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Keywords: NiMo-doped catalysts were investigated for the conversion of lignin to drop-in fuel through catalytic hydro-
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pyrolysis product distribution were studied using both lignin and lignin model compounds. Two coefficients were
proposed to qualitatively evaluate the catalytic performance of NiMo-doped catalysts. Low yield of methane
(13.04c%) and high yield of condensable hydrocarbons products (25.82c%) with low selectivity of polyaromatics
(4.37%) were obtained at 1.0 MPa Hj and 400 °C catalytic temperature during lignin catalytic hydropyrolysis
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the removal of phenolic hydroxyl groups and benzene ring hydrogenation, while Mo tends to remove phenolic

methoxy groups.

1. Introduction

The use of renewable lignocellulosic biomass to produce sustainable
drop-in biofuel through fast pyrolysis has been studied for many years
[1-3]. Among the major components of biomass, lignin with phenyl-
propyl structure is the most difficult one to be utilized. Lignin pyrolysis
produces a mixture of oxygenates with high oxygen content, which
prevents it from being used directly as transportation fuel or high-value
chemicals [4]. Recently, catalytic pyrolysis using zeolite catalysts and
metal oxide catalysts under hydrogen atmosphere has been developed to
process lignin or whole biomass for production of high-quality bio-crude
[5,6].

Although the zeolite catalysts have been extensively explored in
biomass conversion, the excessive coke formation and high selectivity
for polyaromatics have hindered its development [7,8]. The limited
hydrogenation or deoxygenation capacity of metal oxide catalysts (such
as MoOs, TiOg, Aly03, ZrO3), which leads to high oxygen content and
low heating value in bio-oil, also hinders their applications in biomass
hydropyrolysis process [9-11]. Therefore, it is necessary to explore
hydrodeoxygenation catalysts suitable for hydrogen atmosphere.

NiMo-doped catalysts have been widely used in the conversion of
bio- or petroleum-based feedstocks due to their excellent hydro-
deoxygenation capacity. Shi et al. [12] carried out catalytic hydro-
pyrolysis experiments of pine using NiMo-doped HZSM-5 catalyst on a
two-stage fixed bed reactor. The highest hydrocarbon bio-oil yield was
23.9 wt%. The appropriate ratio of Ni and Mo on HZSM-5 improves the
synergistic effect of Ni and Mo to achieve high condensable hydrocarbon
yield. Yu et al. [13] used sulfided NiMo/y-Al;O3 catalysts on a fixed bed
to carry out catalytic hydropyrolysis experiments of bio-oil model
compounds. The conversion rates of phenol and 1-methyl naphthalene
were 100% and 89.4%, respectively. The appropriate pore size (10-20
nm) of sulfided NiMo/y-AloO3 is thought to be responsible for the
excellent hydrodeoxygenation effect. Dayton et al. [14] used a com-
mercial NiMo-doped catalyst in a fluidized bed to conduct pine catalytic
hydropyrolysis experiments. 23.7 wt% bio-crude with less than 1 wt%
oxygen content and 29.7% selectivity of polyaromatics was obtained.
They also reported that the increase in hydrogen concentration can
suppress the formation of oxygenates and polyaromatics by enhancing
the hydrogenation and hydrocracking reactions. Stummann et al. [15]
used three doped metal oxide catalysts on a fluidized bed reactor to
carry out bark-free beech wood catalytic hydropyrolysis experiments.
24.3 wt% bio-crude with 13% selectivity of polyaromatics was obtained
which is due to the high hydrogenation activity and cracking activity of
NiMo/MgAl;04. It should be emphasized that polymeric aromatics as
carbon precursors are not ideal components to enhance the calorific
value of high-quality bio-oils. Therefore, strictly controlling the content
of polycyclic aromatics is very important to improve the quality of bio-
oil. Sun et al. [16] inferred that —OH group, -CHjs group, and benzene
radicals promote the formation of polyaromatics such as naphthalene
and biphenyl. To the best of our knowledge, the Mo loading in NiMo-
doped catalysts can be adjusted to promote the removal of -OH
groups in the form of water [17], which will unbalance the reaction to
generate polymeric aromatic hydrocarbons.

In addition to the high selectivity for polyaromatics in the pyrolysis
products, an increase in methane yield at the expense of bio-oil yield was
also reported after applying the NiMo-doped catalysts in biomass
hydropyrolysis. Wang et al. [18] conducted catalytic hydropyrolysis
experiments under atmosphere pressure with three types of woody
biomass on a fluidized bed reactor. High activity of a commercial NiMo
doped catalyst led to high methane yields of over 50% at 863 K. Yu et al.
[19] carried out catalytic hydropyrolysis experiments of miscanthus x

giganteus using Ni-ZSM-5/Ni-MCM-41 catalyst on a Py-GC/MS system
and reported a methane yield of about 45 mol%, which is due to the fact
that hydrogen promotes the methanation reaction on the Ni site.
Resende et al. [20] conducted biomass catalytic hydropyrolysis experi-
ments in a fluidized bed reactor. The results reported that the intro-
duction of 2.7 wt% Mo onto 1.4 wt% Ni/HZSM-5 could drastically
decrease the methane yield from 22.6c% to 9.3c%. They speculated that
methane oligomerizes on the molybdenum site to form aromatic hy-
drocarbons, which are then hydrogenated to form larger alkanes. In
order to reduce the formation of methane, the methanation reaction
should be suppressed by adjusting the Ni loading or optimizing the
synergistic effect of Ni and Mo in NiMo-doped catalysts [21,22].
Although NiMo-doped catalysts have been extensively used in biomass
conversion, the detailed hydrodeoxygenation mechanism of biomass
catalytic hydropyrolysis volatiles and the synergistic effect of Ni and Mo
still need to be explored more comprehensively.

