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Dual-catalyst catalytic fast pyrolysis (CFP) technology is effective in converting biomass waste into hydrocarbon-
rich bio-oils. However, systematic studies on dual-catalyst biomass CFP are limited, especially with respect to the
best-performed dual catalyst design. In this context, dual-catalyst CFP of poplar sawdust was conducted with 18
in-situ first-layered catalysts, including 6 inorganic salts (NaCl, KCl, MgCly, ZnCly, K3PO4, and K;HPO4), 7 metal
oxides (SiO9, Al;03, CaO, MgO, ZnO, Fe;03, and CuO), and 5 porous materials (SBA-15, MCM-41, Y zeolite, Beta
zeolite, and SAPO-34), while the ZSM-5 zeolite was fixed as an ex-situ second-layered catalyst. The effects of the
18 first-layered catalysts on bio-oil production were investigated and compared. Applying the porous materials as
the first-layered catalysts increased the bio-oil yields compared to the inorganic salts and metal oxides. In
particular, mesoporous SBA-15 combined with ZSM-5 led to the highest bio-oil yield of 19.4 wt% and a satis-
factory hydrocarbon selectivity of 30.5 area%. The synergistic effects of the dual-layered catalysts were also
studied. The first-layered catalysts cracked the primary biomass volatiles into smaller oxygenates, while the
second-layered ZSM-5 deoxidized these molecules to hydrocarbons. In addition, the porous materials exhibited
better synergy with ZSM-5 by simultaneously deoxygenating all the oxygenate types. The dual catalysts
configured by Beta + ZSM-5 converted the most oxygenates into hydrocarbons, and the hydrocarbon selectivity
(41.4 area%) was twice that in the blank experiment (Thermal/ZSM-5). Therefore, combining the porous ma-
terials and ZSM-5 delivers a promising catalyst for dual-catalyst biomass CFP.

1. Introduction

Biomass waste, such as forest and agricultural residues, has caused
many harmful environmental problems because of their incineration
leading to the direct release of toxic vapors (e.g., NOx, COy, polycyclic
aromatic hydrocarbons) into the atmosphere [1]. However, as the only
sustainable carbon resource, biomass waste can alternatively be con-
verted into bioenergy, which could potentially solve environmental
problems, and alleviate global energy pressures [2]. Among the various
conversion methods, catalytic fast pyrolysis (CFP) technology is ad-
vantageous for bio-oil production owing to its simplicity and low cost
[3]. Nevertheless, CFP technology is still in its development period and
requires further modifications, with regards to either the equipment or
catalyst, to improve the quality of the bio-oil produced [4,5].

In this context, the dual-catalyst CFP technology, which modified the
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traditional CFP by adding a second catalyst bed, was developed. Che
et al. proved that the integrated in-situ pyrolysis of biomass using CaO
(1st catalyst) and ex-situ upgrading using ZSM-5 (2nd catalyst) improved
the hydrocarbon percentage in bio-oil [6]. Compared with traditional
single-catalyst pyrolysis, dual-catalyst CFP technology combines the
catalytic characteristics of the two catalysts in a sequential manner. For
example, after the CaO catalyst cracks the large oxygenates in biomass
vapors into smaller ones, the ZSM-5 catalyst subsequently catalyzes the
conversion of smaller oxygenates into olefins and/or monocyclic aro-
matic hydrocarbons (MAHs). The dual-catalyst biomass CFP is also
beneficial for enriching certain compounds during the pre-upgrading
step, which improves the quality of the volatiles that pass through the
second-layered catalyst [7]. Consequently, the deoxygenation capability
of the second-layered catalyst, normally ZSM-5, is also strengthened [8].
There have been several pioneering works on dual-catalyst CPF;
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however, these were mainly concerned with the configuration of the
metal oxides (e.g., Al;03, CuO, ZnO, and MgO) and ZSM-5 [5,8-11]. In
addition to metal oxides, catalyst types such as inorganic salts or porous
materials have been seldomly investigated as first-layered catalysts [12-
14]. Therefore, to maximize the synergistic effect between dual catalysts
and enhance hydrocarbon production, a systematic study on the com-
bined catalyst design is imperative for dual-catalyst CFP technology.

As mentioned above, the catalyst plays a key role in biomass CFP,
and most of the studied catalysts can be classified into inorganic salts,
metal oxides, and porous materials [4,15]. Inorganic salts generally
affect product distribution by altering the biomass decomposition route
[4]. For example, NaCl suppresses levoglucosan production and prompts
the cracking of rice husk into furans, alcohols, and phenols [16]. MgCl,
and ZnCl; inhibits lignin degradation and increases the production of
furfural and acetic acid [17,18]. K3PO4 prevents the decomposition of
hemicellulose and increases phenol production [19]. Metal oxides have
been demonstrated to effectively deoxidize biomass vapors and crack
heavy molecules. For example, acidic Al;O3 preferentially expels oxygen
from biomass vapors through a dehydration reaction [20]. Basic metal
oxides (e.g., CaO and MgO) actively catalyze ketonization reactions and
hence promote the conversion of acids and ketones to hydrocarbons
[6,21]. Transition metal oxides, such as CuO, Fe;O3, and ZnO facilitate
the cracking of heavy matter in pyrolysis vapors and decrease the pro-
portion of heavy fractions in bio-oil [22]. Finally, porous materials, are
characterized by their deoxygenation capability, which benefits from
the uniform channels and tunable acidic properties [23]. In particular,
mesoporous silica (e.g., MCM-41 and SBA-15) enable the cracking of
heavy biomass oxygenates into light ones [15,24,25], and the zeolite
catalysts (e.g., Y, Beta, and ZSM-5) deoxygenated the biomass vapors via
a series of catalytic reactions to yield hydrocarbons [26]. Among the
porous catalysts, the ZSM-5 zeolite displayed the best deoxygenation
capability owing to its strong Bronsted acidity and medium porosity, and
has been extensively studied in biomass CFP [27]. Although the afore-
mentioned catalysts are reportedly effective in improving the bio-oil
quality, it is difficult to directly compare their catalytic performance
because of the different biomass feedstocks and data formats used to
describe the bio-oil quality [4]. Therefore, to determine the best-
performing catalyst combination for dual-catalyst CFP, a batched py-
rolysis of a fixed biomass feedstock with all three catalyst types is
required.

