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Abstract: Catalytic hydropyrolysis via the introduction of external hydrogen into catalytic pyrolysis
process using hydrodeoxygenation catalysts is one of the major approaches of bio-oil upgrading.
In this study, hydrodeoxygenation of acetone over Mo/HZSM-5 and HZSM-5 were investigated
with focus on the influence of hydrogen pressure and catalyst deactivation. It is found that doped
MoO3 could prolong the catalyst activity due to the suppression of coke formation. The influence of
hydrogen pressure on catalytic HDO of acetone was further studied. Hydrogen pressure of 30 bar
effectively prolonged catalyst activity while decreased the coke deposition over catalyst. The coke
formation over the HZSM-5 and Mo/HZSM-5 under 30 bar hydrogen pressure decreased 66% and
83%, respectively, compared to that under atmospheric hydrogen pressure. Compared to the test with
the HZSM-5, 35% higher yield of aliphatics and 60% lower coke were obtained from the Mo/HZSM-5
under 30 bar hydrogen pressure. Characterization of the spent Mo/HZSM-5 catalyst revealed the
deactivation was mainly due to the carbon deposition blocking the micropores and Bronsted acid
sites. Mo/HZSM-5 was proved to be potentially enhanced production of hydrocarbons.

Keywords: hydrodeoxygenation; biomass; hydropyrolysis; MoO3; bifunctional catalysts

1. Introduction

Lignocellulosic biomass, as a potentially CO2 neutral energy source, has gained
widespread attention [1]. Fast pyrolysis is considered to be one of the most effective
biomass conversion technologies [2]. However, the bio-oil, produced from biomass fast
pyrolysis, has a number of undesirable properties such as low stability, low heating value
and high acidity [3,4]. These disadvantages are mainly caused by the high oxygen con-
tent of biomass, which hinders the crude bio-oil from integrating with the downstream
upgrading process [5]. Catalytic pyrolysis using some deoxygenated catalysts such as
zeolites is an attractive approach to remove excessive amount of oxygen [6–8]. Catalytic
pyrolysis involves the cleavage of C–C bonds related to dehydration, decarboxylation, and
decarbonylation [9,10]. Deoxygenation is normally occurred by the formation of CO and
CO2, which results to the carbon lose during the catalytic pyrolysis process. A significant
amount of coke formation has also been reported due to the hydrogen deficient nature (low
H/Ceff ratio) of biomass feedstock compared to the petroleum crude [11,12].

Another major upgrading approach is catalytic hydropyrolysis (CHP) via introduc-
ing external hydrogen into catalytic pyrolysis process using hydrodeoxygenation cata-
lysts [5]. CHP was reported to increase the yield of hydrocarbons and decrease the yield of
coke [13–15]. The Gas Technology Institute (GTI) developed a process named Integrated
Hydropyrolysis and Hydroconversion (IH2), which could produce gasoline and diesel
range hydrocarbons directly from biomass [16,17]. This process includes a catalytic fast
pyrolysis stage and an online upgrading stage. The catalytic fast pyrolysis was conducted
in a fluid bed reactor, the pyrolysis temperatures are 335–470 ◦C and the hydrogen pressure
is 20–25 bar. The online upgrading stage is conducted in a fix bed reactor and the catalytic
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temperature is 345–400 ◦C. Liquid yield produced from this process is normally in the range
of 26 to 30 wt % and the oxygen contents are typically lower than 0.5 wt %, depending on the
types of feedstock. Transition metal oxides based catalysts were widely applied in previous
biomass hydropyrolysis studies [18,19]. MoO3 was first reported to effectively hydrodeoxy-
genate oxygenated compounds at atmospheric hydrogen by Román-Leshkov’s group [20].
They tested several model compounds of bio-oil (e.g., acetone, anisole and 2-methylfuran)
and found MoO3 had a high deoxygenating activity, especially direct hydrodeoxygena-
tion. The mechanism of hydrodeoxygenation was reported to follow a reverse Mars-van
Krevelen mechanism. In this mechanism, O-vacancy is created by reduction with hydrogen
and then promotes the adsorption of oxygenates at the vacancy. Shanks et al. studied the
HDO performance of MoO3 over cellulose pyrolysis model compounds under atmosphere
pressure [21]. They reported that the deoxygenation reactivity of oxygen-containing func-
tional groups for MoO3 followed the order: C–OH > C=O > C–OC. They supposed that
ketones and alcohols tend to be directly hydrodeoxygenated and form alkenes. The alkenes
may be further hydrogenated and converted to alkanes. Yuriy et al. further studied the
MoO3 based heterogeneous catalysts and found TiO2 and ZrO2 could stabilize the active
MoO3 species [22]. 1 to 36 wt % MoO3 supported ZrO2 were also applied into the HDO
process and the influence of supporting amount of heterogeneous catalysts over HDO
was investigated [23]. They found that 15 wt % MoO3 supported ZrO2 performed the
highest catalytic activity. When the loading amount of MoO3 increased to 25 wt % and
36 wt %, the crystallites of MoO3 were formed and no significant enhancement of the HDO
reactivity was observed. Some researchers also investigated the metal supported zeolites
bifunctional catalysts over biomass catalytic hydropyrolysis, which have both effective
hydrodeoxygenation and shape selectivity properties. Yuan et al. studied the pyrolysis of
different types of lignin using Mo and Ni modified ZSM-5 under both helium and hydrogen
atmosphere [24]. They found that 2 wt % Mo/ZSM-5 could remarkably increase the yield of
aromatics and reduce the coke under hydrogen atmosphere, but may slightly decrease the
total hydrocarbon yields. Jensen et al. evaluated a series of metal-modified ZSM-5 under
hydrogen atmosphere [19]. In generally, most of the metal modified ZSM-5 enhanced the
formation of hydrocarbons and decreased the coke. Rather higher deoxygenation activity
was observed over Ni, Mo and Pt. They also suggested MoO3 modified ZSM-5 should be
further investigated at larger scale under hydrogen atmosphere. Sushil et al. tested four
metal-modified ZSM-5 (Ni, Mo, Pt and Co) under 100–300 psi hydrogen atmosphere [25].
They found the higher hydrogen pressure have no effect on the formation of aromatics over
HZSM-5. However, with the increase of hydrogen pressure, the yield of aromatics over Mo
modified HZSM-5 increased. A lot of types of metal supported zeolite have been tested
and proved to be able to decrease the coke formation of zeolite and promote the catalytic
process. However, few studies focus on how the doped metal of bifunctional catalysts
promote the hydropyrolysis process and decrease the coke formation of zeolite.