The purpose of this work is to clarify the synergistic mechanism of
NiMo-doped catalysts and select a NiMo-doped catalyst with high con-
densable hydrocarbon yield and low selectivity to polyaromatics and
methane. NiMo-doped catalysts with different carriers and Ni/Mo molar
ratios were prepared by the wetness impregnation method. The ex-situ
catalytic hydropyrolysis experiments of lignin and its model com-
pounds were carried out in a furnace-type micro-reactor with the highest
operating pressure of 3.5 MPa. Two dimensionless coefficients were
proposed to compare the hydrogenation activity, hydrodeoxygenation
activity and hydrocracking activity of different NiMo-doped catalysts.
The results from catalytic hydropyrolysis experiments of lignin model
compounds over NiMo-doped ZrO, with different Ni/Mo molar ratios
revealed the hydrodeoxygenation mechanism of lignin hydropyrolysis
volatiles.

2. Experimental section
2.1. Materials

Milled wood lignin extracted from Chinese fir was used as the
feedstock for the hydropyrolysis experiments. The preparation method
of milled wood lignin was described in previous studies [23,24]. Ulti-
mate analysis was carried out in an organic elemental analyzer (Vario
micro cube, Elementar). The C, H, O, N content of the lignin was
62.32%, 6.24%, 31.33%, and 0.11%, respectively. Phenol, o-methoxy-
(AR, 99%, D &B), phenol, 3-methyl- (AR, 99%, Macklin), and toluene
(AR, 99%, Macklin) were used as lignin model compounds to verify the
catalytic hydropyrolysis mechanism.

MO/ZI‘Oz, NilMO/FEZOg, NilMo/y-A1203, NilMO/TiOZ, and NixMO/
ZrO, catalysts (x represents the Ni/Mo atomic ratio) were prepared by
the wetness impregnation method. The nominal Mo mass content in
these catalysts is set to 10 wt% of the carriers. Ammonium molybdate
tetrahydrate ((NH4)gMo07024-4H50) and nickel nitrate hexahydrate (Ni
(NO3)2-6H20), nano zirconia (ZrO3), nano titanium oxide (TiO3), iron
oxide (FezO3) and alumina (y-Al,O3) were purchased from Aladdin.
Before impregnation, ZrO», y-Aly0O3, FeoO3 and TiO, were calcined in a
muffle furnace at 550 °C for 4 h, respectively. A calculated amount of
metal precursor was dissolved in deionized water. The mixed solution
was added to the calculated amount of metal oxide to form a slurry. The
slurry was heated to 80 °C and stirred for 3 h. The suspension was then
cooled to room temperature and dried at 110 °C overnight. The dried
catalyst was calcined at 550 °C for 4 h and then reduced at 550 °C for 4 h
in the hydrogen with a flow rate of 80 mL/ min. All catalysts were
pelletized, crushed and then sieved into 40-60 mesh.
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2.2. Catalyst characterization

The surface area and porosity of the catalysts were measured by Ny
temperature-programmed-desorption on a Micromeritics ASAP 2460
instrument. Before the measurement, the samples were outgassed under
vacuum at 200 °C for 8 h.

Temperature-programmed desorption of ammonia (NH3-TPD) was
conducted in a Bel Cata II Chemisorption analyzer for the character-
ization and quantification of catalyst’s acid sites. The samples were first
heated to 300 °C at 10 °C/min in 30 mL/min He and held for 1 h to
remove moisture. Then, the temperature was lowered to 50 °C and NH3
was adsorbed for 1 h by flowing 10 vol% NHs/He at 30 mL/min. After
that, purged with He (30 mL/min) for 1 h, the samples were heated to
850 °C at 10 °C/min. The NH3 desorption was recorded using a thermal
conductivity detector (TCD).

The X-ray diffraction (XRD) patterns were collected in a 2-theta
range of 5°-90° at a scanning rate of 5°/min on the X-ray powder
diffractometer (Smartlab 9kw, Rigaku) using Cu Ka (A = 1.5406 A)
irradiation.

The oxidation state of the metal on the sample’s surface was deter-
mined by X-ray photoelectron spectroscopy (XPS) in a Thermo Scientific
K-Alpha with Al Ka monochromatic radiation (hv, 1486.6 eV). The Cls
peak was set to 284.80 eV to internally calibrate the energy scale.

2.3. Catalyst testing

Performance tests of the catalysts were conducted in a tandem micro-
reactor system (Rx-3050 TR, Frontier Laboratories, Japan) equipped
with a high-pressure module. A schematic diagram of the system was
shown in Fig. S.1. Approximately 0.5 mg lignin was pyrolyzed in the 1st
reactor. The pyrolysis vapor was purged to the 2nd reactor by Hy with a
flow rate of 56 mL/min. A quartz tube loaded with 4 mg catalyst was
placed in the 2nd reactor. The temperature of the 1st and 2nd interface
was kept at 300 °C to prevent product condensation. For the verification
experiments using lignin model compounds, the liquid model compound
(1 pL) was directly injected into the 1st reactor through the liquid
sampler for the micro-pyrolyzer by a liquid syringe. Before injecting the
liquid model compound, the liquid syringe was rinsed three times with
the sample to be tested. After injecting the liquid model compound, the
syringe was rinsed three times with acetone. The pyrolysis products
were analyzed on-line by a gas chromatograph (GC) (7890B, Agilent
Technologies, USA) equipped with a flame ion detector (FID), TCD, and
mass spectrometer (MS) (5977B, Agilent Technologies, USA). The GC
oven was programmed for an 8 min held at 30 °C then ramped at 5 °C/
min to 250 °C, after which temperature was held constant for 4 min.

The condensable and non-condensable products were quantified
with external standards. The mass of char formed in the pyrolysis stage
was determined by weighing the mass of the sample cup before and after
the reaction by using a microbalance (XPR10, Mettler Toledo,
Switzerland). To ensure experimental repeatability, all experiments
were performed in triplicate. In this paper, condensable hydrocarbons
are defined as hydrocarbons with a carbon number greater than 4,
including aromatic hydrocarbons, chain alkanes, and cyclic alkanes.
Condensable chain hydrocarbons are defined as chain alkanes with
carbon number greater than 4.

