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a b s t r a c t

The quality of bio-oil can be improved by conducting biomass pyrolysis either over a core-shell hierar-
chical zeolite catalyst or in a microwave reactor. However, there is a lack of comparative studies on the
individual effects of each factor (e.g., catalysts, reactors) on bio-oil production. In this regard, the catalytic
pyrolysis of coconut shell in a fixed-bed reactor and in a microwave reactor using the conventional ZSM-
5 and core-shell hierarchical ZSM-5@SBA-15 catalysts was evaluated. With an emphasize on the pro-
duction of hydrocarbons and phenols, the comparative effect of the core-shell catalyst and microwave
reactor was demonstrated. The core-shell catalyst had the dual effect of regulating the bio-oil yield and
composition. Compared to conventional ZSM-5 (25) with a SiO2/Al2O3 ratio of 25, the core-shell ZSM-5
(25)@SBA-15 not only increased the bio-oil yield by at least 40%, but also approximately doubled the
production of hydrocarbons, irrespective of the reactor type. In contrast, the microwave reactor played a
greater role in regulating the bio-oil composition. Irrespective of the catalyst used, the fixed-bed reactor
tended to generate phenolic-rich bio-oil, while the microwave reactor sharply reduced the phenol
selectivity by at least doubling that for aromatics.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The ever-increasing energy demand and depletion of fossil fuel
are forcing our society to search for alternative energy sources. As
the only sustainable carbon source, lignocellulosic biomass has
attracted worldwide attention because it is readily converted to
renewable bio-oils that may partially replace fossil fuels [1,2].
Catalytic fast pyrolysis (CFP) is a promising conversion technique
for this purpose [3,4]. Generally, biomass CFP is carried out in a
pyrolysis reactor at a rapid heating rate (10e200 �C/s) at medium
temperature (400e600 �C) [5,6]. In an inert atmosphere, the
biomass is first devolatilized to oxygen-rich pyrolysis vapors, which
subsequently diffuse into the catalyst bed and undergo a series of
reactions that generate hydrocarbon fuels in the gasoline- or diesel-
range. The reactors and catalysts both play a critical role during
biomass CFP. On one hand, the reactor provides a multiphase
environment, wherein rapid and efficient heat transfer facilitates
the primary devolatilization of biomass feedstocks. On the other
hand, the catalyst facilitates rapid entry and access of pyrolysis
vapors to the active sites, wherein a range of catalytic reactions take
place. Therefore, to improve the quality of biofuel, careful selection
of the reactors and catalyst are required to enable large-scale
exploitation of biomass CFP.

Various reactor types have been studied for biomass CFP. For
instance, the micro-pyroprobe reactor offers the advantages of easy
operation and rapid catalyst screening [4]. However, the low
biomass loading limits efficient biomass/catalystmixing and the as-
prepared bio-oil is somewhat different from that in bench-scale
experiments [7]. The laboratory-scale fixed-bed reactor facilitates
study of the operating parameters, but the low mass and heat
transfer rates also limit their large-scale application [8]. Fluidized
bed reactors are of more industrial relevance. Nevertheless, the
heat transfer properties, feedstock mixing conditions, and particle
size requirements are dependent on specific reactors [9‒11].
Recently, an innovative microwave reactor was developed, using
microwave as the energy source. During biomass pyrolysis, the
microwave penetrates the biomass, interacts with charged parti-
cles, and is converted to thermal energy throughout the biomass
volume [12]. Therefore, the microwave reactor is advantageous for
achieving uniform heating and overcomes the heat transfer limi-
tation in conventional-heating reactors [13]. To enhance the ab-
sorption of microwaves by dry biomass, additional microwave
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absorbents are always used in the microwave reactor and fast py-
rolysis can be achieved [14]. Microwave reactors have been widely
applied in biomass pyrolysis [15,16]. For instance, the microwave-
assisted pyrolysis (MAP) of cellulose yileds phenol-rich bio-oil
[17]; the MAP of cigarette filters leads to an ester-rich bio-oil [18],
and the microwave-assisted catalytic pyrolysis of soapstock or
lignin produces a bio-oil abundant in aromatics, especially mono-
cylic aromatic hydrocarbons (MAHs) [19,20]. Recently, a novel dual
microwave system consisting of separate pyrolysis and catalyst
beds was developed, which not only enhanced the production of
hydrocarbons in the pyrolysis of woody oil, but also reduced the
coke formation owing to the microplasma effect and hot spot
phenomenon [21]. Therefore, microwave reactors are promising for
improving the bio-oil quality by reducing the oxygen content.