In this article, we tested HDO of biomass hydropyrolysis vapors over HZSM-5 and
Mo/HZSM-5 in a fixed bed reactor. Ketone is reported to be one of the major products from
non-catalytic hydropyrolysis of cellulose and biomass [26,27]. Thus, acetone was selected
as a model compound of biomass hydropyrolysis vapor in this study. We also hypothesis
that hydrogen pressure could promote the HDO activity over Mo/HZSM-5. HDO under
three hydrogen pressure levels (10, 20 and 30 bar) were tested and the hydrodeoxygenation
performance of Mo/HZSM-5 was evaluated. The purpose of this article is to figure out
the role of dispersed MoO3 in the hydrodeoxygenation process over Mo/HZSM-5 and
understand how the Mo/HZSM-5 enhances the formation of desirable hydrocarbons as
well as suppresses the coke deposition.

2. Experiment Methods
2.1. Materials

The acetone as feedstock was purchased from Sinopharm Chemical Reagent Co., Ltd.,
(Beijing, China). Zeolite ZSM-5 with a silica-to-alumina molar ratio of 25 was purchased
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from Nankai University Catalyst Co., Ltd., (Tianjin, China). The raw ZSM-5 was calcined at
550 ◦C for 3 h to form HZSM-5. Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·H2O)
was purchased from Aladdin (Shanghai, China). The incipient-wetness impregnation
method was used for the preparation of the 5 wt % MoO3 catalyst supported over HZSM-5.
After impregnation, the sample was dried at 80 ◦C for 12 h, then calcined at 550 ◦C for 5 h
(5 ◦C min−1 heating rate). The catalyst particles with the size of 40–60 mesh were used in
the following experiments.

2.2. Experiment

The HDO reaction was conducted in a high-pressure vapor-phase fixed bed reactor
system (YZµPBR from Yan Zheng Instrument, Shanghai, China). The scheme of the reactor
system was showed in Figure 1. The reactor is a stainless steel tube of 0.5 inch OD (wall
thickness 0.049 inch). The reactor system equipped with online product analysis, which is
a bypass to the GC gas inlet controlled by two needle valves. The product vapor enters
the GC inlet through a six-way injection valve and a 1 mL quantitative loop. The detailed
description of the GC system was in the supplementary document. In a typical test, 6 mL
(3 ± 0.05 g) of catalysts supported by quartz wool was loaded in the middle of the reactor
tube. Before the HDO reaction, the catalysts were pre-reduced at 400 ◦C for 2 h (5 ◦C min−1

heating rate). The flow rate of carrier gas hydrogen was set as 180 mL min−1. The flow
rate of internal standard gas argon was set as 20 mL min−1. For each run, 0.05 mL min−1

of acetone were introduced into the reactor via a syringe pump and vaporized in the
preheating area. A K-type thermocouple inserted into the catalysis bed to measure the
temperature, which was maintain at 400 ◦C. The space-time (W/F) of 0.073, expressed
in gcat(mmolfeedh−1)−1, is defined as the ratio between the mass of the catalyst and the
molar feed rate of the reactants. Each experiment was conducted for 12 h and sampled
by GC for every one hour. The qualitative analysis of liquid products was conducted
by an off-line GCMS (Agilent 7890 and MS 5977B with DB-1701 column). Quantitative
analysis of products was performed by the online analysis gas chromatography (GC) with
external standard method. The detailed calibration data can be found in the Table S1 in the
Supplementary Materials. The coke of catalysts was analyzed by elemental analyzer. The
conversion and carbon yield of products were calculated by the equations below:

Conversion(C%) =
The mole o f carbon in acetone consumed
The mole o f carbon in acetone f eedstock

× 100% (1)

Carbon yield o f product(C%) =
The mole o f carbon in product

The total mole o f carbon in acetone f eedstock
× 100% (2)

2.3. Catalyst Characterization

The morphology of catalysts was examined using a 120 kv TEM and STEM-EDS (HT-
7700). The surface area and porosity of the fresh and spent catalysts were measured by N2
physisorption isotherm on a Micromeritics ASAP2020 instrument. Before the measurement,
the sample was vacuum degassed overnight at 350 ◦C. Brunel-Emmett-Teller (BET) method
is used for the calculation of the specific surface area. The BJH pore size distribution is used
for the calculation of total pore volume and the t-plot method is used to calculate the pore
volume of micropores. The acid sites of catalysts were measured by the NH3-TPD with
a Micromeritics Autochem II 2920 Chemisorption analyzer. Before the measurement, the
pre-reduced samples were heated to 200 ◦C in He with a heating rate of 20 ◦C min−1 and
kept for 1 h to remove moisture. Then the sample was cooled down to 50 ◦C and flowed
by 10 vol% NH3/He of 20 mL min−1 for 30 min to absorb the NH3. After the absorption
of NH3, the samples were purged by He with a flow of 20 mL min−1, then were heated
to 500 ◦C with a heating rate of 10 ◦C min−1. A thermal conductivity detector (TCD) was
used for the recording of the desorbed NH3.
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Figure 1. The diagram of fix bed reactor system.

3. Results and Discussion
3.1. Catalyst Characterization

Table 1 provides a summary of the textural properties and acidity of the catalysts. It
can be seen from Table 1 that doped MoO3 decreased the surface area and pore volume of
catalysts. The surface areas of MoO3 doped HZSM-5 decreased to 367 m2/g from 397 m2/g
for HZSM-5. Additionally, the total pore volume of HZSM-5 was 0.206 m3/g and that of
Mo-doped HZSM-5 was 0.188 m3/g. It is noticed that both the volume of micropores and
mesopores decreased by 0.009 m3/g for the doped MoO3. This trend may result from the
blockage of micropores and mesopores by the doped metal oxide particles [24,28].

Table 1. Summary of texture properties and acidity of fresh catalysts.

Catalyst HZSM-5 5% Mo

BET surface area (m2/g) 397 367
a Vmicro (m3/g) 0.122 0.113
b Vmeso (m3/g) 0.084 0.075
c Vtotal (m3/g) 0.206 0.188

Lewis acid
Density (mmol/g) 1.158 1.223
Peak position (◦C) 137.4 141.9

Bronsted acid
Density (mmol/g) 0.406 0.497
Peak position (◦C) 445.8 418.3

a Calculated by the t-polt method. b Calculated by subtracting Vmicro from Vtotal. c Calculated by the BJH method.
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From the results of NH3-TPD, it is assumed that the ammonia desorbed from the low
temperature can be associated with Lewis acid sites and desorbed from high desorption
temperature can be associated with Bronsted acid sites [29,30]. HZSM-5 has 1.158 mmol/g
of Lewis acid density and 0.406 mmol/g of Bronsted acid density. As can be seen from
the Table 1, ion-exchanged with metal strongly influenced the acid site of catalysts. In the
case of MoO3 doped HZSM-5, 1.223 mmol/g of Lewis acid density was observed, which
is higher than that for HZSM-5. Higher Bronsted acid density was also observed from
Mo/HZSM-5 (0.497 mmol/g). MoO3 also decreased the desorption peak temperature of
Bronsted acid from 445.8 to 418.3 ◦C, which indicated the strength of Bronsted acid was
decreased. This may contribute to the decreased of coke [9]. It is reported that the metal
oxide particles would cover acid sites of zeolite and form new acid sites [23]. The change of
acid density by doped metal oxide corresponds to the acid of metal oxide.

The results of TEM and STEM-EDS were shown in Figure 2. It can be noticed from the
TEM image of HZSM-5 (Figure 2a) that the surface of HZSM-5 was rather smooth. From
the TEM image of Mo/HZSM-5 (Figure 2b), we can find small protrusion on the surface
of catalysts, which indicates the doped MoO3. The results of STEM-EDS of Mo/HZSM-5
(Figure 2c) showed that the Mo element (red) evenly distributed on the catalyst, which
indicates the well dispersed MoO3.