The carbon yield, the selectivity of products, the conversion rate of
the lignin model compound, HCH, and HCHD were calculated by the
equations below, respectively:

Thecarbonmassinproducts

Carbonyieldofproduct = x 100% (€D)]

Thetotalcarbonmassinfeedstock

Thetotalcarbonmassinspecificliquid / gasproducts

Selectivity = x 100%  (2)

Thetotalcarbonmassinliquid | gasproducts

Conversion = (1 — theremainingamountoffeedstock) x 100% 3)
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HCH — Thetotalcarbonyieldinchainhydrocarbonproducts

Thetotalcarbonyieldincycloalkaneproducts )
The ratio of hydrocracking reaction activity to hydrogenation reac-
tion activity is abbreviated as HCH. The chain hydrocarbon products
include gaseous hydrocarbons and condensable chain hydrocarbons. It
is reported that gaseous hydrocarbons and condensable chain hydro-
carbons are produced from pyrolysis vapor by a cracking reaction
[25,26]. The saturation of the benzene ring structure is attributed to the
enhanced hydrogenation reaction activity under the action of the cata-
lyst. Therefore, it is reasonable to use the total yields of gaseous hy-
drocarbons and condensable chain hydrocarbons stand for the
hydrocracking reaction activity and the total yield of cycloalkane
products stands for hydrogenation reaction activity. In order to prove
that the phenolics in the pyrolysis products have nothing to do with the
cracking ability of the catalyst, a milled wood lignin hydropyrolysis
experiment (1.0 MPa H,, pyrolysis temperature: 500 °C, catalytic tem-
perature: 400 °C) was carried out. Relevant discussion is added to the
supplementary file.

Thetotalcarbonyieldinchainhydrocarbonproducts

HCHD (5)

- Thetotalcarbonyieldincondensablehydrocarbonproducts

The ratio of hydrocracking reaction activity to hydrodeoxygenation
reaction activity is abbreviated as HCHD. It is reported that the hydro-
deoxygenation reaction that occurred in lignin pyrolysis vapor produces
condensable hydrocarbons [27-29]. This is also verified in catalytic
hydropyrolysis experiments with lignin model compounds. Therefore, it
is reasonable to use the total yield of condensable hydrocarbon products
stands for the hydrodeoxygenation reaction activity.

3. Results and discussion
3.1. Characterization of catalysts

The basic information of the catalysts used in the hydropyrolysis
experiments is shown in Table 1.

The types of carriers have obvious effects on the physical parameters
of the catalysts. Ni;Mo/Al,03 showed the largest BET specific surface
area, the largest proportion of mesopores, and the smallest mesopore
size (8.23 nm). Yu et al. reported that pores with a pore diameter of
5-10 nm contribute to the hydrogenation conversion of most aromatics
[13]. Compared with the ZrO,, the surface area and total pore volume of
Mo/ZrO, slightly decreased after loading Mo. The surface and pores of
ZrOy were blocked by loading Mo [30]. In addition, the BET specific
surface area, total pore volume, and mesopores proportion of Mo/ZrO,
increased when Ni was introduced. This is because the interaction be-
tween Ni and ZrO, is weak, which inhibits the diffusion of Ni into the
pores of ZrO5 and promotes the formation of mesopores [31].

The XRD pattern of each catalyst is shown in Fig. 1. For ZrOs, the
sharp peaks positioned at 26 = 28.2°, 31.4°, and 34.1° were attributed to
m-ZrO,. A diffraction peak (37.0°) of bulk MoO3 was observed in the
Mo/ZrO,, which suggests that the interaction between Mo and ZrOy is
weak. However, co-impregnation with Ni led to a better dispersion of
MoOs species particles and/or less crystalline Mo species [32], which
were not detectable by XRD in NiyMo/ZrO,. For Ni;Mo/ZrO,, the
obvious peak at 20 = 44.5° was attributed to the metallic nickel phase
(JCPDS 87-0712), indicating that the main active site of Ni;Mo/ZrO,
may be the reduced metallic nickel [33].

For Ni;Mo/TiO,, diffraction peaks at 27° and 36° indicated the ex-
istence of the rutile crystallites (JCPDS 88-1175), while the diffraction
peaks at 25°, 48°, 54°, 55°, 69°, and 71° indicated the presence of
anatase (JCPDS 84-1286), which is the majority phase in TiO. For
Ni;Mo/y-Alx03, the diffraction peaks at 73.2°, 45.8°, and 66.8° indi-
cated the presence of y-Al;03 (JCPDS 010-0425). For the Ni;Mo/Fe;0s3,
all the diffraction peaks were well matched with the standard pattern of
a-Fep03 (JCPDS 33-0664). An obvious kamacite diffraction peak (44.7°,
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Table 1
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Textural properties of the catalysts used in hydropyrolysis experiments. (The  in Ni,Mo-doped catalysts represents the Ni/Mo molar ratio.).

Sample Spet” (m?/g) Viotal” (cm®/g) Mesopore size® (nm) Pore Contribution (%) Total acidity” (mequiv-NH3/g)
Micropores Mesopores

Ni;Mo/Fe,03 9.86 0.05 21.51 0.63 28.84 0.016

Ni;Mo/Al>O3 88.08 0.19 8.23 0.50 78.44 0.357

Ni;Mo/TiO, 49.09 0.20 16.80 0.41 59.47 0.095

Ni;Mo/ZrO, 10.08 0.05 22.95 0.93 47.23 0.227

NiMo/ZrO, 10.60 0.07 20.06 1.31 40.23 0.293

Mo/ZrO4y 5.92 0.03 21.90 1.33 23.90 0.113

ZrOq 7.68 0.04 22.24 1.29 27.31

@ BET surface area is calculated from the adsorption branch of the N, isotherm.

b Total pore volumes are calculated from the N, adsorption at a relative pressure of 0.99.
¢ Mesopore diameter is calculated from the adsorption branch using the BJH method.

4 Total NH; desorption amount in the NH3-TPD.

* Ni e MoO; 4 Kamacite

. Ni,Mo/ZrO,

Ni,Mo/ZrO,

. Mo/Zr0O,

Intensity (a.u.)

