B-O-4 was selectively cleaved
by initial hydrogenolysis to produce 1-phenylethanol
and guaiacol. Since 1-phenylethanol over Ni/CaO-H-
ZSM-5(60) catalyst was more easily converted than
guaiacol (Fig. 8), the catalyst preferentially converts
1-phenylethanol to ethylbenzene (major) and acetyl-
cyclohexane (minor) through two parallel reactions
(hydrogenolysis and hydrogenation), whereas the selec-
tivity of the products of guaiacol was less than 4%.
Another pathway was that the formation of 1-methoxy-
2-phenylethoxybenzene by dehydration of B-O-4, then,
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followed by hydrogenolysis to form ethylbenzene and
guaiacol.

Figure 9 clearly shown the product distributions of
2-(2-methoxyphenoxy)-1-phenylethanol (B-O-4) conver-
sion varying H, pressure. In the absence of H,, only 5%
of 2-(2-methoxyphenoxy)-1-phenylethanol (3-O-4) was
converted, indicating that H, was indispensable for the
hydrogenolysis pathway. As the H, pressure increased
the conversion of B-O-4 also increased. When the ini-
tial H, pressure was 1 MPa, the conversion rate reached
100%, simultaneously, the main hydrogenolysis products
of B-O-4 were 1-phenylethanol and guaiacol, with the
highest selectivity of 34.5% and 50.1%, respectively. After
that, the selectivity of guaiacol changed little, whereas
the selectivity of 1-phenylethanol rapidly decreased after
reaching a maximum at 1 MPa H,. The result indicated
that 1-phenylethanol was more easily cleaved by hydrog-
enolysis than guaiacol, producing ethylbenzene and little
amounts of acetylcyclohexane under conditions of suffi-
cient hydrogen. Due to the stable properties of guaiacol,
when the initial H, pressure was 1 MPa, only a little part
of the conversion to phenol. In addition, if the H, pres-
sure less than 2 MPa, no other hydrogenation product
was found other than acetylcyclohexane. However, when
the initial H, pressure was 2.5 MPa, the hydrogenated
product of guaiacol was found. Moreover, the selectivity
of ethylbenzene, a hydrogenolysis product of 1-phenyle-
thanol, did not change significantly at H, pressures of 2
and 2.5 MPa. These results illustrated that low H, pres-
sure was favorable for the hydrogenolysis, while high H,
pressure not only favored the hydrogenation but also
restrained the occurrence of hydrogenolysis.
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Fig. 9 The product distributions for the conversion of 2-(2-methoxy
phenoxy)-1-phenylethanol (3-O-4) over Ni/CaO-H-ZSM-5(60) under
different H, pressures. Reaction conditions: 2-(2-methoxyphenoxy
)-1-phenylethanol (3-0-4) (0.61 g, 2.5 mmol), Ni/CaO-H-ZSM-5(60)
(0.102 g), ethanol (30 mL), 140 °C, stirring at 700 rpm
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Hydrogenolysis of a-0-4 model compound

The reaction of 2-methoxyphenyl anisole (a-O-4) over
Ni/CaO-H-ZSM-5(60) at 140 °C and 1 MPa H, showed a
very high conversion (Fig. 10). The C-O bond of 2-meth-
oxyphenyl anisole (a-O-4) could be almost cleaved in
15 min (Fig. 10a), producing 49.4% selectivity of toluene
and 50.6% selectivity of guaiacol. The result meant that
the bond of «-O-4 was quite unstable, which was agree
well with the report previously published [43].

During the reaction, toluene and guaiacol were resulted
from hydrogenolysis of the C—O bond of 2-methoxyphe-
nyl anisole (a-O-4). It indicated that a very low catalyst
concentration could effectively break the C-O bond of
2-methoxyphenyl anisole (a-O-4) by hydrogenolysis, but
no further conversion products of guaiacol were found.
There were two reasons to explain this phenomenon. On
the one hand, guaiacol was quietly stable and difficult to
hydrogenate or hydrogenolysis, on the other hand, the
catalyst with low concentration so that not sufficient for
guaiacol fully converted. As above, the reaction pathway
of the conversion of 2-methoxyphenyl anisole (a-O-4)
was dominated through hydrogenolysis to generate tolu-
ene and guaiacol (Fig. 10b). After that, if the catalyst was
sufficient, there would be a certain degree of hydrogen-
olysis of guaiacol to produce phenol (Fig. 8b).

Similarly, the product distributions of 2-methoxy-
phenyl anisole (a-O-4) conversion was recorded with
varying H, pressure (Fig. 11). It could be found that as
the H, pressure increased, the conversion of a-O-4 also
increased. In the absence of H,, only 2.4% of 2-methoxy-
phenyl anisole (a-O-4) was converted. However, when
the initial H, pressure was 0.5 MPa, the conversion of
a-O-4 reached 100%. It should be noted that the H, pres-
sure did not significantly influence the selectivity of tolu-
ene and guaiacol in the conversion products, showing
that their chemical properties were stable and would not
be converted under mild conditions.