Among the various deoxygenation catalysts, zeolites stand out
owing to their unique porosity and abundant acid sites. The mi-
cropores of zeolites play a shape-selective role, while the distri-
bution of acid sites determines the pyrolysis pathway of biomass
[22,23]. Among the investigated zeolites, ZSM-5 exhibits unparal-
leled selectivity for gasoline-range hydrocarbons owing to its
unique channel system and proper-acid characteristics. Neverthe-
less, the quality of the bio-oil produced with conventional ZSM-5 is
still unsatisfactory due to the low bio-oil yield and high coke for-
mation, which result from the small micropore size [24]. To solve
this problem, hierarchical ZSM-5 has been synthesized and tested
as a catalyst for biomass pyrolysis [25]. Recently, the application of
core-shell micro-/mesoporous composite zeolites in the catalytic
pyrolysis of biomass was also shown to be promising. In particular,
the ZSM-5/MCM-41 composite zeolite afforded a higher hydrocar-
bon yield in the catalytic pyrolysis of various biomass feedstocks
[20,26e28]. Another core-shell ZSM-5@SBA-15 catalyst also
enhanced the content of hydrocarbons in bio-oil compared to that
achieved by using only ZMS-5 in the pyrolysis of maize straw [29].
The remarkable catalytic effect was not only ascribed to the hier-
archical porosity, which favored the diffusion of bulky molecules,
but also to the silicon-rich exterior that inhibited the re-
polymerization of oxygenated intermediates to coke [30]. There-
fore, core-shell hierarchical zeolites are also promising in the pro-
duction of high-grade bio-oil with low oxygen content.

As aforementioned, both the microwave reactor and core-shell
hierarchical zeolite catalyst can improve the quality of bio-oil.
However, limited research on the comparative effect of catalysts
and reactors on bio-oil production is available, which raises the
question of which factor (e.g., reactors, catalysts) is superior in
enhancing the quality of bio-oil. Herein, the pyrolysis of coconut
shell using the conventional and core-shell hierarchical ZSM-5
catalysts in a fixed-bed reactor and in a microwave reactor is
evaluated. By focusing on the production of hydrocarbons and
phenols, the specific contributions of the microwave reactor and
core-shell catalyst on bio-oil production are demonstrated and
compared.
2. Materials and methods

2.1. Biomass feedstocks

Coconut shell, collected from the north and south fruit markets
in Hainan province, China, was used as the biomass feedstock.
Before the pyrolysis experiments, the coconut shell was crushed
and screened with a standard 40-mesh sieve to particle sizes less
than 0.425 mm. These particles were then dried in an oven at
105 �C for 24 h to remove the moisture. Table 1 lists the charac-
teristics of the coconut shell.
2.2. Synthesis of catalysts

Conventional ZSM-5 zeolites (Catalyst Plant of Nankai Univer-
sity) with SiO2/Al2O3 ratios of 18, 25, and 46 were used as catalysts
without additional treatment. The core-shell micro-/mesoporous
ZSM-5 (25)@SBA-15 composite zeolite was synthesized as follows
[31]. Under stirring, 3.56 g MgSO4$7H2O was added to a uniform
solution containing 0.58 g triblock copolymer P123 (Mw ¼ 5800)
and 300 mL HCl (2 mol/L). Thereafter, 1.5 g ZSM-5 (25) powder was
added and the mixture was sonicated for 30 min. Tetraethyl
orthosilicate (1.5 g; TEOS, SiO2 28.0 wt%) was then added dropwise,
and after stirring for 24 h, the dispersion was transferred into an
oven and heated at 100 �C for 24 h. The final sample was obtained
after centrifugation, separation, and drying at 105 �C. The catalyst
was calcined at 550 �C for 5 h prior to use in biomass pyrolysis.

2.3. Catalyst characterization

Powder X-ray diffraction (PXRD) patterns were obtained on a
Bruker D8 Advance diffractometer with Cu-Ka radiation
(l ¼ 1.5406 Å) at 40 kV and 20 mA. Data were aquuired in the 2q
range 0.6e6� at a scan rate of 1�/min, while that in the 2q range
5e40� was collected at a step size of 8�/min. The sample mor-
phologies were evaluated using a scanning electron microscope
(SEM, ZEISS Sigma 500) at an accelerating voltage of 5 kV. Transi-
tion electron microscopy (TEM) images were recored on a
JEM1200EX instrument at 200-kV accelerating voltage. N2

adsorption-desorption experiments was measured at �196 �C on a
Micromeritics ASAP 2100 instrument. From the isotherms, the
specific surface area was calculated by the Brunauer-Emmett-Teller
method; the micropore and mesopore volumes were distinguished
by t-plot analysis. The pore size distribution in the conventional
zeolites and core-shell zeolite composites were determined using
the Horvath-Kawazoe (HK) model and nonlinear density functional
theory (NLDFT), respectively. The acidity of the catalysts was
studied by ammonia temperature-programmed desorption (NH3-
TPD) using on an AutoChem II 2920 apparatus. Infrared spectra
with pyridine (Py) were recorded on a Nicolet IS10 Fourier‒trans-
form infrared (FT-IR) spectrometer. Before the experiment, the
sample was first dehydrated under vacuum (10�5 Pa) at 300 �C for
6 h to eliminate the influence of adsorbed water molecules.