ZrO,

Ni,Mo/TiO,

Ni,Mo/AL,O;

A Ni;Mo/Fe,05

10 20 30 40 50 6 70 8 90
20 ()

Fig. 1. X-ray diffraction patterns of the catalysts used in hydropyrolysis
experiments.

PDF 37-0474) was detected on Ni;Mo/Fe;03, which shows that an alloy
structure is formed between Fe and Ni. However, none of them detected
obvious Ni species and Mo species, indicating that the metal species with
low loading (about 5% Ni loading and 10% Mo loading) are well
dispersed on these carriers [13].

The acidity of the catalysts analyzed by NH3-TPD is shown in Fig. 2.

620°Ci  Ni;Mo/ALO,

z Tt Ni;Mo/ZrO,
£ Ni;Mo/ZrO,
= |
= 1172°C Mo/ZrO,
/7':1% °C
Tl , 414 °C Ni,Mo/TiO,
! :
1134 °C Ni,Mo/Fe,0;
1 — 1 T 1 ' I ' I ! I N I ' 1
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2. NH;3-TPD profiles of the catalysts used in hydropyrolysis experiments.

The total amount of NH3 adsorbed for catalysts is summarized in
Table 1. A clear peak at about 172 °C was detected, indicating that Mo/
ZrO3 has weak acidic sites. It is worth noting that Ni;Mo/ZrO, exhibited
strong acid sites at about 420 °C, which indicates that the introduction of
Ni can increase the strong acidity of the catalysts. With the increase of Ni
loading, the total acidity of NiyMo/ZrO; increased from 0.227 mmol/g
to 0.293 mmol/g, which is related to the agglomeration of Ni [34]. The
sharper diffraction peak of Ni in XRD also proved the occurrence of
agglomeration. Ni;Mo/TiO, had moderate acidity (0.095 mmol/g),
showing weak acid sites at about 156 °C and strong acid sites at about
414 °C. Ni;Mo/Fe203 was weakly acidic, showing only weak acidic sites
at 134 °C. Ni1Mo/Al,03 had the strongest acidity (0.357 mmol/g), with
obvious peaks at 135 °C, 413 °C, and 620 °C. Too many strong acid sites
of Ni;Mo/Al;0O3 may lead to stronger cracking ability, which will
remove the branches in the lignin structure and produce gaseous hy-
drocarbons [35].

The electronic interaction between Ni and Mo was investigated by
XPS. The proportions of Mo and Ni in different valence states are
described in Fig. 3. With the increase of Ni loading, the proportion of Ni’
increased from 7% to 33%. The weak interaction between Ni and ZrO,
makes NiO mainly stay on the surface of ZrO,, so it is easier to be
reduced by Hy. According to Fig. 3 (a), Mo®", Mo®*, Mo** existed on the
surface of Mo/ZrO,. Mo®* occupied the largest proportion (48%), which
makes the catalytic activity of Mo/ZrO, weaker. Compared to Mo/ZrO,
the proportion of Mo®* dropped significantly from 48% to 27%, and the
proportion of Mo*" and Mo>* increased from 32% and 0% to 52% and
13%, respectively, in NioMo/ZrO,. The loading of Ni greatly promoted
the reduction of Mo species, which may be the reason for the increase in
catalyst activity. This also shows that the activity of the NiMo-doped
catalysts mainly depends on the intermediate oxidation species (Ni°,
Mo**, and Mo>*) with a large proportion.

3.2. NiMo-doped catalysts screening

To screen a catalyst that can achieve high yield of condensable hy-
drocarbons and low selectivity of polyaromatics, the performance of
four NiMo-doped catalysts under 1.0 MPa hydrogen was analyzed and
shown in Fig. 4. The order of increasing yield of condensable hydro-
carbon products was Ni;Mo/y-Al;03 (14.03¢%) < Ni;Mo/TiO, (16.09¢
%) < Ni;Mo/Fe303 (17.94c%) < NijMo/ZrO, (25.82c¢%). The strong
acidity of Ni;Mo/y-Al;03 as indicated by the NH3-TPD results led to
enhanced deoxygenation and cracking capability, resulting in the
highest selectivity of total hydrocarbons as well as the lowest yield of
condensable hydrocarbon. The moderate acidity (0.227 mmol/g) of
Ni;Mo/ZrO5 makes it have suitable cracking and deoxidation capability
under the hydropyrolysis conditions. The order of increasing selectivity
of polyaromatics in condensable hydrocarbon products was Ni;Mo/
y-Al;03 (0) < NijMo/Fez03 (0.60%) < NijMo/ZrO2 (4.37%) < Ni;Mo/
TiO4 (7.58%). Compared to zeolite catalysts with a selectivity of about
25% [8], NiMo-doped metal oxide catalysts exhibit extremely low
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27:8:52:13
Ni,Mo/ZrO,
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Fig. 3. XPS spectra of NiyMo/ZrO, catalysts in the ranges of (a) Ni 2p3,» and
(b) Mo 3d. The ratios displayed correspond to the proportion of oxidation states
of Mo®", Mo®", Mo*", Mo®*, Ni**, and Ni°.

polyaromatics selectivity due to the different hydrodeoxygenation
mechanisms. Aromatic hydrocarbons containing phenolic or methyl
groups and five-carbon ring substances will gradually polymerize at
high temperature into chemically stable polyaromatics [36]. For zeolite-
based catalysts, the formation of low molecular weight aromatic hy-
drocarbon groups on the catalyst may undergo an aromatization reac-
tion inside the catalyst pores to generate polyaromatics [37]. The strong
cracking ability and small pore volume of NiMo-doped metal oxide
catalysts in this study are not conducive to the formation of poly-
aromatics by aromatic hydrocarbon groups through aromatization
reaction.