As mentioned above, a detailed survey on the dual-catalyst CFP with
more catalyst types (e.g, inorganic salts, metal oxides, and porous ma-
terials) is required but currently limited. Herein, a systematic investi-
gation of the dual-catalyst CFP of poplar sawdust was conducted in a
fixed-bed reactor, which was configured by placing biomass + cata-
lysts on the first layer and ZSM-5 on the second layer. In total, 18 cat-
alysts, including six inorganic salts (NaCl, KCI, MgCl,, ZnCl,, KsPO4, and
K;HPO,), seven metal oxides (SiO, Al;03, CaO, MgO, ZnO, Fe;03, and
CuO), and five porous materials (SBA-15, MCM-41, Y, Beta, and SAPO-
34) were separately studied as the first-layered catalysts. The pyrolysis
product distribution and bio-oil composition were evaluated for each
catalyst type. To determine the synergy between the dual-catalysts, we
also conducted single-catalyst biomass CFP with the 18 catalysts, which
further confirmed the advantage of the dual-catalyst mode.

2. Material and methods
2.1. Feedstock and catalysts

In this study, poplar sawdust, collected in Liaocheng, China, was
used as the biomass feedstock. The feedstock was ground and sieved to
less than 0.25 mm, and subsequently heated at 105 °C for 12 h prior to
the pyrolysis experiments. The proximate and elemental composition of
the poplar sawdust are listed in Table 1.

The catalysts used in this study were purchased from different
manufacturers. Inorganic salts including NaCl and MgCly-6H20 were
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Table 1
Proximate and ultimate analysis of poplar sawdust.

Sample Poplar sawdust

Proximate analysis” (wt.%) Water 5.53
Volatiles 78.23
Fixed carbon 14.33
Ash 1.91
Total 100.00

Ultimate analysis” (wt.%) C 46.53
H 6.53
o 46.83
N 0.11
Total 100.00

2 On air dry basis.
b On air dry ash-free basis.
¢ Calculated by difference.

supplied by Tianjin Kemiou Chemical Reagent Co., Ltd.; ZnCly, K3POy,
and K;HPO4 were obtained from Shanghai Macklin Biochemical Co.,
Ltd.; and KCl was obtained from Luoyang Haohua Chemical Reagent
Co., Ltd. For the metal oxides, SiO3 was purchased from Beijing Xinxing
Reagent Factory; Al,O3 was obtained from Sinopharm Chemical Reagent
Co., Ltd; MgO was obtained from Tianjin Third Chemical Reagent Fac-
tory; CaO, CuO, and FepO3 were obtained from Shanghai Macklin
Biochemical Co., Ltd.; and ZnO was from Shandong Ruiqi Chemical Co.,
Ltd. The porous materials including SBA-15 (Si/Al = ), MCM-41 (Si/Al
= o), Y zeolite (Si/Al = 6), and Beta zeolite (Si/Al = 20) were supplied
from Xianfeng Nano Co., Ltd; and SAPO-34 (Si/Al = 0.25) and ZSM-5
(Si/Al = 25) were obtained from the Nankai Catalyst Factory. Before
pyrolysis, the metal oxides and porous materials were calcined at 550 °C
for 4 h to remove moisture and impurities.

2.2. Catalyst characterization

Powder X-ray diffraction (PXRD) measurements were carried out on
a Bruker D8 diffractometer with a Cu Ka radiation source (40 mA, 40
kV). Scanning electron microscopy (SEM) images of the catalysts were
obtained using a ZEISS Sigma 500 field emission scanning electron mi-
croscope operating at an accelerating voltage of 3 kV. Before observa-
tion, the samples were sprayed with gold for 30 s to improve their
conductivity.

Temperature-programmed desorption of ammonia (NH3-TPD) was
performed using a chemical adsorption instrument (AutoChem II 2920).
Before the experiment, the samples (200 mg) were pretreated with a
helium stream at 500 °C for 3 h. Then, the temperature of the sample
was cooled to 100 °C. At this temperature, the sample adsorbed the
ammonia mixture (10 vol% NHs, 90 vol% He) to a saturated state. The
samples were subsequently purged with a helium flow (30 mL/min) for
1 h until the chromatographic baseline flattened. Finally, the desorption
experiment was conducted from 100 to 550 °C at a rate of 10 °C/min.

Temperature-programmed desorption of carbon dioxide (CO2-TPD)
was tested using an AutoChem II 2920 chemical adsorption instrument.
Before the experiment, the samples (100 mg) were pretreated at 500 °C
for 0.5 h and then cooled to 30 °C in a He atmosphere. The samples then
adsorbed CO, to a saturated state in a mixed atmosphere of CO (10 vol
%) and He (90 vol%). In the desorption step, the saturated samples were
immersed in a He flow (50 mL/min) for 1 h and heated from 100 to
900 °C at a heating rate of 10 °C/min.

Hydrogen temperature-programmed reduction (H,-TPR) was per-
formed on an AutoChem II 2920 chemical adsorption instrument from
50 to 900 °C at a heating rate of 10 °C /min. The samples (100 mg) were
treated at 300 °C in argon for 8 h before reduction. During the test, a
gaseous mixture containing 10 vol% Hy and 90 vol% Ar was used to
reduce the samples. The hydrogen consumption was monitored using a
thermally conductive detector.

N, adsorption experiments were performed on a Quantachrome
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Autosorb-iQ instrument at 77 K. Prior to adsorption, the samples were
pretreated at 300 °C for 6 h under vacuum to remove the gas in the
pores. The surface area of catalysts was calculated using the Brunauer-
Emmett-Teller (BET) method. The pore size distribution of meso-
porous materials (SBA-15 and MCM-41) and zeolites (Y zeolite, Beta
zeolite, and SAPO-34) were measured using the Barrett-Joiner-Halenda
(BJH) and the Non-Linear Density functional theory (NLDFT) method,
respectively.