2.4. Experimental system and procedure

2.4.1. Fixed-bed pyrolysis experiment
As shown in Fig. 1, the fixed-bed pyrolysis apparatus comprised

three sections: the pyrolysis system, carrier gas system, and
condenser system. Themiddle of the pyrolysis reactor with a length
of 950 mm and an inner diameter of 16 mm was filled with a
mixture of 1.0 g of coconut shell and 1.0 g catalyst. Before pyrolysis,
the apparatus was purged with N2 gas at a flow of 200 mL/min for
30 min. The reactor was then heated to 500 �C under the action of
electrically generated infrared light for 5 min, with a ramping rate
of 10 �C/s. Meanwhile, the biomass vapor was purged by N2 flow at
a decreased rate of 100mL/min, delivering it to a two-step cold trap
(0 �C). After pyrolysis, the condensable liquid was collected, sepa-
rated with dichloromethane, and weighed individually. The solid
yield was determined from the solid residue left in the reactor. The
gas yield was obtained by difference.

2.4.2. Microwave-assisted pyrolysis experiment
Themicrowave-assisted pyrolysis apparatus is depicted in Fig. 2.

The microwave oven (CY-PY1100C-M) possesses a microwave
heating area of 80 mm � 220 mm (diameter � width). A quartz
tube was placed in this area and connected to the condensation



Table 1
Characteristics of coconut shell used in the experiments.

Chemical composition (wt%) Proximate analysis (wt%) Ultimate analysis (wt%)

Cellulose 18.73 Volatiles 72.91 C 47.43
Hemicellulose 34.10 Moisture 4.36 H 5.12
Lignin 35.09 Ash 3.98 N 0.48

Fixed carbon 18.75 O 37.20

Fig. 1. Schematic diagram of fast pyrolysis apparatus.

Fig. 2. Schematic diagram of microwave-assisted pyrolysis apparatus.
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system by a stream outlet. A K-type thermocouplewas inserted into
the microwave oven for temperature control. After setting the
temperatures, the microwave power is automatically regulated to
the target; the maximum output power is 2.8 kW. Before pyrolysis,
10.0 g coconut shell and 10.0 g catalyst were thoroughly mixed and
placed into a quartz boat, which was then placed in the middle of
the microwave cavity. The pyrolysis condition is similar to that in
fast pyrolysis experiment. That is, the apparatus was purged with
N2 gas flow (200mL/min) for 30min, and then the ratewas reduced
to 100 mL/min; the temperature of the microwave reactor was
raised to 500 �C within 50 min and maintained for another 20 min.
It should be pointed out that the low heating rate is caused by the
instrument limit, and the utilized pyrolysis time was optimized
from initial experiments to maximize the bio-oil yield. The pyrol-
ysis vapors were driven out by N2 gas flow and diffused into a
bottom flask equippedwith a condenser pipe and a secondary cold-
trap loaded with dichloromethane. Similarly, the liquid collected in
the condenser, consisting of oil and water phases, was separated
and weighed individually. The solid yield was determined from the
weight of solid left in the microwave reactor after pyrolysis. The gas
yield was calculated by difference.

2.4.3. Bio-oil analysis
The bio-oil phase was further analyzed on a gas chromatograph-

mass spectrometer (GC-MS, Shimadzu QP2020) equipped with a
DB-5MS (30 m � 0.25 mm � 0.25 mm) capillary column. High-
purity helium at a flow rate of 1.0 mL/min was used as the carrier
gas. The GC program was set as follows: after maintaining the
system at the initial temperature of 50 �C for 5 min, the GC tem-
perature was increased to 200 �C at a ramping rate of 4 �C/min, and
continuously to 280 �C within 7 min and held for another 5 min.
Electron ionization (EI) combined with full scan mode is effective
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for compound identification and was used in the experiments. The
temperatures of the 0.5-ml injector and the ion source temperatures
were set at 250 �C and 200 �C, respectively. Sample injection was
performed in split injection mode with a split ratio of 10:1. The
chemicals in bio-oil were identified by comparison with the mass
spectra recorded in the National Institute of Standards and Tech-
nology (NIST 2014) library database. Their relative concentrations
were determined from the area percentage (area%) of the chro-
matogram peaks (Fig. S1). Such a semiquantitative method has
been proved facile for analyzing the bio-oil composition [32,33],
given that hundreds of compounds may be present in bio-oil. In
addition, because of the complexity of bio-oil, chemicals of the
same functional group are grouped in evaluating the bio-oil quality.