To reduce hydrogen consumption, the generation of gaseous hy-
drocarbons, especially methane, should be minimized. The increasing
trend of the yield of gaseous hydrocarbons and methane yield was
consistent, and the increasing order was Ni;Mo/TiO, (gaseous hydro-
carbons-7.26¢%, methane-6.56¢%) < NijMo/ZrO, (gaseous hydrocar-
bons-14.54c%, methane-13.04c%) < NijMo/Fe;O3 (gaseous
hydrocarbons-20.22¢%, methane-19.42¢c%) < Ni;Mo/y-Al,O3 (gaseous
hydrocarbons-25.05¢%, methane-20.58¢%). Ni;Mo/ZrO, showed a
lower yield of gaseous hydrocarbons due to the moderate acidity of
Ni;Mo/ZrO,, small pore volume and BET specific surface area, which
reduces its hydrocracking capacity [38]. Based on the above

Applied Energy 316 (2022) 119115

CHC: saturated cycloalkanes.

MAH: monocyclic aromatic hydrocarbon.

PAH: polycyclic aromatic hydrocarbons.

CCH: condensable chain hydrocarbons with carbon number greater than 4.

8CCH @aCHC BMAH OPAH 8 Alcohols Phenolics

25

20

Yield (C%)
P
wn

10
5
0
Ni;Mo/Fe,0; Ni;Mo/y-ALL,O; Ni,Mo/ZrO, Ni;Mo/TiO,
(a)
@ Carbon monoxide OMethane OEthane OCarbon dioxide
OEthylene OPropane OPropylene @ Butene
30
25 230
Las 124
20 149
~
°\° 2.33
S
= 15
&
>.‘ 19.42 .
= 227
10 13.04 3
6.56.
5
—— ‘EZJIb- = -

Ni,Mo/Fe,0; NijMo/y-ALO; Ni,Mo/Z1rO, Ni,Mo/TiO,

(b)

Fig. 4. Influence of carrier types of NiMo-doped catalysts on product distri-
bution of lignin hydropyrolysis: (a) condensable vapor, (b) gaseous product.
(1.0 MPa H,, pyrolysis temperature: 500 °C, catalytic temperature: 400 °C.).

quantitative data, in this study, Ni;Mo/ZrO, was selected as the optimal
catalyst with high condensable hydrocarbon yield, low polyaromatics
yield, and low gaseous hydrocarbons yield for lignin hydropyrolysis.

3.3. Qualitative evaluation of catalytic performance

In the process of biomass catalytic hydropyrolysis, hydrocarbon
products in bio-oil are mainly generated by hydrocracking reaction,
hydrogenation reaction and hydrodeoxygenation reaction. The hydro-
cracking reaction generates gaseous hydrocarbon products by
consuming condensable hydrocarbon products and hydrogen [25],
which is not conducive to improving the yield of bio-oil. While the hy-
drogenation reaction, which saturates the benzene ring with hydrogen
[39], can increase the calorific value of the liquid products. The intensity
of the hydrodeoxygenation reaction, which uses hydrogen to remove the
oxygen in the pyrolysis volatiles in the form of water [40], is critical to
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the oxygen content of the liquid products. Therefore, in order to effi-
ciently utilize the external hydrogen source in the production of high-
quality bio-oil, it is necessary to study which reactions (hydro-
deoxygenation, hydrogenation and hydrocracking) hydrogen tends to be
consumed over the NiMo-doped catalysts.

HCH is introduced as a parameter to evaluate the relationship be-
tween hydrocracking reaction activity and hydrogenation reaction ac-
tivity of the NiMo-doped catalysts. The increase in HCH indicates that
hydrogen is more favored to be consumed by hydrocracking reaction
than by hydrogenation reaction. As is shown in Fig. 5 (a), the increasing
order of HCH value at 1.0 MPa was Ni;Mo/Fe03 (12.51) < Ni;Mo/ZrO4
(19.40) < NilMO/Ti02 (31.71) < NilMO/y-Alzo3 (41.27). NilMO/ZI'02
showed a lower HCH value, which indicates that hydrogen is more likely
to be consumed by hydrogenation on Ni;Mo/ZrO than on other cata-
lysts. It can be seen from Fig. 5 (a) that when the hydrogen pressure
increased from 1.0 MPa to 3.0 MPa, regardless of the types of catalysts,
the HCH value decreased significantly, but was greater than 1, which
indicates that the intensity of the hydrogenation reaction is gradually
increasing relative to the hydrocracking reaction. This is beneficial for
the efficient use of hydrogen to generate condensable hydrocarbon
products. The reason for this trend is that the increasing hydrogen
pressure prolonged the residence time of pyrolysis volatiles, which
promotes the hydrogenation reaction of the benzene ring and secondary
reactions of small molecules. However, a large number of chain hy-
drocarbon groups and methoxy groups on the branched-chain structure
of lignin were easier to crack into gaseous hydrocarbons with a longer
residence time, so the reaction was still mainly hydrocracking reaction

GHC: gaseous hydrocarbon products
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Fig. 5. Influence of hydrogen pressures and different NiMo-doped catalysts on
(a) HCH, (b) HCHD. (Pyrolysis temperature: 500 °C, catalytic tempera-
ture: 400 °C.).
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[41].

HCHD is used to evaluate the relationship between hydrocracking
reaction activity and hydrodeoxygenation reaction activity of NiMo-
doped catalysts. The increase in HCHD indicates that hydrogen is
more likely to be consumed by hydrocracking reaction than by hydro-
deoxygenation reaction. As is shown in Fig. 5 (b), the increasing order of
HCHD value at 1.0 MPa was Ni;Mo/TiO, (0.62) < Ni;Mo/ZrO5 (0.77) <
Ni;Mo/Fe;03 (1.36) < NijMo/y-Aly03 (2.25). The value of HCHD is
close to 1 compared to the value of HCH, which indicates that the
hydrodeoxygenation reaction activity and the hydrocracking reaction
activity are comparable. This is due to Ni promotes the formation of
Mo** and Mo®", which may consume the activity of Ni and enhance the
activity of Mo. It is worth noting that the HCHD value of Ni;Mo/ZrO at
1.0 MPa Hy was less than 1, which reveals that the hydrogen is mainly
utilized by hydrodeoxygenation reaction over Ni;Mo/ZrOs. This helps to
improve the selectivity of hydrocarbons in liquid products. Moreover,
regardless of the types of NiMo-doped catalysts, as the hydrogen pres-
sure increased, the HCHD value showed an upward trend. Compared
with hydrodeoxygenation reaction, the increase of hydrogen pressure
tends to consume hydrogen in the way of hydrocracking reaction. In
order to increase the yield of condensable hydrocarbon products and
increase the calorific value of liquid products, hydrogen should be uti-
lized through hydrogenation and hydrodeoxygenation. Therefore,
NijMo/ZrO, catalysts with low HCH value and HCHD value are
considered to be the optimal catalysts for catalytic hydropyrolysis of
lignin to produce hydrocarbon liquid products.