2.3. Catalytic pyrolysis experiments

The pyrolysis experiments were conducted in a fixed-bed reactor
equipped with a quartz tube (length 50 cm, internal diameter 16 mm)
and an infrared heating tube. A detailed description of the equipment
has been reported in our previous work, and is depicted in Fig. S1 [7]. A
schematic diagram of the single- and dual-catalyst CFP configurations
are shown in Fig. 1. In the single-catalyst CFP experiment (Fig. 1a), a
well-mixed biomass (1.0 g) and first-layered catalyst (0.5 g) was packed
in the middle of the quartz tube, and the two ends were fixed with quartz
wool. Before pyrolysis, a nitrogen gas flow was purged into the system at
a rate of 200 mL/min for 30 min. Then, the system was heated rapidly to
500 °C within 50 s and maintained for another 5 min to release as much
volatiles as possible. Meanwhile, the volatiles were driven to the
condenser tubes using nitrogen at a flow rate of 100 mL/min. The two
consecutive condensers were fully immersed in ice water (~0 °C),
wherein condensable volatiles were collected as liquid, and non-
condensable volatiles were collected as gas in bags. For the dual-
catalyst CFP experiments (Fig. 1b), a second catalyst layer of ZSM-5
(1.0 g) was added at the end of the first catalyst layer, while all other
reaction conditions remained the same. Notably, the dual-catalyst CFP
was a combined system that consecutively integrated the in-situ pyrol-
ysis of biomass (for the first-layer catalyst) and ex-situ pyrolysis mode
(for the second catalyst). All pyrolysis experiments were conducted at
least twice for data repeatability.

The pyrolysis products were categorized into three classes: solid,
liquid, and gas products. The solid product was composed of char and
coke, and their total weight was calculated by subtracting the mass of
the catalyst from the mass of the remaining solid in the quartz tube. The
liquid product was a mixture of water and bio-oil, and its total weight
was calculated by the mass difference of the condensers before and after
the reaction. After extraction with dichloromethane, the water phase
floated to the upper layer, whereas the bio-oil phase dissolved in
dichloromethane and sank to the lower layer. Therefore, the water and
bio-oil phases were collected and weighed separately. Based on the
conservation of mass, the weight of the gas product is equal to the initial
mass of the biomass minus that of the solid and liquid. The detailed
equations are as follows:

(a) Single-catalyst pyrolysis mode
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Mmlid residue catalyst — M 4

S yst uartz wool

Yiolia = ' T % 100% 1

Mbioma:s
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Mbiomasx

Yyas = 100% — Yoiia — Yiiguia 3)
Miyaier

Yarer = - x 100% 4)

biomass
Yvio—oit = Yiiguia — Ywater 5)

where Mpiomass denotes the mass of dry biomass; Mg residue Tepresents
the total mass of solid left in the quartz tube; Mcqays: refers to the initial
mass of the first-layer and second-layer catalysts; Mguartz wool denotes the
mass of quartz wool; Mcond and Mondenser-+liquid Tepresent the mass of
the condensers before and after pyrolysis, respectively; and Mg is the
mass of the water phase.

2.4. Characterization of the bio-oil and gas

The chemical composition of the bio-oil was analyzed using gas
chromatography/mass spectrometry (GC/MS, Shimadzu QP2010 Ultra)
coupled with an RXI-5SiL-MS capillary column (30.0 m x 0.25 mm x
0.25 pm). The temperature program of the GC was initiated at 50 °C for
3 min and raised to 200 °C at a heating rate of 8 °C/s. Then, the tem-
perature was raised to 280 °C within 2 min, and finally maintained for
another 5 min. The injector temperature was 250 °C, and the injection
size was 1.0 pL with a split ratio of 20:1. The carrier gas was high-purity
helium with a flow rate of 1.0 mL/min. For the mass spectrometer, the
ion source temperature and interface temperature were set at 200 °C and
250 °C, respectively. The NIST11 (National Institute of Standards and
Technology) mass spectral library was used to identify the compounds in
the bio-oil, and the peak area percentage was used to evaluate the
variation of organics [28]. The gas products were analyzed by GC (GC-
7920, Zhongjiao Jinyuan, China) with a thermal conductivity detector
(TCD) (column: TDX-01, 3 mm x 3 m). The oven temperature was
maintained at 80 °C. The inlet temperature and TCD temperature were
set to 100 °C. To ensure reproducibility, each experiment was performed
at least twice and the relative standard deviation for the gases was less
than 10%.

3. Results and discussion
3.1. Catalyst characterization

The PXRD patterns of all the catalysts were summarized in Fig. S2.

.

(b) Dual-catalyst pyrolysis mode

o (R S8 -

. Poplar sawdust . First-layered catalyst

® zsvs

Fig. 1. Schematic diagram of the single-catalyst and dual-catalyst CFP modes.



X. Xue et al.

The strong peak intensity and narrow width suggest they all possess high
crystallinity (except Al;03). Each powder pattern was consistent with its
standard PDF card, indicating a high phase purity for most catalysts. The
discrepancy between the peak of K;HPO4 and K3PO4 was attributed to
their easy deliquescence, which can be evidenced from their SEM images
(Fig. S3). The characteristic peaks of the inorganic materials (Fig. S2a)
and metal oxides (Fig. S2b) were distributed in a higher 26 range
(10-50°) than those for porous materials (260 = 5-30°, Fig. S2c-d),
which is consistent with the abundant internal channels in zeolites and
mesoporous silica. In addition, mesoporous silica with the largest pore
size exhibited the lowest peak position (20 = 0.7-2°).

The SEM images of all the catalysts are depicted in Fig. $3-S5. For
inorganic salts (Fig. S3), NaCl and KCl exhibited an irregular bulky
morphology (~6 pm), whereas KsHPO4 accumulated crystals less than
0.5 pm. Fig. S4 shows SEM images of the metal oxides, which also
exhibited irregular morphologies. Although SiO; and Aly03 had bulky
crystals of > 100 pm and ~ 20 pm, respectively, the other metal oxides
(Ca0, CuO, ZnO, and Fey03) had smaller particle sizes of 0.3-2 pm. The
MgO catalyst possessed a layered stacking morphology, dotted with
small particles (~300 nm). SEM images of the porous materials are
summarized in Fig. S5. SBA-15 had a worm-like morphology with a
length of ~ 1 pm, whereas MCM-41 and Y had rod-like crystals of ~ 500
nm and ~ 1 pm, respectively. In addition, although Beta was loosely
nanoparticles, SAPO-34 exhibited a well-defined cubic crystal with a
large size > 2 pm.

The acidity of the catalysts was analyzed using NH3-TPD (Fig. S6 and
Table 2). Generally, the intensity and position of the ammonia desorp-
tion peak are directly related to the number and strength of acidity,
respectively [29]. With regards to metal oxides, SiO5 had no prominent
ammonia desorption peak, indicative of an extremely weak acidity. For
comparison, Al;03 showed two desorption peaks at 176.9 and 383.6 °C,
suggesting the presence of weak and strong acid sites with a total acidity
of 0.25 mmol/g. Regarding porous materials, the mesoporous silica
(SBA-15 and MCM-41) were weakly acidic owing to the absence of Al. In
contrast, the aluminosilicate zeolites (Y, SAPO-34 and Beta) were
strongly acidic with total acidities of 1.680, 1.375, and 0.615 mmol/g,
respectively.