Figure 2. The results of TEM and STEM-EDS for HZSM-5 and Mo/HZSM-5. (a) TEM of HZSM-5,
(b) TEM of Mo/HZSM-5, (c) STEM-EDS of Mo/HZSM-5.
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3.2. Hydrodeoxygenation of Acetone
3.2.1. Atmospheric Hydrogen Pressure

The HDO of acetone over the parent HZSM-5 and Mo/HZSM-5 at atmospheric hy-
drogen was conducted to understand how the doped metal promotes the catalytic process.
The products were classified into four major groups, including alkanes (methane, ethane,
propane, and butane), alkenes (ethylene, propene, butene, and hexene), BTX (benzene,
toluene, and xylene), and C9+ (the aromatics which their carbon numbers were higher
than 9, mainly alkylbenzene, alkenylbenzene and naphthalenes). Figure 3a,b showed the
changing trend of conversion rate and major product groups at atmospheric hydrogen
pressure with the increase of TOS (time on stream). It can be noticed that the conversion rate
of both catalysts was consistent at about 99.0% in the first 8 h of the tests, indicating a stable
status and a high activity of both catalysts. When TOS increased over 9 h, the conversion
rate of both catalysts began to drop down. However, the two catalysts exhibited quite
different deactivation tendency. For the HZSM-5, the conversion rate sharply decreased
from 98.6% to 22.8% from 9 h to 12 h. It is supposed that HZSM-5 zeolite went through
a dramatical deactivation after a period of catalytic process. The major reason for the
deactivation of HZSM-5 was reported to be the coke formation and deposited on the active
sites of the catalyst [31]. For the HDO test with Mo/HZSM-5, the conversion rate only
decreased to 71.4% with TOS increased to 12 h, which indicates that the Mo/ZSM5 catalyst
decelerate the deactivation. The saturation tendency caused by the doped Mo could hinder
the polymerization to form coke and increase the alkanes [21].

The yield of alkanes over HZSM-5 decreased sharply from 27.9% to 4.4% in the first
9 h of experiment. No alkanes were detected from 9 to 12 h of the HDO test. In contrast,
the yield of alkenes increased from 9.1% to 20.2% in the first 9 h. However, it dropped
down to 0.4% at the last three hours due to the deactivation of the HZSM-5 catalysts. The
similar trend was also observed from the Mo/HZSM-5. The yield of alkanes decreased
monotonically from 31.4% for TOS of 1 h to 0.2% toward the end of the test. In the first 8 h
of experiments, the yield of alkenes increased from 10.3% to 30.0% with the increase of TOS,
corresponding to the reduction of alkanes. Mo/HZSM-5 obtained a higher yield of alkanes
and alkenes than HZSM-5 for all the time. The enhancement of aliphatics may be attributed
to the high HDO activity of MoO3, which directly hydrodeoxygenated the acetone to form
aliphatics. Mo/HZSM-5 not only converted more alkanes and alkenes than HZSM-5 during
the whole experiment, but also kept a relatively higher catalytic activity than HZSM-5
especially at the last four hours of experiments. It can be noticed at the last four hours, test
with Mo/HZSM-5 still produced a significant number of alkenes (about 25.0% from 9 to
11 h and 11.4% at 12 h). This also indicates that doped MoO3 retarded the deactivation
of catalysts and suppressed the coke formation. Figure 3c exhibited the detailed product
distribution of aliphatics (alkanes and alkenes) under atmospheric pressure. From Figure 3c,
we can find at the beginning, the major products were C3 and C4 aliphatics, and the yield of
alkanes were higher than alkenes. However, with the increase of reaction time, the propene,
ethylene, and hexene increased but the propane, butene, and butane decreased. Thus, the
butene is supposed to be converted from the crack of hexene since the major products from
HDO of acetone over MoO3 was reported to be propene and hexene (at low hydrogen
pressure) [14,20,23]. From the change of aliphatic products with the increase of TOS, it is
believed that the deactivation of the catalyst is gradual. The presence of MoO3 retarded the
deactivation process and kept the catalysts at a relatively high active status.
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Figure 3. The results of HDO of acetone at atmospheric hydrogen pressure (a) conversion rate
and major product groups distribution of HZSM-5, (b) conversion rate and major product groups
distribution of Mo/HZSM-5, (c) detailed aliphatic product distribution, catalytic temperature: 400 ◦C,
hydrogen pressure: 0.1 bar, W/F = 0.073 gcat(mmolfeedh−1)−1.