HCH and HCHD can help us determine in which way the hydrogen is
mainly utilized over hydrodeoxygenation catalysts, which can guide the
screening of catalysts for specific purposes. Meanwhile, the influence of
different reaction variables (such as reaction temperature, reaction
pressure) on the way the hydrogen is consumed in the catalytic pyrolysis
process can also be qualitatively observed. However, it must be
emphasized that HCH and HCHD can only provide qualitative guidance
and cannot quantitatively assess the activity of the reaction taking place
over the catalysts.

3.4. Synergistic mechanism of Ni and Mo

To study the synergistic mechanism of Ni and Mo, NiyMo/ZrO2 with
different Ni/Mo molar ratios were tested during lignin hydropyrolysis.
The results are shown in Table 2. The yield of phenolics decreased
sharply with the increase of the Ni loading, followed by Mo/ZrO,
(12.15¢%) > Ni;Mo/ZrO5 (0.16¢%) > NisMo/ZrO, (0). The XPS results
showed that the increase of Ni loading promotes the formation of Mo**
and Mo>* on the surface of the NiyMo/ZrO,, which will promote the
hydrodeoxygenation ability of the catalyst. The decreasing trend of
phenolic products with increasing Ni loading is consistent with this
inference. Leshkov et al. [42] reported Mo has the most obvious effect on
the removal of phenolic methoxy groups. Thus, in order to highlight that
the synergistic effect of Ni and Mo promotes the removal of the phenolic
methoxy group, it is necessary to analyze the methoxy phenolics in the
products. The yield of methoxy phenolics decreased with the increase of
the Ni loading, followed by Mo/ZrO5 (4.67¢c%) > Ni;Mo/ZrO5 (0.16c%)
> NigMo/ZrOz (0). The decrease in the yield of methoxy phenolics also
proved again the importance of the synergistic effect of Ni and Mo in
promoting the removal of methoxy phenolics. In addition, with the
introduction of Ni, CO showed a downward trend. Under the action of
the NioMo/ZrO,, the CO yield was only 3.10c% due to the interaction
between Ni and Mo, which enhances the ability of Mo to deoxidize in the
form of water through oxygen vacancies.

However, an excessive increase in Ni loading can also have a nega-
tive effect on the formation of condensable hydrocarbon products. With
the increase of Ni loading, the total liquid yield first increased and then
decreased, followed by Ni;Mo/ZrO (25.98¢%) > NisMo/ZrO; (19.76c¢
%) > Mo/ZrO- (16.83c%). When the molar ratio of Ni to Mo increased
from 1 to 2, the yield of polyaromatics also decreased from 1.13¢% to 0.
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Table 2
Products from lignin catalytic hydropyrolysis over different catalysts. (1.0 MPa
H,, 500 °C pyrolysis temperature, 400 °C catalytic temperature.).

Yield, ¢c% Mo/ Ni;Mo/ Ni,Mo/
Zr0, Zr0O, ZrOy

Condensable chain hydrocarbons (C

greater than 4)
n-Hexane 1.07 4.35 3.73
Heptane 0.00 0.18 0.00
Heptane, 3-methyl- 0.00 0.28 0.16
Octane 0.00 0.26 0.00
Subtotal 1.07 5.07 3.88
Saturated cycloalkanes
Cyclohexane 0.00 0.49 0.50
Cyclohexane, methyl- 0.00 0.49 0.57
Cyclohexane, ethyl- 0.00 0.17 0.14
Cyclohexane, propyl- 0.00 0.13 0.08
Subtotal 0.00 1.27 1.29
Monocyclic aromatics
Benzene 0.23 2.56 2.55
Toluene 0.89 5.92 5.79
Benzene, ethyl- 0.61 4.30 3.45
Benzene, propyl- 0.39 3.75 2.27
Benzene, 1-methyl-3-propyl- 0.27 1.82 0.53
Subtotal 2.38 18.35 14.59
Polyaromatics
Naphthalene 0.00 0.46 0.00
Naphthalene, 1-methyl- 0.89 0.29 0.00
Biphenyl 0.13 0.27 0.00
1,1’-Biphenyl, 3-methyl- 0.21 0.11 0.00
Subtotal 1.23 1.13 0.00
Phenolic
Phenol 1.37 0.00 0.00
Phenol, 2-methyl- 2.80 0.00 0.00
Phenol, 2,5-dimethyl- 2.00 0.00 0.00
Phenol, 2-ethyl-4-methyl- 0.91 0.00 0.00
2-Methyl-6-propylphenol 0.39 0.00 0.00
Benzene, methoxy- 0.00 0.16 0.00
Phenol, 2-methoxy- 0.95 0.00 0.00
Phenol, 2-methoxy-4-methyl- 1.50 0.00 0.00
3,4-Dimethoxytoluene 0.18 0.00 0.00
Phenol, 4-ethyl-2-methoxy- 1.55 0.00 0.00
Phenol, 2-methoxy-4-propyl- 0.49 0.00 0.00
Subtotal 12.15 0.16 0.00
Total liquid 16.83 25.98 19.76
Gas
co 5.95 3.71 3.10
CH4 4.43 13.04 17.31
CO, 1.72 2.33 2.50
C3Hg 0.72 1.49 1.39
C3Hg 0.00 0.00 1.11
Total Gas 12.82 20.57 25.42
Char (wt%) 28.34 28.45 28.94
HCH none 3.03 18.42
HCHD 1.33 1.00 1.20
Char yield® 54.02 71.02 70.07

# According to previous research [8,43], the carbon content of char obtained
from lignin hydropyrolysis at 500 °C and 1.0 MPa H, is assumed to be 86%.