3. Results and discussion

3.1. Catalyst characterization

Figure S2 presents the PXRD patterns of all the catalysts used in
this study. For the traditional ZSM-5 series, the five sharp strong
peaks located at 2q¼ 7.9�, 8.7�, 23.1�, 23.9�, 24.3� and the absence of
humps in the 2q range 20e25� confirmed the crystallinity and
purity of ZSM-5 (18), ZSM-5 (25), and ZSM-5 (46). For the core-shell
zeolite composite, the characteristic peaks of ZSM-5 were almost
unchanged, suggesting that the structural integrity of the inner
core was maintained after coating with the shell. The diffraction
peak at 2q ¼ 1� proved the existence of mesoporous SBA-15.

Although the PXRD patterns confirmed the co-existence of ZSM-
5 and SBA-15 phases in the zeolite composite, the core-shell
structure can only be verified by TEM analysis. Therefore, the
TEM images were acquired. As shown in Fig. S3, the conventional
ZSM-5 series displayed uniform phase contrast throughout the
rectangle-shaped crystal. In contrast, the darker interior rectangle
in ZSM-5@SBA-15 was surrounded by a lighter area, confirming the
unique core-shell structure with a shell thickness of ~55 nm. This
conclusionwas further confirmed by the SEM images (Fig. S4). That
is, the smooth external surfaces in conventional ZSM-5 became
rough and sand-like in ZSM-5 (25)@SBA-15, owing to coating with
the SBA-15 shell.

The porosity of these catalysts was further investigated by N2

sorption experiments (Fig. 3). For all the traditional and core-shell
ZSM-5 zeolites, a steep N2 uptake was observed in the relative
pressure (P/P0) range below 0.001, confirming the presence of
Fig. 3. N2 adsorptionedesorption isotherms for the catalysts.
micropores. With increasing of relative pressure, the N2 adsorption
isotherm became saturated for the traditional ZSM-5 series. In
contrast, the gas uptake increased continuously for the core-shell
ZSM-5 (25)@SBA-15 and a hysteresis loop was observed in the
relative pressure range of 0.45< P/P0 < 0.95, confirming the pres-
ence of mesopores. Therefore, while the traditional ZSM-5 series
exhibited only micropores (diameter: ~0.55 nm), ZSM-5 (25)@SBA-
15 possessed a combined hierarchical micro-/mesoporous channel
system (diameter: 0.55 nm and 6.8 nm). The textural properties of
the catalysts are summarized in Table S1. With increasing Al con-
tent, the total surface area and volume of the ZSM-5 series first
increased then decreased, and the maximum surface area and pore
volume (411.7 m2/g, 0.221 cm3/g) was achieved by ZSM-5 (25) with
a SiO2/Al2O3 ratio of 25. The decreased values of ZSM-5 (18) can be
explained by the presence of extra-framework Al that blocked the
entrance of the micropores [34]. As expected, secondary coating of
SBA-15 shell notably increased the total surface area and pore
volume of the ZSM-5 (25) core to 458.3 m2/g and 0.372 cm3/g,
respectively.

The acidity of the different catalysts was studied by NH3-TPD
(Fig. S5). For both zeolite types, two temperature regions at
185e200 �C (weak acid sites) and 275e435 �C (strong acid sites)
were observed in the NH3-TPD curves. As shown in Table 2, the
weak and strong acid sites both gradually increased with
decreasing SiO2/Al2O3 ratios of ZSM-5, and a double maximum
(1.134 and 0.530 mmol/g) was achieved by ZSM-5 (18). The acidity
of ZSM-5 (25)@SBA-15 was almost half that of ZSM-5 (25), despite
the weak or strong acid sites. This suggested that coating of the
mesoporous shell dramatically decreased the acidity of the ZSM-5
core.

To distinguish the acid sites in the zeolite catalysts, the IR
spectra of pyridine (Py) was also measured (Fig. S6). All the cata-
lysts exhibited bonds corresponding to Brønsted (~1545 cm�1) and
Lewis (~1450 cm�1) acid sites bound pyridine [35]. At a lower
desorption temperature of 200 �C, the Lewis acidity gradually
increased with increasing of Al content in ZSM-5 (Table 3), whereas
the Brønsted acidity first decreased then increased, where the
minimum was achieved with ZSM-5 (25). This variation was more
obvious at the higher desorption temperature of 400 �C. Never-
theless, the large Brønsted-to-Lewis (B/L) ratios (>1.2) indicate that
a larger number of Brønsted acid sites are present in the ZSM-5
series. Compared to ZSM-5 (25), the ZSM-5 (25)@SBA-15 catalyst
exhibited similar Brønsted and Lewis acidity at a desorption tem-
perature of 400 �C, whereas the Lewis acidity was doubled at
200 �C and the resulting B/L ratio decreased by half to 0.7. There-
fore, the core-shell ZSM-5 (25)@SBA-15 exhibited Lewis acid
character at 200 �C, and a Brønsted acid character at higher
temperature.