The alkalinity of CaO, MgO and K3PO4 was analyzed by CO,-TPD
curves (Fig. S7). The higher temperatures and greater amount of CO5
desorption suggested an increased number of stronger alkalinity,
respectively [30]. As shown, CaO exhibited an intense peak located at
709.4 °C with a total CO5 consumption of 1.459 mmol/g. This value was
much higher than that for MgO (0.097 mmol/g) and K3PO4 (0.102
mmol/g), suggesting a stronger alkalinity for CaO.

The reducibility of the transition metal oxides was evaluated using
Ho-TPR. The peak intensity and position of Hy desorption were directly
related to the amount and strength of reducibility, respectively [31]. As
shown in Fig. S8, ZnO showed no reduction peak in the entire temper-
ature range (100-900 °C), indicating its poor reducibility. Fe,O3
exhibited a reduction peak at 402.9 °C, followed by a broad band
centered at 564.6 and 721.6 °C, respectively, corresponding to the
reduction of Fe;0O3 — Fe304 — Fe [32]. For CuO, hydrogen consumption
began at 210 °C and the reduction peak was centered at 346.4 °C, owing

Table 2
Acid amount of the two metal oxides and porous material catalysts.

Catalysts Peak 1 Quantity Peak 2 Quantity Total amount
(§®)] (mmol/g) (§®)] (mmol/g) (mmol/g)

SiO, - - - - -

Al,03 176.9 0.156 383.6 0.094 0.250
SBA-15 - - 416.3 0.030 0.030
MCM-41 141.2 0.020 304.5 0.032 0.052

Y zeolite 160.5 0.89 205.4 0.79 1.680

Beta 189.8 0.471 374.4 0.144 0.615

zeolite

SAPO-34 168.8 0.703 382.3 0.672 1.375
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to the reduction of CuO to metallic Cu (Table S1) [33]. The reduction
temperature for CuO was much lower than that for Fe;O3 due to the
weak Cu-O bond, providing it with a better oxygen supply capacity.

The textural properties of the porous materials were characterized
using Ny sorption experiments (Fig. S9). Among them, SBA-15 and
MCM-41 exhibited a hysteresis loop in the P/Py range of 0.7-0.85 and
0.3-0.4, respectively, confirming the presence of mesopores. The higher
loop range in SBA-15 also indicates its larger pore size, as shown in
Fig. S9b. In contrast, all microporous materials (Y, SAPO-34 and Beta
zeolites) demonstrated a type I sorption isotherm with rapid Nj
adsorption in the range of P/Pj less than 0.001. In contrast to the
saturated platforms in Y and SAPO-34, the adsorption isotherm for Beta
further increased at P/Py > 0.55 and a hysteresis loop was observed in
the desorption branch, indicating the presence of intra-crystal meso-
pores (6.40, 8.63 nm) (Fig. S9¢), which was consistent with the SEM
image (Fig. S5). Table 3 summarizes the surface area, pore volume, and
pore size of the materials. The pore diameter clearly decreased in the
order of SBA-15 (8.15 nm) > MCM-41 (2.70 nm) > Y zeolite (7.4 f\) >
Beta zeolite (6.7 A) > SAPO-34 (4.3 A).

3.2. Dual-catalyst CFP using different first-layer catalysts

In the dual-catalyst CFP of poplar sawdust, ZSM-5 was fixed as the
second-layered catalyst, while the in-situ first-layered catalyst was
studied using six inorganic salts (NaCl, KCl, MgCl,, ZnCl,, K3PO4, and
KoHPQy4), seven metal oxides (SiO3, Al,O3, CaO, MgO, ZnO, Fe;03, and
CuO), and five porous materials (SBA-15, MCM-41, Y, Beta, and SAPO-
34). The effects of the first-layered catalysts on bio-oil production are
summarized in this section. For comparison, ex-situ CFP over ZSM-5
(denoted as thermal/ZSM-5) was performed as a blank experiment.

3.2.1. Effect of inorganic salts on the dual-catalyst CFP of poplar sawdust

Inorganic salts, including two neutral salts (NaCl and KCl), two
acidic salts (MgCl; and ZnCly), and two basic salts (KsPO4 and KoHPO4),
were initially studied as first-layered catalysts, and their effects on bio-
oil production are depicted in Fig. 2. Compared to the blank experiment,
the addition of inorganic salts decreased the bio-oil yield but increased
that of water (Fig. 2a), which confirmed a favored dehydration route for
this catalyst type. The variation trend was even larger for acidic salts,
and the MgCl catalyst produced the highest water (44.4 wt%) and the
lowest bio-oil yield (12.3 wt%). The solid yield was dependent on the
acid-base properties of the first-layered catalysts. Although it decreased
for basic (K3sPO4 and K3HPO4) and acidic salts (MgCly), it increased for
neutral salts (NaCl and KCI) compared to that in the blank experiment.
However, the maximum solid yield (19.9 wt%) was achieved by ZnCl,
with a transition metal. This is because, compared to the ionic bonds in
other salts, the partial co-valent nature of Zn?" weakened the bonding
interaction with the active oxygenated intermediates and was thus un-
able to hinder their repolymerization to coke [34]. The ZnCl; catalyst
also exhibited a minimum gas yield (22.4 wt%) owing to its inhibition of
lignin devolatilization and holocellulose (cellulose and hemicellulose)
ring scission [18].

The chemicals detected by GC-MS in bio-oil can be classified into
acids, aldehydes, ketones, hydrocarbons, and phenols based on their
organic functional groups. Their relative selectivity was dependent on
the acidity and basicity of the first-layered catalysts (Fig. 2b). Compared

Table 3
Textural properties of the different porous material catalysts.

