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ARTICLE INFO ABSTRACT

Keywords: Biomass hydropyrolysis vapor upgrading (HPVU) is a promising approach for biofuel production, where metallic
Biomass catalysts play a key role in oxygen removal and aromatic hydrocarbon formation. In this study, Pd/HZSM-5 and
Hydrodeoxygenation Mo/yAl,03 catalysts were prepared and utilized individually or in combination to investigate their effects on
Eg?;;;;;:ﬂow bed reactor poplar HPVU in a continuous-flow reactor. Meanwhile, the influence of upgrading temperature on hydro-

deoxygenation (HDO) reactions was studied. At an upgrading temperature of 400 °C, combination of Pd/HZSM-5
and Mo/yAlz0s resulted in an organic phase yield of 9.19 wt%. The mass yield and selectivity of aromatic hy-
drocarbons reached 8.13 wt% and 93.4 %, respectively, with selectivity of C8 + monocyclic aromatic hydro-
carbons accounting for 56.7 %. The overall mass balance was 96.2 %. The presence of Pd promotes
hydrogenation and hydroalkylation reactions, while Mo/yAl20s enhances deoxygenation. Additionally, its
mesoporous structure facilitates reactant diffusion. The density functional theory calculations confirmed that Pd
could efficiently activate Hy and thus provide hydrogen radicals for HDO on Mo/yAl:0s surface, which revealed
the synergistic effect of these two catalysts. This study highlights that noble-metal catalyst aided by oxophilic

Density functional theory

metal catalyst can make a significant contribution to biomass HPVU.

1. Introduction

Global energy consumption is increasing year by year. The devel-
opment and utilization of sustainable energy is particularly important.
Biomass is carbon-neutral and is the only carbon-containing renewable
energy resource that can be directly converted into liquid fuels [1,2].
Hydropyrolysis, which means the process of pyrolysis under hydrogen
atmosphere [3], has been the spotlight in decades because of its ability
to efficiently convert lignocellulosic biomass into high quality liquid
fuels in one step [3,4].

Although hydropyrolysis could significantly reduce oxygen func-
tional groups, the main liquid components are still ketones and phenols.
The quality of the liquid phase needs to be further refined. Various
heterogeneous catalysts are widely employed in hydrodeoxygenation
(HDO). Common carriers include zeolites (ZSM-5, HY, MCM-41, etc) and
metal oxides (Al;03, TiO3, ZrOs, etc) [5-8]. The abundant acidic sites
and suitable pore size structure of HZSM-5 can promote cracking and
aromatization reactions [8], but is prone to deactivate and produce
excessive gas because of micro pore size and strong acidity. Compared to

zeolite, metal oxides such as Al,Os owns milder acidity [9]. Metals
loaded on carriers are usually divided into hydrogenation metals (such
as Pd, Ni and Co) and oxophilic metals (such as Mo and Re) [9-11].
Hydrogenation metals can promote hydrogen dissociation and ring
saturation, while oxophilic metals are often used as promoters for
removal of oxygen-containing functional groups.

Noble metals are well-known for hydrogen spillover effect and
extremely low loading requirements [12,13]; Moreover, they could
promote the reduction of auxiliary oxophilic metals to induce oxygen
vacancies for oxygenates adsorption and C-O bond breaking [10,13].
While noble metals are commonly studied in hydrothermal systems,
their application in pyrolysis systems has received less attention [14,
15]. However, the hydropyrolysis process enables a continuous one-step
conversion of biomass to liquid-phase oil, making it more suitable for
industrial applications. Therefore, investigating the role of noble metals
in regulating HDO products in pyrolysis systems is of significant prac-
tical importance. Similar to hydrothermal liquefaction, the upgrading
temperatures in pyrolysis systems significantly influence catalytic ac-
tivity and product selectivity [16,17]. Current research on biomass
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hydropyrolysis vapor upgrading (HPVU) primarily focuses on experi-
mental studies, with limited exploration of theoretical investigations at
the molecular level, such as density functional theory (DFT) calcula-
tions, which could provide deeper insights into catalytic and HDO re-
action mechanisms [18-20].