3.2. Pyrolysis experiments over conventional ZSM-5 catalysts

3.2.1. Fixed-bed pyrolysis of coconut shell
Fast pyrolysis of coconut shell was first conducted with the

conventional ZSM-5 series. Fig. 4 presents the product distribution
and bio-oil composition derived from non-catalytic and catalytic
pyrolysis of coconut shell. As shown in Fig. 4a, non-catalytic py-
rolysis of coconut shell yielded 38.5 wt% solids, 30.1 wt% gases, and
31.4wt% liquids, whichwas further divided into 25.7 wt%water and
5.7 wt% bio-oil phases. Addition of the ZSM-5 (46) catalyst notably
decreased the solid yield to 23.2 wt%while boosting the gas yield to
42.3 wt%. However, with increasing acidity of ZSM-5 (decrease in
the SiO2/Al2O3 ratio), the solid yield conversely increased to 29.9 wt
% for ZSM-5 (18) and the gas yield linearly decreased to 37.0 wt%.
This is because although acidic ZSM-5 promoted the cracking of
biomass intermediates and inhibited their repolymerization to



Table 2
Acidity distribution of catalysts.

Catalysts Peak 1 (T, �C) Quantity (mmol/g) Peak 2 (T, �C) Quantity (mmol/g) Total (mmol/g)

ZSM-5 (18) 199.2 1.134 434.9 0.530 1.664
ZSM-5 (25) 200.5 1.007 433.4 0.545 1.552
ZSM-5 (46) 189.2 0.565 409.5 0.499 1.064
ZSM-5 (25)@SBA-15 186.9 0.529 419.7 0.175 0.704

Table 3
The acid amount of catalysts evaluated by FT-IR of pyridine.

Catalysts Desorption at 200 �C Desorption at 400 �C

Brønsted Lewis B/L Brønsted Lewis B/L

ZSM-5 (18) 256.27 209.60 1.22 227.40 127.91 1.78
ZSM-5 (25) 115.50 83.27 1.39 54.13 34.12 1.59
ZSM-5 (46) 135.27 37.59 3.60 110.02 14.66 7.50
ZSM-5 (25)@SBA-15 119.00 169.62 0.70 56.88 36.89 1.54
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form coke, a more acidic catalyst would suffer from rapid deacti-
vation by coke deposition [36]. The amount of liquid product
increased with the addition of the ZSM-5 series and the largest bio-
oil yield (13.5 wt%) was achieved with ZSM-5 (25), where the yield
was twice that without catalysts. This once again confirmed that
the acidic zeolites promoted the conversion of biomass in-
termediates into bio-oil products [37].

The complete chemical distribution of the bio-oil derived from
fast pyrolysis of coconut shell with and without catalysts is listed in
Tables S2‒S3. For simplicity, the chemicals were classified into
three groups: hydrocarbons, phenols, and oxygenated compounds
(Fig. 4b). As expected, the bio-oil derived from non-catalytic py-
rolysis was dominated by phenols (e.g., phenol, methyl phenols,
alkoxyl phenols) and oxygenated compounds (e.g., furfural, ben-
zofurans, 1H-Indenol) with almost no hydrocarbons. When acidic
ZSM-5 (46) was used as the catalyst, the proportion of aromatic
Fig. 4. Fast pyrolysis of coconut shell over ZSM-5 catalyst series. (a) Pyrolytic product yields
phenols and hydrocarbons.
hydrocarbons (e.g., naphthalene and its derivatives) started to in-
crease, at the expense of the oxygen-containing compounds. This
can be ascribed to the acid sites and shape-selective porosity of
ZSM-5, which promote the deoxygenation and cracking of oxy-
genates into aromatics [25,38]. Although the proportion of phenols
barely changed with the addition of ZSM-5 (46), the specific
composition of the phenols was different from those obtained in
the non-catalyzed reaction. For instance, the selectivity for methyl
phenols decreased by 9.3 area%, while that for alkoxyl phenols
increased by 10.6 area% (Fig. 4c). One reason is that the pathway for
formation of methyl phenols competes with that for the formation
of aromatics; that is, methyl phenols would be demethylated and
aromatized to aromatics [8,39]. The other reason is that the intro-
duction of ZSM-5 (46) would enhance the adsorption of alkoxyl
phenols on the catalyst surface, thereby inhibiting the repolyme-
rization of these alkoxy phenols to coke [40]. With increasing
zeolite acidity, the production of aromatics and phenols were
changed slightly, whereas the selectivity for other oxygenates
continuously decreased to 10.9 area% for ZSM-5 (18), which is half
of that for non-catalytic pyrolysis.

To better illustrate the catalytic effect of acidic ZSM-5 on bio-oil
production, the absolute yield of value-added phenols and hydro-
carbons is plotted as a function of the catalyst in Fig. 4d. As shown,
all ZSM-5 catalysts enhanced the production of phenols and aro-
matics compared to that without a catalyst (0.04 wt% hydrocar-
bons, 4.4 wt% phenols). Nevertheless, phenols remained the major
; (b) bio-oil components; (c) selectivity for phenolic compounds; (d) absolute yields of
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product in the bio-oil. This may be caused by the high energy of the
CAr-OH bond, which is hard to break. Overall, ZSM-5 (25) with
medium acidity afforded the a maximum hydrocarbon (1.5 wt%)
and phenol (10.6 wt%) yield, despite the phenol type.