Catalysts BET area(m?/g) Pore volume (cm®/g) Pore size(nm)
SBA-15 497.8 1.27 8.15

MCM-41 1092.2 0.98 2.70

Y zeolite 795.1 0.37 0.74

Beta zeolite 580.8 0.48 0.67 (6.40, 8.63)
SAPO-34 631.0 0.28 0.43
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to the blank experiment, the addition of neutral salts (NaCl and KCI)
barely changed the bio-oil composition. In contrast, the addition of
acidic salts (MgCly and ZnCly) dramatically increased the selectivity of
acids and aldehydes while decreasing that of ketones and phenols.
Notably, the Lewis acidic ZnCl, exhibited the highest selectivity for
acids (34.6 area%) and aldehydes (58.1 area%), which was ~ 3 and ~
13 times that for thermal/ZSM-5, respectively. This is consistent with
previous reports that ZnCl, favors the formation of acetic acids and
furfural by enhancing the depolymerization and dehydration of hol-
ocellulose [18]. Although the acidic MgCl; yielded less acids (25.9 area
%) and aldehydes (29.3 area%) than ZnCl,, it achieved a maximum
selectivity of hydrocarbons (33.2 area%) and especially MAHs (10.2
area%) (Fig. 2c). This could be attributed to the ionic nature of Mg2+,
which bound more fragments of oxygenated intermediates and
improved the quality of biomass vapors that go through second-layered
catalysts [35]. The basic salts (KsPO4 and KyHPO4) decreased the
selectivity for acids and aldehydes; however, this increased the selec-
tivity for phenols. In particular, K3PO4 performed better in producing
phenols (51.0 area%) and suppressing acids (1.0 area%) than KoHPO4
(39.7 and 10.8 area%) (Fig. 2b). This is because K3POy4 is better pro-
moting lignin decomposition and inhibition holocellulose decomposi-
tion, owing to its higher alkalinity [19]. In addition, although K3PO4
decreased the hydrocarbon selectivity compared to KoHPOy, it yielded
more MAHs (8.3 vs. 7.7 area%) owing to its superior cracking capability
(Fig. 2¢).

The composition of the gaseous products are listed in Table 4. In the
blank experiment (Thermal/ZSM-5), CO» (41.9 vol%) and CO (39.8 vol
%) were the dominant gas components, followed by Hj (6.7 vol%) and
CH4 (11.6 vol%). The formation of carbon oxides is related to the
cracking of the C-O structures in holocellulose. Hy was formed from C-H
or O-H bond cleavage or from the condensation of aromatic structures.
CH4 was presumably obtained from the reaction between hydrogen and
the methyl free radicals, which dissociated from the side chains of the
aromatic rings in lignin. Notably, the addition of KCl barely changed the
gas composition, as it did in the bio-oil composition. However, the other
neutral (NaCl) and acidic salts (MgCl, and ZnCly) dramatically increased
the CO; proportion to 62.7-65.9 vol%, while decreasing that for CO to
11.5-26.4 vol%. The Hy and CH4 proportions also decreased for NaCl
and MgCl,. This was attributed to a favored decarboxylation reaction
during holocellulose pyrolysis and suppressed lignin decomposition
[36], consistent with the bio-oil analysis results. In contrast, the Hy
fraction for ZnCl, increased 2.5 times compared to that for the blank
experiment, indicating a preferred water—gas shift reaction (CO + H20
= Hy + COg). Although the basic salts (KsPO4 and K;HPO4) also changed

Table 4
The mean volumetric percentages (%) of gas compounds produced from the
dual-catalyst pyrolysis of poplar sawdust.

Catalyst CO, CcOo Hy CHy4
Thermal/ZSM-5 41.9 39.8 6.7 11.6
NaCl/ZSM-5 62.7 26.4 3.1 7.8
KCl/ZSM-5 40.4 42.8 4.6 12.2
MgCly/ZSM-5 65.9 21.9 5.7 6.6
ZnCly/ZSM-5 64.4 11.5 21.4 2.7
K3PO4/ZSM-5 37.4 31.0 18.7 12.8
K>HPO4/ZSM-5 39.1 44.3 4.3 12.3
Si05/ZSM-5 34.7 44.8 7.1 13.5
Al,03/ZSM-5 29.1 49.1 7.6 14.2
CaO/ZSM-5 33.6 31.1 21.4 14.0
MgO/ZSM-5 50.6 38.4 2.2 8.8
ZnO /ZSM-5 40.9 38.0 12.1 8.9
CuO /ZSM-5 32.9 41.6 18.9 6.6
Fe,03 /ZSM-5 42.7 32.9 15.6 8.8
SBA-15/ZSM-5 54.7 35.2 1.4 8.8
MCM-41/ZSM-5 43.2 44.7 2.7 9.4
Y zeolite/ZSM-5 42.4 44.4 2.3 10.9
Beta zeolite/ZSM-5 42.2 48.7 1.5 7.6
SAPO-34/7ZSM-5 34.5 51.3 4.2 10.0
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the gas composition, K3PO4 dramatically increased the Hy fraction by
two times, consistent with its promotion of lignin decomposition.

In summary, although the application of inorganic salts as first-
layered catalysts decreased the bio-oil yield, they helped to enrich
certain compounds in the pre-upgrading step. In particular, acidic ZnCly
and MgCl; favored the formation of furfural and acetic acids, and basic
K3PO4 promoted the enrichment of phenols in bio-oil.

3.2.2. Effect of metal oxides on the dual-catalyst CFP of poplar sawdust

In this section, two acidic metal oxides (SiO5 and Al,03), two basic
metal oxides (MgO and CaO), and three transition metal oxides (ZnO,
CuO, and Fe;03) were investigated as in-situ first-layered catalysts, and
their effects on bio-oil production are summarized in Fig. 3. Similar to
inorganic salts, the addition of metal oxides decreased the bio-oil yield
while increasing that of water (Fig. 3a) compared to that in the blank
experiment. The acidic AlpOj3 led to the highest water yield (38.7 wt%)
owing to its strong dehydration capability. The solid yield variation
trend depended on the acidic/basic properties of metal oxides; that is,
while the acidic metal oxides (SiO; and Al;03) slightly decreased the
solid yield from 17.9 wt% in Thermal/ZSM-5 to 16.3-17.2 wt%, the basic
metal oxides (MgO and CaO) increased the value to 21.7-21.9 wt%. The
higher solid yield of basic metal oxides may be due to their reaction with
non-condensable gases (e.g., CO3) and organic acids to form CaCOs,
MgCOs3, and organic calcium/magnesium salts [37]. The gas yield
decreased for both acidic and basic metal oxides, while increasing for
transition metal oxides (CuO and Fe;O3) with oxidation and reduction
properties. This is attributed to the oxygen species in transition metal
oxides, which can be released into the biomass vapors under a reduction
atmosphere and participate in the cracking of heavy molecules (e.g., tar)
into gases [33]. Therefore, these transition metal oxides can be viewed
as oxidative catalysts. Because the oxygen species in CuO is more active
than that in Fe3O3 (Table S1), the CuO catalyst led to a higher gas yield
(38.4 wt%) and a lower solid yield (12.9 wt%).