There tends to be a strong interaction between HZSM-5 and the
loaded metal, and the metal is less likely to accumulate or be lost during
the reaction process, in addition, the Al;O3 possesses more mesopores, in
this study, Pd and Mo were loaded on the surface of HZSM-5 and Al»O3,
respectively. Therefore, this study aims to investigate the hydrogenation
and hydrocracking effects of Pd/HZSM-5 assisted with the deoxygen-
ation effect of Mo/yAl;03 for biomass HPVU to obtain oil-phase prod-
ucts in which hydrocarbons are the main components. Pd/HZSM-5 or
physically mixing it with Mo/yAl,03 was selected for the refinement,
and the refinement temperature was also investigated. To clarify the
reaction mechanism of the noble metal Pd and the zeolite HZSM-5, the
adsorption and dissociation of hydrogen on the surfaces of the two
catalysts were calculated by DFT.

2. Materials and methods
2.1. Raw materials

The feedstock of poplar wood used in this study grew in the south of
China. The received poplar was milled and sieved to a suitable size of
80-100 mesh and dried overnight at 105 °C before utilization. Table 1
presents the proximate and ultimate analyses of the poplar wood. Sup-
port of zeolite HZSM-5 (Si/Al molar ratio: 15) was purchased from
Nankai Catalyst Factory and aluminium oxide (yAlpO3) was purchased
from Liaoning Haitai Sci-Tech Development Co. Palladium (II) nitrate
hydrate (Pd(NOs)2-2H50, AR, Pd> 39 %, Aladdin) and Ammonium
molybdate tetrahydrate ((NH4)6Mo07024-4H20, AR, 99 %, Macklin) were
used to modify the HZSM-5 and yAl;Os3, separately.

2.2. Catalysts preparation and characterizations

Since a low loading of noble metals such as Pd can achieve high
dispersion and atomic utilization, while a relatively high loading of Mo
can enhance HDO activity [21-24], we selected 1 wt% Pd and 15 wt%
Mo to balance catalytic performance and comparability with existing
studies. Catalysts were prepared with a wet impregnation method. The
detailed information is shown in Supporting Information. Prior to the
experiment, the catalyst was reduced in H; flow (80 ml min~1) at 500 °C
for 5 h and then passivated in N3 flow containing 5 % Oy at room
temperature for 30 min. Mo/yAl;O3 was prepared by the same method
but without passivation. To determine the properties of catalysts, anal-
ysis of Ny adsorption-desorption, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), NHs temperature-programmed
desorption (NH3-TPD) were carried out. The detailed method is shown
in Supporting Information.

2.3. Experimental system and conditions

The experiments were conducted in a bench-scale continuous flow
high-pressure fixed-bed system and the diagram of the reaction system is

Table 1

Proximate, ultimate and HHV analysis results of poplar.
Proximate analysis (wt%) value Ultimate analysis (wWt%) value
Moisture 0.52 C 49.36
volatiles 83.42 H 5.67
Fixed carbon 15.61 (0] 43.50
Ash 0.45 N 0.10
Total 100 S 0.46
HHV (MJ/kg) 18.96 Total 99.09
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shown in Fig. 1, which mainly consists of two tandem reactors of py-
rolysis and refining, connected in the middle by a thermostat box with a
built-in char tank for insulating the pipeline. About 40 g of dried
biomass feedstock (80-100 mesh) was put into the silo and continuously
fed to the pyrolysis oven through the magnetic screw system at a rate
close to 0.2 g/min, with the pyrolysis temperature of 500 °C. Carrier gas
of Hy was fed into the system from the silo and the top of the pyrolysis
oven, with a flow rate of 1 L/min each. The char obtained from the
pyrolysis of the biomass fell into the char tank, and the hydropyrolysis
vapor were sent into the refining section, and 30 g catalysts were placed
in the middle of the refining tube before the reaction.Since the objective
of the study is to investigate the catalytic performance, the WHSV was
set to 0.5 geh ™. And the refining temperature is 300-400 °C. When two
catalysts were used, they were physically pre-mixed before being loaded
into the refining tube. The mass ratio of catalysts to reacted poplar is
approximately 1:1. After the reaction, the product is sequentially passed
through the water cooling system (10 °C), the two-stage dry ice-acetone
condensation system (-78 °C) and a filter tank to complete the collection
of liquid-phase products, and the final non-condensable gas is collected
into gas bags. Table S1 lists the scenarios of catalysts utilization and
conditions.