3.2.2. Microwave-assisted pyrolysis experiments
Fig. 5a presents the distribution of the products derived from

microwave-assisted pyrolysis with and without the ZSM-5 cata-
lysts. Compared to non-catalytic fast pyrolysis of coconut shell,
microwave-assisted pyrolysis dramatically increased the gas yield
from 30.1 wt% to 38.2 wt%, but decreased the liquid yield from
31.4 wt% to 21.2 wt%. The bio-oil fraction frommicrowave pyrolysis
also decreased to below 1.8 wt%. This observation is consistent with
previous reports that microwave heating promoted the secondary
cracking of biomass vapors into permanent gases [14,41]. Addition
of the ZSM-5 series notably increased the liquid yield at the
expense of the solid yield. With increasing zeolite acidity, the liquid
yield and bio-oil fraction first increased then decreased, where the
maximum liquid and bio-oil yields of 30.9 wt%, 8.2 wt% were
achieved with ZSM-5 (25) having a medium acidity. The solid yield
followed the opposite trend. It was noted that the ZSM-5 (25)
catalyst reduced the solid yield by half, which compensated for the
increased production of gases to an extent. Therefore, it was sug-
gested that the ZSM-5 catalysts also worked as microwave absor-
bents [42,43], which could conduct heat to the biomass and
increase the heating rate. This is confirmed by the faster heating
rate for ZSM-5 (25) than in the non-catalytic process (Fig. S7); ZSM-
5 (25) with a medium Al loading functioned as the best microwave
absorbent. The rapid heat conduction not only facilitated the
devolatilization of biomass to primary vapors, but also maximized
conversion of the vapors to bio-oil instead of to coke [6]. The higher
temperature induced by ZSM-5 (25) also promoted secondary
cracking of the biomass vapors to permanent gases and led to a
higher gas yield [44].

The compounds in bio-oil obtained from microwave pyrolysis
Fig. 5. Microwave-assisted pyrolysis of coconut shell over ZSM-5 catalyst series. (a) Pyroly
absolute yields of phenols and hydrocarbons.
were also classified into hydrocarbons, phenols, and oxygenated
compounds (Fig. 5b). The complete chemical list is presented in
Tables S4‒S5. Similar to fast pyrolysis without a catalyst, non-
catalytic microwave pyrolysis also furnished bio-oil abundant in
phenols (71.8 area%) and oxygenated species (27.2 area%), with
almost no hydrocarbons (0.3 area%). Among the phenolic compo-
nents (Fig. 5c), microwave pyrolysis sharply increased the propor-
tion of alkoxyl phenols by 22.4 area%, but decreased the production
of phenol and methyl phenols by 9.4 area% and 6.2 area%, respec-
tively. Because the primary decomposition of lignin mainly yielded
alkoxy phenols at low temperature (<475 �C), which were subse-
quently converted into phenol and alkyl phenols via demethox-
ylation at a high temperature [45,46], it was inferred that the actual
temperature of coconut shell during non-catalytic microwave py-
rolysis is lower than 475 �C. This may be due to poor absorption of
the microwaves by dry lignocellulose [47]. This dilemma was
largely alleviated by the ZSM-5 catalysts. With addition of the ZSM-
5 catalysts, microwave pyrolysis effectively converted the phenols
and oxygenated species into hydrocarbons. Compared to the reac-
tion without any catalyst (Fig. 5b), the selectivity towards phenols
was decreased by 15.6e19.5 area% with use of ZSM-5. Specifically,
the selectivity for alkoxyl phenols was reduced by 4.1e11.5 area%
owing to their transformation to phenol by removal of the alkoxyl
groups (Fig. 5c). However, because the “demethoxylation of alkoxyl
phenols to phenol” occurred simultaneously with “alkylation of
phenol to methyl phenols” [46,48], the selectivity for intermediate
phenols also decreased with addition of the ZSM-5 catalysts. The
same is true for methyl phenols, which continuously diffuse into
the zeolite channels and undergo a series of reactions such as
cracking, deoxygenation, and aromatization before being converted
to aromatic hydrocarbons. Notably, the most acidic ZSM-5 (18)
exhibited the highest phenol selectivity. This may be caused by the
predominant demethoxylation relative to the alkylation reaction,
which led to more phenol prior to conversion to methyl phenols. In
addition, the least acidic ZSM-5 (46) presented the lowest
tic product yields; (b) bio-oil components; (c) selectivity for phenolic compounds; (d)
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selectivity for methyl phenol, as the aromatization reaction domi-
nated the alkylation reaction. Therefore, an optimum zeolite acidity
is required for the conversion of phenols into aromatics. ZSM-5 (25)
afforded the highest hydrocarbon selectivity (36.7 area%) in
microwave-assisted pyrolysis, where the selectivity is three times
of that of fast pyrolysis (11.1 area%). The ZSM-5 (25) catalyst also
yielded the largest fraction (14.0 area%) of monoaromatic hydro-
carbons (MAHs), such as toluene, xylene, andmesitylene (Table S5).
This confirmed the advantages of microwave heating in cracking
the heavy bio-oil components [14].