The effect of metal oxides on the chemical composition of bio-oil
produced from dual-catalyst biomass CFP are shown in Fig. 3b.
Compared to the blank experiment, applying acidic metal oxides (SiOy
and AlyOs3) as first-layered catalysts only slightly altered the bio-oil
composition, although the more acidic Al,O3 had a greater impact in
reducing the selectivity of phenols (34.9 vs. 37.4 area%) and ketones
(12.7 vs. 19.3 area%), in addition to increasing that for hydrocarbons
(29.4 vs. 24.4 area%) and MAHSs (6.4 vs. 5.9 area%) (Fig. 3¢). This is
consistent with previous reports that Al,O3 effectively reduces the ox-
ygen content of bio-oil through a dehydration reaction [38]. The basic
metal oxides (CaO and MgO) also only slightly affected the bio-oil
composition; however, the variation trend is different from that in
acidic metal oxides. For example, the CaO and MgO catalysts slightly
increased the phenols selectivity from 38.7 area% in Thermal/ZSM-5 to
43.6-45.3 area%, but decreased the hydrocarbon selectivity from 25.0
area% to 20.4-21.7 area%. Given that phenols are mainly derived from
lignin degradation, the increased phenol selectivity may be attributed to
poor holocellulose degradation in the presence of alkaline metal oxides
[39]. By catalyzing the ketonization of carboxylic acids and/or alde-
hydes, the strongly alkaline CaO catalyst also decreased the selectivity of
acids and aldehyde by half (2.0 and 4.9 area% vs. 4.5 and 11.1 area%,
respectively), while increasing that for ketones (15.0 vs. 21.7 area%)
compared to that in Thermal/ZSM-5 [40]. The weakly alkaline metal
oxide MgO (Fig. S7) effected the production of acids, aldehydes, and
ketones less than CaO, although it increased the MAHs selectivity from
4.6 area% in Thermal/ZSM-5 to 7.5 area% (Fig. 3c) [21]. The effect of
transition metal oxides on the bio-oil composition is dependent on the
metal type. For example, the ZnO catalyst barely changed the bio-oil
composition, whereas CuO and Fe;O3 clearly inhibited the production
of hydrocarbons by promoting phenols, ketones, and acids (Fig. 3b-c).
This is attributed to the high activity of CuO and Fe»O3 for decomposing
lignin and hemicellulose, as previously observed [41]. The difference
between CuO and FeyOs lies in the aldehyde content; that is, while CuO
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promoted the production of aldehydes, Fe;O3 decreased the aldehyde
selectivity. This is due to aldehydes being more reactive than ketones
toward polymerization [42], and their evolution is affected more by the
oxygen vacancies in the transition metal oxides [41].

The gas composition also varied with metal oxides. Compared to
Thermal/ZSM-5, adding acidic metal oxides (SiO5 and AlyO3) notably
increased the CO selectivity from 39.8 to 44.8-49.1 vol%, while
decreasing the CO; selectivity from 41.9 to 29.1-34.7 vol%. This is due
to the favored Boudouard reaction (C + CO, = 2CO) between tar and
CO [43], which is consistent with the reduced solid yield by acidic
metal oxides (Fig. 3a). Alkaline metal oxides (CaO and MgO) showed
opposite selectivity variations toward COg, Hy, and CHy. In particular,
the more basic CaO notably increased the Hy and CHy4 proportion to 21.3
and 14.0 vol%, respectively, while decreasing the CO; fraction to 33.6
vol% owing to the reaction between CO; and CaO forming CaCOs. The
increased proportion of Hy and CH4 was attributed to the enhanced
lignin degradation by CaO, which was also consistent with the increased
phenol fraction in bio-oil. In contrast, the less basic MgO decreased the
fraction of Hy and CHy4, while increasing that for CO,, indicating a
preferred decarboxylation reaction. Regarding the transition metal ox-
ides (ZnO, CuO and Fe;03), they all decreased the CH,4 fraction (11.6 —
6.6-8.9 vol%), while increasing that for Hy (6.7 — 12.1-18.9 vol%)
compared to the blank experiment. This was attributed to a partial re-
action between methane and the oxygen released from transition metal
oxides, forming of Hy and CO [44,45]. In particular, CuO with a better
oxygen supply capacity, led to the highest H; fraction (18.9 vol%) and
lowest CHy4 fraction (6.6 vol%). Notably, Fe;O3 further decreased the CO
selectivity (32.9 vol%) by increasing that for CO2 (42.7 vol%), owing to
its positive effect on the water-gas shift reaction (CO + H20 = Hz + CO32)
[46].

As mentioned above, the application of metal oxides as first-layered
catalysts not only reduced the bio-oil yield, but also suppressed the
hydrocarbon production (except for AlyO3). Nevertheless, some
improved the quality of biomass volatiles by decreasing the heavy
molecule fraction or by enriching the high-value compounds. In
particular, the basic CaO inhibited the production of acids and enhanced
that of phenols, and the transition metal oxides (CuO and Fey03) with
multiple valences led to higher amounts of phenols, acids and ketones.

3.2.3. Effect of porous materials/ZSM-5 on the pyrolysis product

Five porous materials, including two mesoporous silica (SBA-15 and
MCM-41) and three zeolites (Y, Beta, and SAPO-34) were tested as first-
layered catalysts in this section, and their effects on the bio-oil pro-
duction are depicted in Fig. 4. Interestingly, the addition of porous
materials only slightly decreased the bio-oil yield by 0-23 % (Fig. 4a)
compared to that in the blank experiment (19.4 wt%). The mesoporous
SBA-15 barely reduced the bio-oil yield of 19.4 wt%, owing to its large
pore size and poor acidity [47]. In comparison, the three zeolites (Y,
Beta, and SAPO-34) slightly lowered the bio-oil yield (15.0-18.7 wt%).
This is attributed to the stronger acidity of zeolites, which is effective in
catalyzing dehydration reactions and promoting water formation at a
higher water yield. The gas yield decreased for all the porous catalysts
(24.6-29.6 wt%) compared to that in blank experiment (34.7 wt%). The
solid yield also decreased for all the porous materials (13.1-17.8 vs.
17.9 wt% in blank experiment) except for MCM-41. This, in addition to
the relatively high bio-oil yield, suggests that the porous materials are
promising first-layered catalyst candidates for bio-oil production.