The remaining poplar wood was recovered at the end of the reaction
and the mass of raw material dropped by the reaction was calculated.
The catalyst was collected and weighed after the reaction, and the dif-
ference in mass between before and after the reaction was the mass of
carbon deposits. The liquid phase products are divided into the organic
phase, which is mainly composed of hydrocarbons (C4 + aliphatic hy-
drocarbons, C6 + monocyclic aromatic hydrocarbons and C10 + poly-
cyclic aromatic hydrocarbons), and the aqueous phase, which is mainly
water and contains a small amount of small molecule oxygenated
compounds such as acids and ketones.

The oil-phase products were analyzed by GC-MS (gas chromatogra-
phy-mass spectrometry, GC7890B, MSD5977B), for component anal-
ysis, and quantitative calculations of the main hydrocarbon fractions
were carried out by the external standard method. The products were
divided into monocyclic aromatic hydrocarbons (MAHs), polycyclic
aromatic hydrocarbons (PAHs), aliphatic hydrocarbons (Ali), phenols
and other oxygenates (Oxy, i.e. acids, alcohols, aldehydes, ketones and
furans). Fig. S1 presents the corresponding spectrum of the optimal
liquid phase. Gas phase products were analyzed and quantified by GC-
FID/TCD. The detailed collection and analyzing method of products
are shown in Supporting Information.

Yield; (wt%), selectivity; (%) and carbon yield (%) of the products
were calculated as follows:

m;

yield, = x 100% (€D)

Mpiomass
peak area;

- x100% (2)
peak areaoa

selectivity, =
the carbon mass in products
the total carbon mass in feedstock

x 100% 3

carbon yield of product =

Where m; and peak area; mean the mass yield and the peak area of a
certain product, and i represents the total solid, gas, liquid products or a
specific kind of hydrocarbons. Mpjomass is the mass of biomass that
hydropyrolyzed and peak areai is the total peak area of detected
components by GC-MS.

2.4. Computational methods

All DFT calculations were conducted using the Vienna ab initio
Simulation Package (VASP). The exchange-correlation energy was
described using the GGA-PBE functional [25], and the projector
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Fig. 1. The schematic diagram of continuous flow high-pressure fixed-bed system.

augmented wave (PAW) method was employed [26]. Additionally, the
DFT-D3 method was used to account for van der Waals interactions
within the system [27,28]. An energy cut-off of 400 eV was applied. The
Pd (1 1 1) surface was modeled as four layers with the bottom two layers
fixed during geometry optimization and a supercell (4 x4) was built
with a 15 A vacuum layer. The k-points was 3 x 3x1 for the Brillouin
zone. The HZSM-5 model was downloaded directly from International
Zeolite Association (IZA) database and six certain Si atoms were
substituted with Al atoms to achieve the Si/Al ratio of 15 [29], and the
k-points was 1 x 1 x 1. The optimized geometry of HZSM-5 is in Fig. S3.
Lattice parameters and ionic positions were fully relaxed, with total
energy converging within 10~ eV and forces being less than 0.02 eV/A.
The CI-NEB method was utilized for transition-state search.