The absolute yields of phenols and hydrocarbons are presented
in Fig. 5d as a function of the ZSM-5 series. As indicated, all of the
catalysts enhanced the production of phenols and hydrocarbons.
With increasing zeolite acidity, the yield of phenols and hydrocar-
bons (e.g., MAHs, PAHs) first increased then declined, where the
maximum yields of all compounds were obtained with ZSM-5 (25).
The maximum production of hydrocarbons (3.0 wt%) was higher
than that obtained from fast pyrolysis over ZSM-5 (25). However,
the maximum phenols yield (4.3 wt%) for microwave-assisted py-
rolysis was much lower, owing to the low bio-oil yield and phenols
selectivity of this process.

As mentioned above, ZSM-5 (25) with medium acidity afforded
the maximum bio-oil yield and quality, irrespective of the use of a
fixed-bed reactor or microwave reactor. Therefore, in the next
section, the core-shell hierarchical counterpart of ZSM-5 (25),
denoted as ZSM-5 (25)@SBA-15, is further tested as a catalyst in the
pyrolysis of coconut shell, aiming to investigate the effect of the
core-shell structure on bio-oil production.
3.3. Pyrolysis of coconut shell over core-shell ZSM-5(25)@SBA-15
catalyst

3.3.1. Fixed-bed pyrolysis experiment
Fig. 6a presents a comparison of the yield of pyrolytic products

obtained over ZSM-5 (25) and ZSM-5 (25)@SBA-15 in the fixed-bed
Fig. 6. Fast pyrolysis of coconut shell over ZSM-5 (25) and ZSM-5 (25)@SBA-15. (a) Pyrolyt
absolute yields of phenols and hydrocarbons.
reactor. Similar to ZSM-5 (25), the addition of ZSM-5 (25)@SBA-15
increased the yield of gas and liquid at the expense of the solid
yield. However, compared to ZSM-5 (25), ZSM-5 (25)@SBA-15 with
a silica shell slightly reduced the production of gases, while
increasing that of liquid. This is attributed to a longer residence
time of the primary vapor within ZSM-5 (25)@SBA-15 and the
reduced cracking ability of the core-shell hierarchical zeolite. The
lowered cracking ability was further confirmed by the reduced
water yield for ZSM-5 (25)@SBA-15, which consequently led to a
higher bio-oil yield (19.3 wt%). It is noted that the bio-oil yield was
not only 5.7 wt% larger than that obtainedwith ZSM-5 (25), but was
also three times that derived from non-catalytic pyrolysis (5.7 wt%).
This indicates that the core-shell ZSM-5 (25)@SBA-15 is more
beneficial for bio-oil production.

The components of bio-oil produced over ZSM-5 (25)@SBA-15
were also classified into hydrocarbons, phenols, and oxygenated
compounds (Fig. 6b). The complete compound distribution is listed
in Table S6. Similar to the reaction over ZSM-5 (25), phenols were
the predominant component when ZSM-5 (25)@SBA-15 was used
as the catalyst. The phenols selectivity of both catalysts were
similar, at ~78 area%. However, when the subgroups of phenols are
considered (Fig. 6c), the ZSM-5 (25)@SBA-15 catalyst obviously
decreased the alkoxyl phenols selectivity by 6.8 area%. This, plus
the reduced selectivity for oxygenated compounds, suggests that
the mesoporous channels in ZSM-5 (25)@SBA-15 allowed the
entrance of more active species and enabled their deoxygenation to
hydrocarbons (Fig. 6b). Therefore, the hydrocarbon selectivity (19.3
area%) achieved with ZSM-5 (25)@SBA-15 was almost twice that
obtained with ZSM-5 (25) (11.1 area%). However, it should be noted
that the hydrocarbons were still dominated by 2-ring aromatics,
such as naphthalene and its derivatives (Table S6).