The effect of porous materials on the bio-o0il composition distribution
are depicted in Fig. 4b, indicating that the porous materials are excellent
catalysts for deoxidizing bio-oils. Compared to the blank experiment, all
the porous materials (except SAPO-34) tended to increase the selectivity
of hydrocarbons (26.8-41.1 vs. 25.0 area%), and especially that of
MAHs (7.0-8.2 vs. 4.6 area%) (Fig. 4c¢). In addition, the application of
large-pore zeolites (Beta and Y) as first-layered catalysts led to a higher
hydrocarbon selectivity than mesoporous silica (MCM-41 and SBA-15).
This is attributed to the presence of strong Bronsted acidic sites in
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zeolites, which are needed to crack the oxygenated intermediates into
hydrocarbons [48]. Given that a small-pore zeolite SAPO-34 decreased
the hydrocarbon selectivity to 23.9 area%, a large pore size presumably
also plays a role in the deoxygenation reactions by allowing the diffusion
of large oxygenated-intermediates and access to inner Bronsted acid
sites. Therefore, Beta zeolite with a large pore size and stacked meso-
pores (Table 3) generated the highest hydrocarbon selectivity (41.4 area
%), which was 66% times higher than that in the blank experiment (25.0
area%). Increased hydrocarbon selectivity is associated with decreased
oxygenate selectivity, and the oxygenate types are notably dependent on
the different porous materials. The SBA-15 catalyst favored the con-
version of aldehydes/acids into hydrocarbons, whereas MCM-41 and
large-pore zeolites (Beta and Y) led to a greater reduction in phenols and
ketones. Because the latter molecules are more stubborn than acids or
aldehydes, the decreased phenol/ketone selectivity confirmed the
higher deoxygenation activity for the large-pore zeolites (Beta and Y)
[49]. The weak acidity of MCM-41 indicated a poor deoxygenation
capability, and its mesopores resulted in the repolymerization of phenols
to coke, which is consistent with its high solid yield (Fig. 4a).

The gas composition exhibited a similar variation when porous ma-
terials were applied as the first-layered catalysts. Compared to the blank
experiment, all the porous materials increased the total volumetric
percentage of CO5 and CO at the expense of decreasing that for Hy and
CHy4. This suggests that in addition to dehydration, the oxygen in
biomass vapors was mainly removed through decarboxylation and
decarbonylation reactions, consistent with the carbonium ion mecha-
nism occurring at the zeolite acidic sites during biomass CFP [50].
Interestingly, the Beta zeolite exhibited the highest fraction of CO2 and
CO (90.9 vol%), indicating its highest deoxygenation capability.

In summary, porous materials are suitable candidates for first-
layered catalysts with the aim of producing hydrocarbon-rich bio-oil.
In particular, the addition of mesoporous SBA-15 led to a barely-reduced
bio-oil yield with a satisfactory hydrocarbon selectivity, and the addi-
tion of Beta zeolite provided the most-deoxygenated bio-oil among all
the investigated first-layered catalysts.

3.3. Comparative performance of all the first-layered catalyst types

As shown in Fig. 5, the bio-oil yield obtained from each dual-catalyst
CFP test was plotted against its hydrocarbon selectivity. The
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corresponding data for the blank experiment (Thermal/ZSM-5) are
highlighted as the reference point, which exhibits a value of 19.4 wt%
(bio-oil yield) and 25.0 area% (hydrocarbon selectivity). The bio-oil
yield was reduced for all the investigated first-layer catalysts. This was
as expected, because the removal of oxygen from primary volatiles in-
duces a carbon rearrangement in the three (gas, liquid, and solid) and
the formation of water, which subsequently reduced the liquid and bio-
oil yields [41]. The bio-oil yield reduction trend for the first-layered
catalyst types was inorganic salts > metal oxides > porous materials.
The mesoporous silica SBA-15 barely reduced the bio-oil yield (19.4 wt
%). This is attributed to the adsorption and stabilization of the active
oxygenated intermediates within their porosity, which prevents their
repolymerization to coke [47]. The deoxygenation degree is also
dependent on the first-layered catalysts, and thus most acidic catalysts
(e.g., MgCl,, Al,O3, Beta zeolite, and Y zeolite) increased the hydro-
carbon selectivity, which is probably related to the favored dehydration
route. For all first-layered catalysts, their deoxygenation capability was
enhanced in the order of porous materials > inorganic salts > metal
oxides. The Beta zeolite exhibited the best performance in deoxygenat-
ing bio-oils and demonstrated the highest hydrocarbon selectivity (41.4
area%). This is consistent with previous reports that most deoxygenation
reactions occur at the Bronsted acidic sites inside zeolite channels [51].
The diagram in Fig. 5 allows for a rapid evaluation of the catalytic
performance of all first-layered catalysts in terms of both bio-oil yield
and hydrocarbon selectivity. The dual-catalyst combinations located on
the upper right of the diagram are evidently superior to those located on
the lower left. For example, the combination of first-layered catalysts of
Y zeolite, SBA-15, or K;HPO4 with ZSM-5 yielded a high hydrocarbon
selectivity (27.7-31.3 area%) and a satisfactory bio-oil yield (18.5-19.4
wt%). In addition, the porous materials generally performed better than
other catalyst types (inorganic salts and metal oxides) in synergy with
ZSM-5 by producing the most deoxygenated bio-oil with an adequate
yield.

Given that the pore sizes of SBA-15, Y, and Beta zeolites are larger
than that of ZSM-5, the combination of the first-layered (SBA-15, Y, or
Beta zeolite) and second-layered catalyst (ZSM-5) can be viewed as a
“hierarchical zeolite catalyst” in a whole. This type of “composite
catalyst” functionalizes more like a core-shell catalyst; that is, the
mesopores/large-pores of first-layered catalysts (e.g., SBA-15, Y, Beta
zeolites) cracked the heavy oxygenates in biomass vapors to lighter ones,
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Fig. 5. The comparative catalytic activity of all the first-layered catalysts in combination with ZSM-5. The inorganic salts, metal oxides, and porous materials are

circled in green, red, and blue, respectively.
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and the acid sites inside the medium-sized pores of ZSM-5 further
deoxygenated the light oxygenates to aromatic hydrocarbons. Owing to
the complicated synthetic methods used to prepare core—shell catalysts,
the dual-catalyst combination used in this work is a convenient alter-
native to improve the bio-oil quality of biomass CFP.