3. Results and discussion
3.1. Characterization of catalysts

The XRD results are shown in Fig. 2a and b, the intensity of the
diffraction peaks of Pd/HZSM-5 and Mo/yAl;03 decreased compared
with support, which means that part of the structure turned into
amorphous state. But on the whole, the crystalline structure of the car-
rier was not damaged by the loaded metal particles.

The forms and valence states of metal elements presented on the
surface of the catalyst were analyzed using XPS. As observed in Fig. 2c,
the Pd/HZSM-5 catalyst had two peaks at binding energies of 340.5 eV
and 335.4 eV [17,30], corresponding to Pd 3d3,2 and Pd 3ds,2, respec-
tively, which proved that the form of monomer Pd was the active
valence state. In the XPS spectra of Mo/yAl,03 catalyst shown in Fig. 2d,
there were peaks at binding energies of 230.9 eV, 233.6 eV, 232.8 eV
and 235.6 eV [9,16,31], and the first two and the last two correspond to
Mo 3ds,2 and Mo 3ds/2, respectively, which indicated that Mo exists in
the form of Mo®" and Mo®". Some atoms of Mo were reduced, and this
would generate oxygen vacancies which facilitated the cleavage of C-O
bond [32,33].

The HZSM-5 and yAl»O3 differed significantly in the pore structure,

as shown in Table 2, the specific surface area of the micropores (Smicro)
of the HZSM-5 modified by Pd decreased slightly, probably due to the
partial coverage of the metal particles, whereas the specific surface area
of the mesopores (Speso) increased by nearly 1/3. At the same time,
compared with the pristine HZSM-5, the pore volume of Pd/HZSM-5 was
basically unchanged. In contrast, the catalyst Mo/yAl,O3 owned only
about half of the specific surface area of the latter compared with HZSM-
5, which contained almost no micropores, while the mesoporous specific
surface area was close to 21 times that of the original HZSM-5, and the
pore volume of the Mo/yAl;O3 catalyst was much larger as well. From
Fig. 2e, it could be found that positions of the pore distribution peaks of
HZSM-5 catalyst were not changed after metal loading, which are
located at 0.6 nm and 2.0 nm, where the pore size reached maximum.
Pore size distribution of Mo/yAl;O3 is located about 10 nm (Fig. S4).
Therefore, yAl;03 could facilitate the diffusion of intermediates and
HZSM-5 could improve the hydrocracking of large molecules.

The results of the acidity characterization of the catalysts are shown
in Fig. 2f and Table 2. Strong acid peaks were evident between 450 and
500 °C for HZSM-5 and Pd/HZSM-5, and not obvious in the results for
Mo/yAl;03 [31]. All three catalysts had obvious strong diffraction peaks
in the 100-150 °C temperature interval [31]. For HZSM-5, the intro-
duction of Pd changed the original acidic structure, and the total acid
amount was reduced from 5.98 mmol/g to 5.18 mmol/g, which
increased the number of weak acid sites and correspondingly decreased
the strong acid sites. The introduction of Pd optimize the acid site dis-
tribution of the support. Compared to HZSM-5, Mo/yAl,O3 owned
milder acidity.

3.2. Effect of Pd for HDO and Mo in auxiliary

To determine the role of the synergistic HDO effect of Pd/HZSM-5
and Mo/yAl;03, we evaluated the performance of Pd/HZSM-5 alone
and in combination with Mo/yAl,O3 in the HPVU, and the results of the
product analysis are shown in Fig. 3. The liquid and non-condensable
gas phase mass yields differed significantly between the two cases
(Fig. 3a), in which the total liquid and oil phase yields were only 37.2 wt
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Fig. 2. XRD profiles of (a) the parent HZSM-5 and Pd modified Pd/HZSM-5, (b) support yAl;03 and Mo modified Mo/yAl,O3, XPS spectra of (c) Pd in Pd/HZSM-5
and (d) Mo in Mo/yAl,O3, (e) the pore size distribution of HZSM-5 and Pd/HZSM-5, (f)NH5-TPD analysis profile of HZSM-5, Pd/HZSM-5 and Mo/yAl,Os.