The aromatic products from the acetone HDO tests were classified into two groups,
BTX (benzene, toluene and xylene), and C9+ (the aromatics which their carbon num-
bers were higher than 9, mainly alkylbenzene, alkenylbenzene and naphthalene). From
Figure 3a, we can see the yield of BTX over HZSM-5 decreased from 40.4% to 0.6% with
the increase of TOS. The decreasing rate was also accelerated with the increase of TOS. At
the first four hours, the yield of BTX was kept at about 39.5%. It dropped down to 27.1%
with increasing TOS to 8 h. Finally, the yield of aromatics decreased to only 0.6% at the
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TOS of 12 h. Being different from the BTX formation, the yield of C9+ over HZSM-5 kept
at about 16% at the first 8 h and dropped down to 6.8% at the TOS of 12 h. In the case of
Mo/HZSM-5, similar trend of the reduction of BTX was observed. It decreased from 35.7%
to 22.2% with TOS increasing to 8 h, then sharply dropped down to 3.5% in final 4 h. How-
ever, as we can see from Figure 3b, Mo/HZSM-5 converted less BTX than HZSM-5 in first
9 h. The catalysts in first 9 h of experiments were considered at a relatively high catalytic
activity. This may be caused by the high hydrodeoxygenation activity of the doped MoO3,
which converted more acetone to form aliphatic products instead of being aromatized by
HZSM-5. But in the last 3 h, Mo/HZSM-5 converted more BTX than HZSM-5. Especially
during the final 2 h, there were only 1.1% and 0.6% of BTXs produced from HZSM-5, which
for Mo/HZSM-5 were 9.6% and 3.5%, respectively. This is because the sharply deactivation
of HZSM-5 with prolonged TOS, which resulted to the low conversion of acetone. This
trend also indicates that doped MoO3 effectively retarded the deactivation of HZSM-5. The
higher yield of BTXs for Mo/HZSM-5 during the last two hours suggests that deactivation
of pure HZSM-5 was more significant than the HZSM-5 part of Mo/HZSM-5. The yield of
C9+ from HZSM-5 kept at ~16.5% in first 6 h, then reduced to 6.8% in the last 6 h. Similar
with the case of BTX, Mo/HZSM-5 obtained lower yield of C9+ in first 9 h but higher yield
in last 3 h. The yield of C9+ from Mo/HZSM-5 peaked at the 6th hour with a value of 16.4%
before reduced to 7.6% at the 12th hour. This trend also suggests the doped MoO3 could
retard the deactivation of HZSM-5.

3.2.2. Influence of Hydrogen Pressure on Hydrodeoxygenation of Acetone

It is believed that high hydrogen pressure could promote the hydrodeoxygenation and
suppress the formation of coke [1]. The HDO experiments of acetone at 30 bar hydrogen
pressure over Mo/HZSM-5 and HZSM-5 were conducted. Figure 4a,b shows the overall
conversion rate and major products formation with the increase of TOS. We can immediately
find the conversion rate of both the catalysts were rather stable at about 100% in total 12 h
of tests. The yields of the major products also exhibited a relatively stable trend. It is
believed that the increase hydrogen pressure retarded the coke formation and prolonged
the active time of catalysts. As we know, the main reason for the deactivation of HZSM-5
was the formation of coke resulting to the cover of catalytic active site [31]. The coke was
reported to be the polymeric aromatics and oxygenates [32]. High hydrogen pressure
would contribute to the saturation of these coke precursor, which would prevent them from
further polymerization to form coke.

The higher hydrogen pressure strongly enhanced the formation of alkanes for HZSM-5.
The yield of alkanes over HZSM-5 slightly decreased from 40% to 31.6% with the increase
of TOS. Corresponding to the reduction of alkanes, the yield of alkenes slightly increased
from 5.5% to 9.4% with the increase of TOS. The change of the yield of alkanes and
alkenes with the increase of TOS indicated the gradual deactivation of HZSM-5. However,
compared to the case of atmospheric hydrogen pressure, the deactivation rate of higher
hydrogen pressure was rather slow. It is suggested that the increased hydrogen pressure
retarded the deactivation of HZSM-5. Furthermore, the yield of alkanes from 30 bar
hydrogen pressure was much higher than that from atmospheric hydrogen pressure, which
decreased from 27.9% to 0% in 12 h. Apparently, the increased hydrogen pressure enhanced
the hydrogenation of alkenes. Figure 4c exhibited the detailed product distribution of
aliphatics (alkanes and alkenes) for two catalysts at 30 bar hydrogen pressure. We can find
no ethylene and propene were obtained. The only alkenes remained were the butene and
a small number of hexene. The enhanced hydrogenation activity by increased hydrogen
pressure saturated all the ethylene and propene to form the corresponding alkanes. For
Mo/HZSM-5, similar trend was observed. The yield of alkanes gently decreased from
53.8% to 45.3% with the increase of TOS. The yield of alkenes increased from 8.9% to
11.5% with the increase of TOS. Compared to the case of Mo/HZSM-5 at atmospheric
hydrogen pressure, the formation of alkanes was enhanced with the increase of hydrogen
pressure. However, the yield of alkanes obtained from 30 bar hydrogen pressure was 32.4%
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higher than that from atmospheric pressure for Mo/HZSM-5, which for HZSM-5 was 21.1%
higher. It indicates that the doped MoO3 further enhanced the formation of alkanes by the
increased hydrogen pressure. This is because the presence of MoO3 enhanced the direct
hydrodeoxygenation of acetone and increase the total aliphatic products (average 59.0% for
Mo/HZSM-5 and 44.6% for HZSM-5).