3.4. Comparative study on the single- and double-catalysts CFP

To gain deeper insight into the dual-catalyst CFP technology, the
single-catalyst mode using six inorganic salts (NaCl, KCl, MgCly, ZnCl,,
K3POy4, and K3HPO,), seven metal oxides (SiOg, Al;03, CaO, MgO, ZnO,
Fey03, and CuO), and five porous materials (SBA-15, MCM-41, Y, Beta,
and SAPO-34) were also conducted, and the results are summarized in
Fig. S10-S12 in the Supporting Information. Compared to the non-
catalytic pyrolysis of poplar sawdust (denoted as Thermal), the single-
catalyst mode tends to produce a slightly reduced bio-oil yield with an
extremely low hydrocarbon selectivity (0-4.0 area%). Although these
single catalysts are not suitable for deoxygenizing primary volatiles,
they help to reduce the complexity of bio-oil by enriching certain
compounds. This phenomenon is more evident for inorganic-salt cata-
lysts. For example, the ZnCl, or MgCly catalysts sharply reduced the
number of detected species in bio-oil from 50, for non-catalytic pyrol-
ysis, to 17-20. The resulting bio-oil was mainly composed of furfural
(ZnCly: 67.4 area%; MgCly: 43.3 area%) and acetic acid (ZnCly: 24.8
area%; MgCly: 30.7 area%) (Fig. S10b). Similarly, the K3PO4 catalyst led
to a bio-oil consisting mainly of phenols (61.0 area%) and ketones (24.1
area%) (Fig. S10b). The upgraded bio-oil was accompanied by a varied
gas composition. In particular, MgCl; increased the fraction of CO5 from
46.5 to 64.2 vol%, whereas ZnCl, and K3POy, increased the Hy fraction
from 4.3 to 31.0 and 12.4 vol%, respectively (Table S2). Therefore, the
quality of the biomass volatiles was improved after upgrading with first-
layered catalysts.

The addition of a second-layered catalyst (ZSM-5) notably boosted
the production of hydrocarbons, which is attributed to the effective
deoxygenating capability of ZSM-5. However, it is noted that the
deoxygenated species and deoxygenation degree varied with the first-
layered catalysts. For a better illustration, the chemical selectivity
variation impacted by ZSM-5 was recorded for all the first-layered cat-
alysts (Fig. 6). The hydrocarbon selectivity evidently increased in all
cases. Regarding the oxygenates, the ketone selectivity declined more
than the other oxygenate types (acids, aldehydes, and phenols) when
metal oxides and porous materials were applied as first-layered cata-
lysts, which was accompanied by enhanced CO production (Table 4).
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This is attributed to a higher ketone percentage in biomass volatiles after
upgrading with first-layered catalysts; on the other hand, this is caused
by enhanced aldol condensation and aromatization reactions for ketones
(e.g., acetones) over ZSM-5. The decrease in ketone selectivity was even
larger for acidic metal oxides (e.g, MgO, ZnO, Al;03), suggesting a
stronger deoxygenation activity of ZSM-5 for ketones in these cases. For
the first-layered catalysts of inorganic salts, the oxygenate variation
imparted by ZSM-5 is related to the acid-base properties of inorganic
salts. That is, for neutral salts (KCl and NaCl) and basic salts (KoHPO4
and K3POy), the selectivity reduction of ketones and phenols was larger
than that of acids and aldehydes. This also increased the selectivity for
Hy and CH4 except for NaCl. However, for acidic salts (ZnCly and
MgCly), the aldehyde selectivity decreased to a greater extent, owing to
the larger furfural fraction in the pre-upgraded biomass vapors. As
mentioned above, the cracking efficiency of ZSM-5 is dependent on the
first-layered catalyst type, and a synergistic effect exists between the
layered catalysts.

To illustrate the synergistic effect more clearly, Fig. 7 plots the
reduction in oxygenate selectivity as a function of the hydrocarbon
selectivity increase for all the dual-catalyst combinations. Interestingly,
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the overall variation trend was graphically linear. Taking the corre-
sponding data of Thermal/ZSM-5 as a reference, the dual-catalyst com-
binations in the upper right part of the curve are characterized by a
higher conversion of oxygenates to hydrocarbons, which indicates a
better synergistic effect between the first-layered catalyst (e.g, Beta
zeolite and MgCl,) and secondary ZSM-5. In particular, the catalyst
layout of Beta + ZSM-5 exhibited the highest value by converting 39.0
area% oxygenations to 41.4 area% hydrocarbons. This is confirmed by
the previous results showing that the addition of Beta zeolite strength-
ened the cracking efficiency of ZSM-5 in all oxygenate types (ketones,
phenols, acids, and aldehydes) (Fig. 6). In contrast, the dual-catalyst
combinations (e.g., ZnCly + ZSM-5, CuO + ZSM-5, Fe3O3 + ZSM-5)
located on the lower left of the plot exhibited a lower oxygenate con-
version rate, suggesting a poor synergistic effect between these layered
catalysts. The ZnCly + ZSM-5 combination exhibited the lowest syner-
gistic effect, although the deoxygenation activity of ZSM-5 for furfural
was enhanced. From the diagram, the catalyst layout of Beta + ZSM-5 is
recommended for enhancing hydrocarbon production in the dual-
catalyst CFP of poplar sawdust.

4. Conclusions

A systematic study of the dual-catalyst CFP of poplar sawdust was
conducted using 18 first-layered catalysts (six inorganic salts, seven
metal oxides, and five porous materials) in combination with a fixed
second-layer catalyst (ZSM-5). The effects of the different first-layered
catalysts on bio-oil production were investigated and compared.
Compared to inorganic salts and metal oxides, the application of porous
materials as first-layered catalysts yielded a superior deoxygenated bio-
oil with a satisfactory yield. This catalyst also exhibited a positive syn-
ergistic effect with the secondary ZSM-5 catalyst. Among all the catalyst
combinations, SBA-15 + ZSM-5 produced the highest bio-oil yield (19.4
wt%), whereas Beta + ZSM-5 yielded a bio-oil with the highest hydro-
carbons selectivity (41.4 area%).
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