Hydrogenolysis of 4-O-5 model compound

As the third most abundant ether in lignin, 4-phenoxy-
phenol (4-0-5) had a very high ether bond energy com-
pared to those in a-O-4 and B-O-4 model compounds.
Therefore, the conversion of 4-O-5 model compound
has been considered a challenge because of requiring
the conditions of high temperature or supercritical etha-
nol to cleave the C—O bond. Figure 12a shown the prod-
uct distributions for 4-phenoxyphenol conversion over
Ni/CaO-H-ZSM-5(60) catalyst as a function of time
at 140 °C and 1 MPa H,. About 40% of 4-O-5 had been
converted in 60 min, producing 66.1%, 10.1%, 20.6% and
3.2% selectivity of phenol, benzene, cyclohexanol, and
cyclohexanone, respectively. As the reaction proceeded,
the selectivity of benzene remained stable, whereas the
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selectivity of phenol gradually decreased after reach-
ing the maximum at 0 min, although phenol was con-
sidered to be the main product of 4-phenoxyphenol
(4-O-5) via hydrogenolysis. The result meant that phe-
nol could be rapidly converted to cyclohexanol over Ni/

CaO-H-ZSM-5(60).
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Compared with the pathways of breaking the ether
C-0 bond of B-O-4 and a-O-4, the chemistry for break-
ing the ether C-O bond in 4-phenoxyphenol (4-O-5)
was more complex. Because phenol, benzene, and hyd-
roquinone were supposed to be the main products after
the initial hydrogenolysis of 4-phenoxyphenol, they
were not a lot of existence in the product distributions
of 4-phenoxyphenol. Therefore, it was speculated that
phenol and hydroquinone might be intermediate prod-
ucts of a certain product. In order to explore the pos-
sible pathways of the conversion of 4-phenoxyphenol
over Ni/CaO-H-ZSM-5(60), phenol and hydroquinone
were used as reactants and the reaction conditions
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were consistent with those of 4-phenoxyphenol con-
version (Fig. 13). Over Ni/CaO-H-ZSM-5(60), about
42% of the phenol had been converted via hydrogena-
tion in 60 min, producing 68.0% selectivity of cyclohex-
anol and 32.0% selectivity of cyclohexanone (Fig. 13a).
Among them, cyclohexanone was an intermediate
product of hydrogenation of cyclohexanol, and would
eventually be converted to cyclohexanol [44]. The con-
version of hydroquinone versus reaction time was given
in Fig. 13b, about 90% of hydroquinone was converted
in 60 min, and the selectivity of the main product 1,
4-cyclohexanediol also reached more than 83.9%, indi-
cating that hydroquinone could be easily converted
than phenol (Fig. 13b). However, the selectivity of
cyclohexanol in the 4-phenoxyphenol (4-O-5) conver-
sion products was over 90%, but the selectivity of hyd-
roquinone and 1,4-cyclohexanediol was extremely low
that the quantitative analysis could not be performed
(Fig. 12). Therefore, over Ni/CaO-H-ZSM-5(60), the
C-O ether bond of 4-phenoxyphenol (4-O-5) was
inclined to cleave producing phenol, and only a little
amount of it could produce benzene and hydroquinone.
As above, we deduced a corresponding reaction path-
way about the conversion of 4-phenoxyphenol (4-O-5)
over Ni/CaO-H-ZSM-5(60) which was presented in
Fig. 12b. The conversion of 4-phenoxyphenol (4-O-
5) mainly followed two parallel competitive pathways
over Ni/CaO-H-ZSM-5(60) catalyst, the first reaction
pathway (major) was that the C-O bond of 4-phe-
noxyphenol (4-O-5) was selectivity cleaved underwent
the initial hydrogenolysis producing phenol, then fol-
lowed by hydrogenation to form cyclohexanol. The sec-
ond pathway (minor) was the hydrogenolysis reaction
of 4-phenoxyphenol (4-O-5) producing benzene and
hydroquinone.

Recycling tests

The recycle ability of Ni/CaO-H-ZSM-5(60) was tested
in 2-(2-methoxyphenoxy)-1-phenylethanol (-O-4) reac-
tion at 140 °C under 1 MPa. After the reaction, the used
catalysts were subjected to an activation process with
calcination and reduction. The initial recovery showed
that, the Ni/CaO-H-ZSM-5(60) catalyst reacted at mild
conditions (140 °C, 1 MPa H,) for 60 min and remained
active after three cycles, and the conversion of reactant
was above 98% in three runs (shown in Fig. 14). In addi-
tion, the selectivity of guaiacol was maintained at about
50% in three runs, and the selectivity of ethylbenzene
increased to 14.3% after reaching 9.3% in the first reac-
tion. Therefore, the selectivity of 1-phenylethanol was
correspondingly reduced. Moreover, the selectivity of the
other two by-products, acetylcyclohexane and phenol,
continuously decreased until they disappear.
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Conclusion

The C-O ether bonds in the B-O-4, a-O-4 and 4-O-5
model compounds are typical and abundant in native
lignin. In this study, these ether bonds were selectivity
cleaved by a novel Ni/CaO-H-ZSM-5(60) catalyst to pro-
duce small molecular compounds in ethanol under very
mild conditions (140 °C, 1 MPa H,). The C-O bond of
a-O-4 was cleaved by direct hydrogenolysis. However,
the C-O bonds of f-O-4 and 4-O-5 were cleaved via two
parallel reactions, but the ways of breaking C—O bonds
were different. Moreover, H, was indispensable for the
hydrogenolysis and hydrogenation, and low H, pressure
favored hydrogenolysis, while high H, pressure favored
hydrogenation.

Additional files

Additional file 1: Figure S1. The H'NMR spectrums of three
lignin model compound. (a) 2-(2-Methoxyphenoxy)-1-pheny-
lethanol (3-0-4), (b) 2-methoxyphenyl anisole (a-O-4), and (c)
2-methoxy-1-phenylethoxybenzene.

Additional file 2: Figure S2. Specific preparation process of Ni/CaO-H-
ZSM-5(60) catalyst.

Additional file 3: Figure S3. Specific reaction process of 3-O-4
conversion over Ni/CaO-H-ZSM-5(60) catalyst and the main analytical
approaches.
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