With the increase of Ni loading, the hydrocracking reaction was
enhanced, which leads to the above phenomenon. With the increase of
Ni loading, the yield of gaseous hydrocarbons was followed by NizMo/
ZrO3 (19.81¢%) > NijMo/ZrO;y (14.53¢%) > Mo/ZrO, (5.15¢%). The
value of HCHD followed by Mo/ZrO5 (1.33) > NiyMo/ZrO, (1.20) >
Ni;Mo/ZrO (1.00). The changes in the yield of gaseous hydrocarbons
and HCHD value indicated that too much Ni made Ni;Mo/ZrO3 catalyst
exhibit excessive hydrocrack ability, which in turn leads to the transfer
of carbon to gaseous hydrocarbons products. Therefore, when the molar
ratio of Ni/Mo in NiMo-doped ZrOs is 1, it is most favorable for the
catalytic hydropyrolysis of lignin to generate condensable hydrocarbon
products.
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3.5. Catalytic hydropyrolysis mechanism of lignin

Phenol, o-methoxy-, phenol, 3-methyl-, and toluene, as the main
products of lignin hydropyrolysis, were used as model compounds to
verify the evolution of lignin hydropyrolysis volatiles on NiyMo/ZrO,
catalysts. The results are shown in Table 3.

For Mo/ZrO,, saturated cycloalkanes and condensable chain hy-
drocarbons were not detected from all the three model compounds.
When phenol, o-methoxy- was used as feedstock, the yield of non-
methoxy phenolics was 68.14c%, while the yield of methoxy pheno-
lics was only 3.95c%. Mo shows excellent catalytic performance for
removing phenolic methoxy groups. When phenol, 3-methyl- was used
as feedstock, only phenol (0.18¢%) and monocyclic aromatics (5.52¢%)
were produced, which indicates that Mo/ZrO5 has a limited ability to
remove phenolic hydroxyl groups. Toluene almost did not convert,
which confirms that Mo/ZrO5 does not have strong hydrocracking ac-
tivity. When phenol, o-methoxy- containing methoxy groups was used as
feedstock, methane (6.01c%) was generated, which indicates that the
methoxy groups of phenolics may be directly removed from the methyl
group. Free methyl groups combined with hydrogen to form methane.

With the introduction of Ni, the yield of non-methoxy phenolics from
phenol, o-methoxy- hydropyrolysis decreased from 68.14c% (Mo/ZrO5)
to 29.59¢% (Ni;Mo/ZrO,), which infers that Ni greatly improves the
ability of the catalyst to remove phenolic hydroxyl groups. The yield of
methoxy phenolics was also slightly reduced from 3.95¢% (Mo/ZrO>) to
1.85¢% (Ni;Mo/ZrO5), which shows that the interaction between Ni and
Mo may promote the ability of Mo to remove methoxy groups. For
Ni;Mo/ZrO5, when phenol, 3-methyl- was used as feedstock, the liquid
products from hydropyrolysis experiments were 0.10c% phenol, 0.32¢%
condensable chain hydrocarbons, 3.39c¢% gaseous hydrocarbons, and
31.21c¢% monocyclic aromatics. The oxygen component was only 0.1 c%
of phenol, which once again proved that Ni has a strong ability to
remove phenolic hydroxyl groups. When toluene was used as feedstock,
the yield of saturated cycloalkanes increased from O to 1.28¢%, which
indicates that Ni improves the ability of the catalyst to hydrogenate the
benzene ring structure. The yields of condensable chain hydrocarbons
and methane also increased from 0 and 0 to 0.51¢% and 12.89¢%,
respectively, which reveals that the introduction of Ni leads to an
excessively enhanced hydrocracking capacity.

The increase of Ni loading resulted in the formation of monocyclic
aromatics and condensable chain hydrocarbons in the lignin model
compounds hydropyrolysis. The total yield of condensable hydrocarbon
products and gaseous hydrocarbons showed an increasing trend with the
increase of Ni loading. For phenol, o-methoxy-, when the molar ratio of
Ni and Mo increased from 1 to 2, the yield of condensable hydrocarbon
products and gaseous hydrocarbons increased from 29.83¢% and 7.53c
% to 33.50c% and 10.37c%, respectively. The results showed that the
increased loading of Ni greatly improves the hydrocracking ability of the
catalyst.

To show the catalysis of NijMo/ZrO; more clearly, the evolution
path of volatiles from lignin hydropyrolysis over the Ni;Mo/ZrO cata-
lyst is depicted in Fig. 6. The methoxy groups in the phenolic monomers
obtained from lignin hydropyrolysis are preferentially removed by Mo
to generate non-methoxy phenolics. Non-methoxy phenolics first are
removed phenolic hydroxyl groups to generate aromatic hydrocarbons
under Ni catalysis, and then aromatic hydrocarbons generate saturated
cycloalkanes through hydrogenation reaction. Saturated cycloalkanes
are further broken to form condensable chain hydrocarbons.

4. Conclusion

The catalytic hydropyrolysis experiments of lignin and its model
compounds were carried out over NiMo-doped catalysts with different
carriers and Ni/Mo molar ratios. The catalyst with Ni/Mi ratio of 1 with
ZrOy as carrier (NijMo/ZrO,) exhibits excellent catalytic activity in
lignin catalytic hydropyrolysis at 1.0 MPa Hz and 400 °C catalytic
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Table 3
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Products from catalytic hydropyrolysis of phenol, o-methoxy-, phenol, 3-methyl-, and toluene. (1.0 MPa H,, 500 °C pyrolysis temperature, 400 °C catalytic

temperature.).