Figure 4. The results of HDO of acetone at 30 bar hydrogen pressure (a) conversion rate and major
product groups distribution of HZSM-5, (b) conversion rate and major product groups distribution
of Mo/HZSM-5, (c) detailed aliphatic product distribution, catalytic temperature: 400 ◦C, hydrogen
pressure: 30 bar, W/F = 0.073 gcat(mmolfeedh−1)−1.
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From Figure 4a, we can find the yield of BTX for HZSM-5 at 30 bar was quite stable,
compared to that at atmospheric pressure. It decreased gently from 38.4% to 34.6% with
the increase of TOS. The average yield of BTX at 30 bar pressure (36.0%) was higher than
that at atmospheric pressure (26.7%). Interestingly, we can notice that the yield of BTX
under different hydrogen pressure was close, compared to that for HZSM-5 at atmospheric
hydrogen pressure in the first 4 h of test (average 39.5%). The close yield of BTX may
indicate that the increase of the hydrogen pressure had no promotion to the formation of
BTX over HZSM-5. The increase of average yield of BTX in 12 h of experiment (36.0% at
30 bar and 26.7% at atmospheric pressure) could be ascribed to the anti-deactivation and
prolonged active time caused by the increased hydrogen pressure. From Figure 4b, we
can observe that the yield of BTX for Mo/HZSM-5 at 30 bar hydrogen pressure slightly
decreased from 29.4% to 27.9% with the increase of TOS. Similar trend with aliphatic
products, which indicated the stable status of catalysts. The average yield of BTX for
Mo/HZSM-5 at 30 bar was 28.2%, which is higher than that at atmospheric pressure (23.5%).
However, when comparing the average yield in first four hours (28.7% at 30 bar and 34.8%
at atmospheric pressure), we can find the obvious reduction of BTX. Additionally, the
average yield of BTX for Mo/HZSM-5 was 9.8% lower than that for HZSM-5 at 30 bar. The
reduction of BTX of Mo/HZSM-5 was caused by the facilitated direct hydrodeoxygenation
by doped MoO3. As we stated above at Section 3.2.1, more acetone was converted to
aliphatics instead of aromatization. The increased hydrogen pressure enhanced the direct
hydrodeoxygenation activity of doped MoO3 with the decreasing BTX yield. The yield
of C9+ for HZSM-5 at 30 bar decreased from 13.4% to 9.0% in the first 3 h then increased
to 15.6%. The slightly reduction of C9+ in the beginning of test may be attributed to the
high catalytic activity of fresh catalysts. Compared to the case at atmospheric pressure, we
can find the increased hydrogen pressure could reduce the formation of C9+ aromatics.
The average yield of C9+ for HZSM-5 at 30 bar was 12.5%, which at atmospheric pressure
was 14.0%. This trend was more obvious in the case of Mo/HZSM-5. As we can see from
Figure 4b, the yield of C9+ for Mo/HZSM-5 at 30 bar decreased from 7.2% to 5.9% in the
first 2 h, then gradually increased to 7.3% with TOS increasing to 12 h. The average yield of
C9+ for Mo/HZSM-5 at 30 bar was 7.6%, which at atmospheric pressure was 13.9%. The
saturation tendency caused by the doped MoO3 and increased hydrogen pressure may
prevent the small alkenes from the aromatization and polymerization.

It is obvious that the promotion of HDO process caused by doped MoO3 was further
enhanced by the higher hydrogen pressure. Thus, HDO of acetone in fixed bed with
Mo/HZSM-5 at different hydrogen pressures (10 bar, 20 bar and 30 bar) was conducted to
investigate the influence of hydrogen pressure. Figure 5 exhibited the conversion rate and
major products distribution for Mo/HZSM-5 at different hydrogen pressure. As we can see
from Figure 5a, the hydrogen pressure could effectively prolong the active time of catalysts.
The conversion rate for all higher hydrogen pressure levels were nearly 100% in 12 h of
experiments. From Figure 5b, we can find the enhancement of the formation of alkanes by
the hydrogen pressure was obvious. The yields of alkanes for all higher hydrogen pressure
levels were higher than the atmospheric pressure. The yields of alkanes at 30 bar and 20 bar
were also higher than that at 10 bar (average 44.1%). But the yields of alkanes were similar
at 20 bar and 30 bar, and the average yield at 30 bar (48.7%) even slightly lower than that
at 20 bar (50.0%). It suggests that the increased hydrogen would enhance the formation
of alkanes, but the enhancement may have a restraint. Corresponding to the alkanes, the
yield of alkenes was reduced by the increased hydrogen pressure. However, different with
alkanes, the yield of alkenes at all hydrogen pressure levels was rather close (average 9.6%
at 10 bar, 9.9% at 20 bar, and 10.3% at 30 bar). For Mo/HZSM-5, the increased hydrogen
pressure also decreased the formation of BTX, and the yield decreased with the increased
pressure. The average yield of BTX was 31.2%, 29.7% and 28.2% at 10 bar, 20 bar and
30 bar, respectively. It is noticed that the yield of BTX in the first four hours at atmospheric
pressure was higher than that at all higher hydrogen pressure (Figure 5d). The Figure 5e
also showed the yield of C9+ was decreased with the increased hydrogen pressure. The
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trend of saturation caused by the increased hydrogen pressure prevented the small alkenes
from further aromatization and polymerization.