Table 2
The porosity characteristics of catalysts.

Catalyst Shet Smicro Smeso Viotal Vmicro Vimeso Total acid Content (%)

m%/g m%/g m%/g cm®/g em®/g em®/g mmol/g Weak Strong
HZSM-5 424 414 9.49 0.19 0.17 0.02 5.98 71.9 28.1
Pd/Z 397 385 12.4 0.18 0.16 0.02 5.18 77.1 22.9
Mo/y-Al,03 229 13.0 216 0.54 0.01 0.53 2.27 88.2 11.8

% and 2.79 wt% for Pd/Z alone and increased to 46.8 wt% and 9.19 wt
% with hydrocarbon mass yields of 2.02 wt% and 8.13 wt%, respec-
tively (Fig. 3b). Accordingly, the yield of former non-condensable gases
was as high as 37.5 wt%, while that of the latter was only 28.1 wt%. The
overall mass balance reached 96.2 %. From the characterization results,
it could be seen that the main active site of the HZSM-5 was Brgnsted
acid site, which was capable of promoting C-O and C-C scission, and the
hydrocracking reaction was enhanced under relatively high temperature
and high pressure operating conditions [34].

The oil phases obtained from both catalytic scenarios were mainly

composed of aromatic hydrocarbons and with low oxygen content, the
selectivity of aromatic hydrocarbons was 93.4 % and 88.7 % when the
catalysts were Pd/HZSM-5 and the mixture, respectively. The selectivity
of the C8 + MAHs was 56.7 % of the mixture. The oxygen-containing
compounds in the final oil phase were mainly phenolics, which were
3.72 % and 6.21 %, respectively. However, due to the overpowering of
HZSM-5 cleavage, with action of the Pd/HZSM-5 alone, alkane products
were not detected, and after mixing the two catalysts, the cracking effect
was moderated and Pd promoted the generation of small molecule al-
kanes such as pentane (Fig. 3c) [23].
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of hydrocarbons in liquid; (c) Selectivity of main liquid components; (d) Carbon number distribution of hydrocarbons in liquid; (e) Mass yield of main gas com-
ponents. (Hydropyrolysis temperature 500 °C, upgrading temperature 400 °C, pressure 1 MPa, catalyst 30 g).

Fig. 3d presented the carbon number distribution of the MAHsS, in
which Pd/HZSM-5 upgrading produced more MAHs with C6~C8 (e.g.,
benzene, toluene, ethylbenzene, and xylenol, namely, BTEX), and the
selectivity of the MAHs with higher carbon numbers decreased signifi-
cantly, After the introduction of the mild acidic oxophilic catalyst of Mo/
yAlpO3, the selectivity of MAHs in C6~C8 decreased from 40.7 % to
24.9 %, while that in C9~C11 increased from 27.8 % to 36.5 %. After
mixing the two catalysts, the selectivity of MAHs was close to that of Pd/
HZSM-5 alone while the yield of the oil phase was significantly
increased, and the selectivity of aromatics was higher in the case of the
higher carbon number, which indicated that there was a favorable
synergistic interaction between the two catalysts of different function-
alities [7,35]. According to Fig. 3e, decarbonylation and decarboxyl-
ation are still the more dominant deoxygenation reactions. In addition,
the yield of small molecule gaseous alkanes reached 20.8 wt% in the
absence of Mo/yAl,03, mainly from deoxygenated cleavage of cellulose
and hemicellulose pyrolysis derivatives such as furfural, as well as
phenolic branched chain C-C and C-O breakage, indicating that
Pd/HZSM-5 catalysis alone caused relatively more carbon loss [36].