Compound, c¢% Mo/ZrO, Ni;Mo/ZrO, Ni;Mo/ZrO,

phenol, o- phenol, 3- toluene  phenol, o- phenol, 3- toluene  phenol, o- phenol, 3- toluene

methoxy- methyl- methoxy- methyl- methoxy- methyl-
Condensable chain hydrocarbons

(C greater than 4)

Pentane 0.00 0.00 0.00 1.16 0.11 0.15 1.79 0.13 0.17
1-Pentene 0.00 0.00 0.00 0.00 0.03 0.18 0.46 0.35 0.20
n-Hexane 0.00 0.00 0.00 0.27 0.00 0.18 0.06 0.11 0.25
3-Hexene, (Z)- 0.00 0.00 0.00 0.10 0.17 0.00 0.36 0.00 0.00
Subtotal 0.00 0.00 0.00 1.54 0.32 0.51 2.68 0.59 0.61
Saturated cycloalkanes
Cyclohexane 0.00 0.00 0.00 4.46 0.21 0.31 5.00 0.40 0.31
Cyclohexane, methyl- 0.00 0.00 0.00 0.41 3.18 0.97 0.72 6.29 0.95
Subtotal 0.00 0.00 0.00 4.86 3.39 1.28 5.71 6.69 1.26
Monocyclic aromatics
Benzene 0.65 0.00 2.19 17.31 0.94 3.56 18.19 1.55 4.85
Toluene 1.17 5.52 97.07 5.48 30.12 82.89 5.76 44.83 74.16
Benzene, 1,4-dimethyl- 0.00 0.00 0.00 0.20 0.16 0.24 0.61 0.24 0.29
Benzene, ethyl- 0.00 0.00 0.00 0.09 0.00 0.05 0.15 0.00 0.06
Subtotal® 1.82 5.52 2.19 23.09 31.21 3.85 24.70 46.62 5.20
Polyaromatics
Bibenzyl 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.00
Diphenylmethane 0.00 0.00 0.00 0.34 0.00 0.00 0.22 0.00 0.00
Subtotal 0.00 0.00 0.00 0.34 0.00 0.00 0.40 0.00 0.00
Phenolics
Benzene, methoxy- 3.34 0.00 0.00 1.67 0.00 0.00 1.56 0.00 0.00
Phenol 32.28 0.18 0.00 16.08 0.10 0.00 15.94 0.11 0.00
Phenol, o-methoxy- 23.89 0.00 0.00 8.36 0.00 0.00 7.82 0.00 0.00
Phenol, 3-methyl- 29.96 68.78 0.00 12.17 34.10 0.00 11.78 11.75 0.00
Benzene, 1-methoxy-3-methyl- 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene, 1,2-dimethoxy- 0.31 0.00 0.00 0.18 0.00 0.00 0.14 0.00 0.00
Phenol, 2,3-dimethyl- 2.38 0.00 0.00 1.33 0.00 0.00 1.46 0.00 0.00
Catechol 2.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Subtotal® 71.09 0.18 0.00 31.44 0.10 0.00 30.88 0.11 0.00
Total liquid yield® 72.92 5.70 2.19 61.27 69.12 5.64 64.38 54.01 7.07
Gas
co 0.36 0.00 0.00 0.63 0.66 0.00 0.57 1.34 0.00
CH,4 6.01 0.00 0.00 6.62 212 12.89 8.71 2.25 16.37
CoHy 0.00 0.00 0.00 0.18 0.07 1.17 0.36 0.11 1.42
CsHe 0.00 0.00 0.00 0.23 0.50 0.99 0.42 0.49 1.21
C4Hg 0.00 0.00 0.00 0.50 0.33 0.38 0.88 0.34 0.73
Total gas yield 6.37 0.00 0.00 8.15 3.68 15.43 10.94 4.52 19.73
Total condensable hydrocarbon 1.82 5.52 2.19 29.83 34.92 5.64 33.50 53.90 7.07
Non-methoxy phenolics® 67.14 0.18 0.00 29.59 0.10 0.00 29.18 0.11 0.00
Methoxy-phenolics® 3.95 0.00 0.00 1.85 0.00 0.00 1.70 0.00 0.00
Carbon balance 103.17 74.48 99.26 77.78 72.80 103.96 83.13 70.28 100.96
Conversion% 76.11 31.22 2.93 91.64 65.90 100.00 92.18 88.25 99.94

# Did not include the remaining amount of feedstock.

temperature. Over the Ni;Mo/ZrO, catalyst, the highest yield of con-
densable hydrocarbons was 25.82¢c%. High yield of condensable chain
hydrocarbons (5.31¢%) and monocyclic aromatics (18.35¢%) were ob-
tained. Meanwhile, the formation of methane was suppressed due to the
optimal NiMo molar ratio and carrier, which leads to moderate hydro-
cracking capacity. The XPS results indicate that the activity of NiyMo/
ZrO, mainly depends on Ni’, Mo*", and Mo®". The synergistic effect of
Ni and Mo promotes the removal of the phenolic methoxy group. When
the molar ratio of Ni/Mo in NiMo-doped ZrO- is 1, it is most favorable
for the catalytic hydropyrolysis of lignin to generate condensable hy-
drocarbon products.

To qualitatively evaluate the catalytic performance of NiMo-doped
catalysts, two coefficients of HCH and HCHD were introduced.
Compared to other NiMo-doped catalysts, the lower HCH value (19.40)
and HCHD value (0.77) of Ni;Mo/ZrO; at 1.0 MPa H, infers that
hydrogen was efficiently utilized through hydrogenation and hydro-
deoxygenation over NijMo/ZrO,. The increase of hydrogen pressure
makes the HCH value decrease and the HCHD value increase, which
indicates that the increase of hydrogen pressure tends to utilize
hydrogen through hydrogenation reaction and hydrocracking.

The results of the lignin model compound hydropyrolysis show that
Mo promotes the cleavage of phenolic methoxy groups. Ni promotes the
cleavage of phenolic hydroxyl groups and the hydrogenation reaction of
benzene ring. The evolution process of lignin hydropyrolysis volatiles
under the effect of NijMo/ZrO, was clarified. During lignin catalytic
hydropyrolysis, the methoxy phenolics are preferentially removed
methoxy groups by Mo, while the phenolics of non-methoxy group are
catalyzed by Ni to remove the phenolic hydroxyl groups to generate
aromatics. Under the catalysis of Ni, aromatics generate saturated
cycloalkanes through hydrogenation reaction, which will be further
broken to form condensable chain hydrocarbons.
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