Figure 5. Conversion rate and major product distribution with different hydrogen pressure (catalytic
temperature: 400 ◦C, W/F = 0.073 gcat(mmolfeedh−1)−1: (a) conversion rate, (b) alkanes, (c) alkenes,
(d) MAHs, (e) PAHs).

3.3. Characterization of the Spent Catalysts

To investigate the influence of the coke deposited on the catalysts, we characterized the
spent catalysts with elemental analysis, N2 physisorption isotherm, and NH3-TPD. Table 2
exhibited the texture properties and acidity of the spent catalysts. The carbon yield of coke
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was calculated for the total 12 h. HZSM-5 at atmospheric pressure converted the highest
coke (17.2%), and Mo/HZSM-5 converted the lowest coke (2.3%). Increased hydrogen
pressure obviously suppressed the coke deposition.

Table 2. Summary of texture properties and acidity of spent catalysts.

Spent Catalyst HZSM-5 Mo/HZSM-5

Catalysis pressure/bar 0.1 30 0.1 30
Coke (C%) 17.2 5.8 13.4 2.3

Surface area (m2/g) 14 142 41 230
a Vmicro (m3/g) 0.001 0.044 0.011 0.084
b Vmeso (m3/g) 0.033 0.043 0.033 0.045
c Vtotal (m3/g) 0.034 0.087 0.044 0.129

Lewis acid
Density (mmol/g) 0.470 0.594 0.654 0.813
Peak position (◦C) 131.8 140.0 136.4 144.1

Bronsted acid
Density (mmol/g) 0.76 0.163
Peak position (◦C) 394.6 402.3

a Calculated by the t-polt method. b Calculated by subtracting Vmicro from Vtotal. c Calculated by the BJH method.

Additionally, it is noticed that the surface area and pore volume of the spent catalysts
under atmospheric pressure were rather low. At atmospheric pressure, the surface area
of HZSM-5 decreased from 397 to 14 m2/g and the pore volume decreased from 0.206
to 0.034 m3/g. It is noticeable that the micropore volume was only 0.001 m3/g, which
indicated that spent catalysts were almost totally deactivated. Since the acid catalytic sites
of ZSM-5 were mainly located in its micropores [33]. This was in line with our HDO results
at atmospheric pressure, which the HZSM-5 was almost deactivated at the end of the
experiments. The similar phenomenon was also observed from the spent Mo/HZSM-5 at
atmospheric pressure. Compared to the fresh catalysts, the surface area of spent Mo/HZSM-
5 under atmospheric hydrogen pressure decreased from 367 m2/g to 41 m2/g. The total
pores volume decreased from 0.188 m3/g to 0.044 m3/g and the micropore volume was
0.011 m3/g. The HDO process at atmospheric pressure also deactivated the Mo/HZSM-5,
but it is not as severe as the case of HZSM-5. It can be observed that the spent Mo/HZSM-5
had higher surface area and micropore volume than HZSM-5. This trend suggested that the
doped MoO3 decreased the coke formation of HZSM-5 during the HDO process. However,
the promotion of MoO3 at atmospheric pressure was limited. After 12 h of experiments, the
Mo/HZSM-5 was also close to deactivation and the surface area and micropore volumes
was only slightly higher than the spent HZSM-5.

Higher pressure hydrogen remarkably promoted the catalytic process and suppressed
the coke. The surface area of spent HZSM-5 at 30 bar was 142 m2/g. It was 255 m2/g
lower than that of fresh HZSM-5, but 128 m2/g higher than that of spent HZSM-5 at
atmospheric pressure. The micropore volume of HZSM-5 at 30 bar was 0.044 m3/g, which
is 0.043 m3/g higher than that of HZSM-5 at atmospheric pressure. But it decreased
0.078 m3/g of micropore volume than fresh HZSM-5. This trend to a certain extent proved
that the coke formation was still gradually accumulated when the conversion rate was
about 100%. In the case of Mo/HZSM-5 at 30 bar, the surface area of spent catalysts was
230 m2/g and the micropore volume was 0.084 m3/g. It was rather higher than that of spent
Mo/HZSM-5 at atmospheric pressure, which is 0.073 m3/g higher. The surface area of
spent Mo/HZSM-5 was 137 m2/g lower than that of fresh Mo/HZSM-5 and the micropore
volume was only 0.038 m3/g lower than that of fresh Mo/HZSM-5. Compared to the
fresh catalysts at 30 bar, the spent Mo/HZSM-5 reduced much less micropore volume and
surface area than the spent HZSM-5. This indicated that under higher hydrogen pressure,
doped MoO3 remarkably suppressed the coke formation and prolonged the active time of
catalysts. The increased hydrogen pressure effectively promoted the HDO process over
metal doped HZSM-5.
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From the results of NH3-TPD, we can find that the coke remarkably effected the
acidity of catalysts. Under atmospheric pressure, the Lewis acid density of spent HZSM-5
decreased to 0.470 mmol/g from 1.158 mmol/g for fresh HZSM-5. The Lewis acid density of
spent Mo/HZSM-5 decreased to 0.654 mmol/g from 1.223 mmol/g for fresh Mo/HZSM-5.
It could be noticed that the Bronsted acid density of both the catalysts were decreased to
zero. From the image of NH3-TPD results (Figure S1), we could observe that there were
nearly no peaks appearing at around 400 ◦C desorption temperature for spent catalysts at
atmospheric pressure. It is noticed that there are also no micropores volume for the spent
catalysts under atmospheric pressure. This may indicate the Bronsted acid site were mainly
in the micropores of zeolites. These results were in correspondence with the HDO results
at atmospheric hydrogen pressure, which the catalysts were almost deactivated at the end
of experiments. It is believed that Bronsted acid of HZSM-5 played a dominant role in the
catalytic deoxygenation of oxygenate compounds [5,9].