3.3. Effect of catalytic upgrading temperature

The above results demonstrated that Pd/HZSM-5 dominated the
formation of aromatic hydrocarbons while Mo/yAl,O3 assisted in
modification of the products distribution. To further verify their syner-
gistic effect during HDO, the upgrading temperature was investigated at
300 °C, 350 °C and 400 °C [9,37,38]. The distribution of the three-phase

products is shown in Fig. 4a, and the liquid phase yields were as follows,
from highest to lowest: 48.2 wt% (300 °C) > 48.1 wt% (350 °C)
> 46.8 wt% (400 °C), which indicated that higher temperatures pro-
moted the cracking reaction. However, the oil phase yield dropped to
about 7.00 wt% while the temperature dropped, and the mass balance of
the system was around 96.0 wt%. The yield of hydrocarbons also
decreased from 7.59 wt% to about 6.00 wt% (Fig. 4b), however, yield of
non-condensable gases obtained for the condition with the lower
refining temperature was also lower than 400 °C, and the coke yield
increased significantly to about 5.00 wt%, while the weight of the
catalyst before and after the reaction at 400 °C remained almost un-
changed. The temperature decreased, on the one hand, the cracking
reaction of HZSM-5 and the deoxygenation reaction of Mo/yAl;03 were
inhibited, and small molecule hydrocarbons were cyclized to MAHs, and
on the other hand, the hydrogen radicals provided by the dissociated
hydrogen from Pd decreased, thus more MAHs were further aromatized
to coke precursors such as PAHs, which led to an increase in the
carbonaceous deposits [17,39].

From the distribution of liquid phase components (Fig. 4c), the
selectivity of PAHs increased significantly with decreasing temperature,
which partly confirmed the reason for the increase of coke as mentioned
above, and the accelerated deactivation of the catalyst resulted in higher
oxygen content of the liquid phase, with the selectivity of oxygenated
compounds as phenols and ketones exceeded 20.0 % at 300 °C, which
demonstrated that the upgrading temperature had a significant effect on
the HDO of the catalysts [40,41], and the selectivities of MAHs were as
follows: 65.6 % (400 °C) > 49.6 % (350 °C) > 43.2 % (300 °C). As
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shown in Fig. 4d, the selectivity of MAHs in each carbon number dis-
tribution region also decreased with the decrease of temperature, and
the selectivity of MAHs in C9~C11 decreased most obviously from
36.5 % to 27.1 % at 350 °C and 23.2 % at 300 °C, respectively, while the
selectivity of alkanes increased from 1.62 % to 3.98 %, which showed
that the hydrogenation reaction was promoted by the catalysts at the
relatively low refining temperature, while the HDO and aromatization
reaction activities were more active at 400 °C [9,16]. This was corrob-
orated by the component distributions of non-condensable gases, which
showed that the selectivity of CO and CO, at 400 °C was significantly
higher than that at 350 °C and 300 °C as seen in Fig. 4e, and CH, had the
highest selectivity at 400 °C due to promoted cracking effects under high
temperature.

Although at relatively low temperatures the hydrogenation activity
of noble metals was enhanced and the saturation reaction was more
preferred, the increase in oxygenate compounds selectivity was more
detrimental to the quality of the bio-oil. A comprehensive consideration
of oil phase yield, hydrocarbon selectivity, and oxygen content sug-
gested that 400 °C was a relatively favorable temperature for upgrading.
And the overall carbon balance achieved 95.6 wt% when the upgrading
temperature was 400 °C. The carbon yield of the individual product
phases are shown in Table 3. The picture of liquid product is shown in
Fig. S2.