In the case of 30 bar hydrogen pressure, the reduction of acid sites was retarded.
Under 30 bar hydrogen pressure, the Lewis acid density of spent HZSM-5 decreased
to 0.594 mmol/g, while that of spent Mo/HZSM-5 decreased to 0.813 mmol/g. In con-
trast to the result of atmospheric pressure, the Bronsted acid density of spent HZSM-5 and
Mo/HZSM-5 under 30 bar hydrogen pressure still remain 0.076 mmol/g and 0.163 mmol/g,
respectively. The spent Mo/HZSM-5 had a higher Bronsted acid density and mirco-
pore volumes than spent HZSM-5. This result suggested that most of the Bronsted acid
sites of HZSM-5 were in the micropore structure. The higher Bronsted acid density of
Mo/HZSM-5 also indicated that 30 bar hydrogen pressure remarkably promoted the HDO
over Mo/HZSM-5 and reduced the coke.

3.4. Reaction Network of Catalytic HDO of Acetone over Mo/HZSM-5

Figure 6 showed the supposed reaction network of catalytic HDO of acetone over
Mo/HZSM-5. Based on the HDO results under higher hydrogen pressure of the current
study, it is believed that Mo/HSM5 tended to preferentially convert acetone to C3 and C4
aliphatic products, then aromatic products. When the catalytic activity deteriorated, the C6
and C2 aliphatic products increased, but the C3 and C4 reduced. Thus, we supposed the C6
aliphatic products were converted from the C–C coupling reaction of hydrodeoxygenated
acetone. The C4 and C2 products were produced from the cracking reaction from C6
products, and the C2 products would further undergo a C–C coupling reaction to form C4
products under high catalytic activity. The produced aromatic products were predominantly
converted by the “hydrocarbon pool” mechanism [34]. However, the hydrogen pressure
could further enhance the formation of aliphatic products over doped MoO3.



Energies 2022, 15, 53 14 of 16

Figure 6. Supposed reaction network of catalytic HDO of acetone over Mo/HZSM-5.

4. Conclusions

In the current study, we conducted the catalytic HDO experiments using acetone as
mode compound to investigate the role of dispersed MoO3 in the hydrodeoxygenation
process over Mo/HZSM-5. We found that under atmospheric hydrogen pressure, doped
MoO3 could enhance the formation of aliphatic products and decreased the coke. The yield
of aliphatics for Mo/HZSM-5 increased 31%, compared to that from HZSM-5. The coke
yield of spent Mo/HZSM-5 was 22% lower than that of spent HZSM-5. We further investi-
gated the influence of higher hydrogen pressure on catalytic HDO of acetone. The results
at 30 bar hydrogen pressure showed the increased hydrogen pressure could effectively
prolong the catalyst activity and suppress the coke. The coke of HZSM-5 and Mo/HZSM-
5 decreased 66% and 83%, respectively, compared to that under atmospheric hydrogen
pressure. The increased hydrogen pressure also enhanced the hydrodeoxygenation and
hydrogenation reaction over doped MoO3 and converted 72% higher yield of aliphatics
over Mo/HZSM-5. Generally, the doped MoO3 facilitated the direct hydrodeoxygenation
of acetone, reduced the coke, and prolonged the active time of catalysts. However, the
promotion of aliphatics and the reduction of aromatics over Mo/HZSM-5 in the current
study was only responsible for the catalytic HDO of acetone. In order to fully understand
the mechanism of catalytic hydropyrolysis and coke deposition over Mo/HZSM-5, other
types of model compounds (e.g., furans and phenols) and their interactive reaction are
needed to be further investigated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15010053/s1, Figure S1: The results of NH3-TPD for spent
catalysts; Table S1: Summary of detailed calibration coefficient.
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