Table 3

Carbon yield of part of the products.
Yield Carbon yield (wt%)
Organic phase 18.1
Non-condensable gas 42.9
Char 34.6
Total 95.6

3.4. Effect of the metal site and zeolite acid site

With the upgrading temperature fixed, to determine the promotion
effect of noble metals and HZSM-5 on the HDO reaction, in this study,
Pd/HZSM-5, HZSM-5 were physically mixed with Mo/yAl,O3 for HDO
respectively and compared with Mo/yAl,O3 alone, and the results are
shown in Fig. 5. Fig. 5a indicated that Mo/yAl;03 mainly catalyzed the
deoxygenation reaction, and the hydrogen radicals in the reaction
basically came from the dissociation of hydrogen molecules, and basi-
cally did not contain active sites with strong acidity, and the hydro-
cracking reaction was not prominent, therefore, the yields of the liquid
phase (49.3 wt%) and the oil phase (10.3 wt%) were relatively high,
while the large mesoporous area of yAl,O3 also provided adhesion space
for the generation of coke (4.19 wt%). After the introduction of HZSM-5,
the oxygenated compounds such as phenols and ketones underwent
direct and indirect deoxygenation reactions such as hydrogenolysis, and
the yield of non-condensable gases was increased from 23.1 wt% to
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30.5 wt%, while the liquid-phase and oil-phase yields were reduced to
42.4 wt% and 8.62 wt%, respectively. Based on this, the liquid and oil
phase yields of HZSM-5 loaded with Pd were further increased to
46.8 wt% and 9.19 wt%, while the yield of non-condensable gases was
only 28.1 wt%. It could also be seen from Fig. 5b that the hydrocarbon
yields were reduced to 7.59 wt% and 6.15 wt% with and without HZSM-
5, respectively, compared with the presence of Pd metal sites. Combined
with the acidity characterization results, it could be seen that the
introduction of Pd changed the acidity of the catalyst, reducing the
strong acid sites, and was able to generate relatively more liquid phase
[42,43]. The combination of Pd/HZSM-5 and Mo/yAl;O3 exhibited
improved upgrading performance for production of aromatic hydro-
carbons, as shown in the comparison with previous studies in Table S2.

Fig. 5¢ presents the distribution of liquid phase components in detail,
the HZSM-5 contained more Brgnsted acid site, which promoted the
aromatization reaction, and compared with only Mo/yAl,Os3, the aro-
matics selectivity was increased from 81.1 % to 85.9 %. After the
introduction of Pd, the number of acidic sites increased and the disso-
ciation of hydrogen was promoted, which effectively reduced the over-
coupling of MAHs to generate coke precursors such as PAHs, and the
aromatic hydrocarbons were further increased to 88.7 %, of which the
selectivity of MAHs reached 65.6 %. Oxygenated compounds were also
found to reach the relatively lowest level of selectivity (6.32 %). The
carbon number distributions of the MAHs obtained from the three sce-
narios were also significantly different, as shown in Fig. 5d, the HZSM-5
improved the selectivity of MAHs with C6~C11, and due to the stronger
cleavage ability, more MAHs with carbon numbers greater than 11 were

not detected. In addition, under the effect of Pd, some small oxygenated
molecules, such as alcohols and aldehydes, would be added to the car-
bon ring or branched chain of the aromatic hydrocarbon by hydro-
alkylation and aldol condensation reactions [44,45]. The relatively low
yields of CO and CO; in the presence of Pd suggested that the noble
metal further promoted deoxygenation by dehydration to retain more
carbon content in the final liquid phase, and the highest yields of the two
kinds of gas were obtained when the HZSM-5 and yAl,03 were physi-
cally mixed, which suggests that the HZSM-5 mainly facilitated decar-
boxylation and decarbonylation reactions (Fig. Se).

3.5. Catalytic mechanism by DFT computation

Experimental results showed that Pd was superior to HZSM-5 in HDO
reaction activity. To clarify the promotion mechanism of noble metals
Pd and HZSM-5 theoretically, DFT calculations of the adsorption energy
and dissociation ease of hydrogen on the Pd (111) surface and inside
HZSM-5 were carried out in this study. As shown in Fig. 6¢, the analysis
of the TEM results of Pd/HZSM-5 led to the corresponding Pd (111)
surface (PDF#87-0637). Therefore, the adsorption energies of hydrogen
at different adsorption positions on the Pd (111) surface were calcu-
lated, as shown in Fig. 6a, and a relatively stable adsorption configu-
ration of hydrogen was finally obtained at the FCC position, which was
in agreement with the calculation results of the previous related studies
[46,47]. The adsorption energy was —0.46 eV, indicating that Pd could
easily capture and immobilize hydrogen from the gas phase, effectively
improving the efficiency of hydrogen utilization. Compared with Pd, the
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adsorption energy of hydrogen inside HZSM-5 was low, and the
screening calculation of different acidic sites of HZSM-5 (Fig. S5 and
Table S3) resulted in an adsorption energy of —0.27 eV in the relatively
steady state (Fig. 6b). On the one hand, hydrogen that is too small
compared to the zeolite pore size were more inclined to remain in a
molecular state and leave the zeolite molecules through the micropores,
and on the other hand, it was difficult for zeolites to provide many
electrons for adsorption of hydrogen as metals do.

Calculations of the dissociation energy of hydrogen in the gas phase
were carried out and it was learned that the energy barrier for the
decomposition of hydrogen into atoms in the absence of a catalyst was
high, reaching 4.48 eV. As illustrated in Fig. 6¢, by calculating the
processes of hydrogen dissociation on the surface of Pd (111), it could be
seen that the dissociation of hydrogen into atoms under the effect of the
Pd only needed to overcome an energy barrier of 0.02 eV, which was
significantly lower than that in the gas-phase environment, and the
adsorption energies of the dissociated two hydrogen atoms on the sur-
face of Pd (111) reached —1.38 eV. However, according to the calcula-
tion results, it could be concluded that it was difficult for the dissociation
reaction of hydrogen to occur on the zeolite surface.

According to the calculations, the hydrogen radicals for the HDO
reaction in the absence of Pd basically originated from the gas phase,
and Pd greatly promoted the dissociation of hydrogen to provide a large
number of hydrogen radicals for the subsequent deoxygenation and
hydrogenation reactions, and these were in line with experimental re-
sults, that introduction of Pd enhanced the HDO reaction and thus
effectively increasing the selectivity of the target products and reducing
the oxygen content compared to HZSM-5 alone.

4. Conclusions

In this study, the combination of hydrogenation catalyst Pd/HZSM-5
and deoxygenation catalyst Mo/yAl,O3 were employed in the HPVU of
poplar to produce bio-oil mainly consists of aromatic hydrocarbons. The
main conclusions are as follows:

The Pd/HZSM-5 catalyzed the aromatization and hydrogenation
reactions with remarkable effects, and the synergistic effect aided by
Mo/yAl;03 can improve the oil phase yield to 9.19 wt% with the total
mass balance reaching 96.2 %, while maintaining the high selectivity of
MAHS as 65.6 % (C8 + was 56.7 %). The refining temperature had a
significant effect on the catalytic activity. The catalysts consisted of Pd/
HZSM-5 and Mo/yAl;O3 obtained the highest hydrocarbon selectivity

(93.4 %) and the lowest oxygenate selectivity (3.95 %) at 400 °C, while
300 and 350 °C promoted alkane selectivity, which suggested that
relatively mild refinement temperature can promote saturation and in-
crease carbon yield.

Introducing Pd into HZSM-5 optimized the acidity, and the organic
phase yield was improved compared with the HZSM-5, in which the
hydrocarbon mass yield reached 8.13 wt% and the selectivity of MAHs
(>C9) reached 40.7 %. Combined with DFT calculations, it was found
that Pd could adsorb hydrogen more easily than HZSM-5 and could
greatly reduce the hydrogen dissociation energy barrier, providing suf-
ficient hydrogen radicals for the HDO reaction to inhibit the over-
coupling reaction.

A preliminary attempt to employ noble metal catalyst for hydroge-
nation and hydroalkylation reactions during HPVU of biomass was
conducted, which aided by non-noble metal catalyst for deoxygenation.
This study aims to provide implications for the potential application of
noble metal-based catalysts in hydropyrolysis system.
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