After combining the bio-oil yield, the ZSM-5 (25)@SBA-15
catalyst yielded 3.7 wt% hydrocarbons and 14.3 wt% phenols,
including 6.3 wt% phenol, 2.9 wt% methyl phenols, and 2.4 wt%
alkoxyl phenols (Fig. 6d). All the yields were higher than those
ic product yields; (b) bio-oil components; (c) selectivity for phenolic compounds; (d)



X. Wei et al. / Energy 212 (2020) 1186928
obtained with ZSM-5 (25), with alkoxyl phenol as the only excep-
tion. This demonstrates that the core-shell hierarchical zeolite
could improve the yield and quality of bio-oil in a fixed-bed reactor.
3.3.2. Microwave-assisted pyrolysis experiment
The core-shell ZSM-5 (25)@SBA-15 was later investigated as the

catalyst in the microwave pyrolysis of coconut shell. As indicated,
compared to the reaction without catalyst, the addition of acidic
ZSM-5 (25)@SBA-15 considerably increased the liquid yield at the
expense of the solid yield (Fig. 7a), and the bio-oil fraction
increased dramatically by 13.8 wt%. This suggests that the ZSM-5
(25)@SBA-15 catalyst is also a good microwave absorbent, which
facilitated heat conduction to the coconut shell and enhanced its
conversion to bio-oil [14]. This is evidenced by the data in Fig. S7,
wherein the core-shell zeolite also increased the heating rate in the
initial 10 min in comparison to non-catalytic microwave pyrolysis.
Compared to ZSM-5 (25), the less acidic ZSM-5 (25)@SBA-15
further reduced the yield of permanent gases and water, accom-
panied by doubling of the bio-oil yield and increased solid yield.
This is attributed to the additional silicate shell in ZSM-5 (25)@SBA-
15, which not only prolonged the residence time of biomass vapors
within the catalyst, but also weakened the secondary cracking re-
actions [24]. A similar trend was observed for the reaction in the
fixed-bed reactor, which suggests that the core-shell catalyst is
more beneficial for bio-oil production, irrespective of the reactor
type.

Fig. 7b presents the chemical components in the bio-oil fraction;
the complete chemical distribution is listed in Table S7. Compared
to non-catalytic microwave-assisted pyrolysis of coconut shell, the
use of the ZSM-5 (25)@SBA-15 catalyst sharply increased the hy-
drocarbon selectivity from 0.3 area% to 41.7 area%, while decreasing
that for phenols and oxygenates from 71.8 to 27.2 area% to 48.1 and
7.6 area%, respectively. Although this trend is similar to that of the
reaction over ZSM-5 (25), the changes in the relative selectivity
were larger for ZSM-5 (25)@SBA-15. This is attributed to the
Fig. 7. Microwave-assisted pyrolysis of coconut shell over ZSM-5 (25) and ZSM-5 (25)@SB
compounds; (d) absolute yields of phenols and hydrocarbons.
mesoporous channels in the SBA-15 shell, which helped to crack
the bulky biomass intermediates into smaller molecules and facil-
itated their access to the acid sites inside the ZSM-5 channels. A
similar result was obtained in the pyrolysis of biomass over ZSM-5/
MCM-41 [26e28]. Regarding the subgroup of phenols (Fig. 7c), the
lower selectivity of ZSM-5 (25)@SBA-15 for phenol and methyl
phenols suggestes that the alkylation reaction outweighed the
demeoxylation reaction, and more methyl phenols passed through
the microporous channels and were converted into aromatics.
Notably, the aromatics selectivity for ZSM-5 (25)@SBA-15 was 5.0
area% larger than that for ZSM-5 (25), where themajor contribution
is from MAHs (20.3 area% vs. 14.0 area%) (Tables S6‒S7). This once
again confirmed that the less acidic ZSM-5 (25)@SBA-15 enhances
the secondary cracking of pyrolysis vapors, which promotes the
cracking of heavy species in bio-oil into lighter molecules.
Benefitting from the high bio-oil yield, the ZSM-5 (25)@SBA-15
catalyst further boosted the production of phenols (6.9 wt%), hy-
drocarbons (6.0 wt%), MAHs (2.9 wt%), and PAHs (3.1 wt%), the
production of which was higher than that over ZSM-5 (25) (Fig. 7d).
Therefore, ZSM-5 (25)@SBA-15 with a silicate mesoporous shell
worked better in the microwave reactor, leading to a higher bio-oil
yield and higher hydrocarbon selectivity in the bio-oil.
3.4. Comparison of contribution of microwave reactor and core-
shell hierarchical zeolite catalyst to bio-oil production

As mentioned above, the reactors and catalysts both impact the
pathway for pyrolysis of coconut shell, thereby affecting the bio-oil
production. The microwave reactor plays a larger part in deter-
mining the bio-oil composition. In the infrared light-heated fixed-
bed reactor, the non-catalytic pyrolysis of coconut shell leads to
primary vapors mainly composed of oxygen-containing com-
pounds (e.g., phenols, furfural, benzofurans). Although the addition
of catalysts promoted deoxygenation and cracking of the primary
vapors to hydrocarbons, the resulting bio-oil was still dominated by
A-15. (a) Pyrolytic product yields; (b) bio-oil components; (c) selectivity for phenolic
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phenols, despite the use of ZSM-5 (25) or ZSM-5 (25)@SBA-15. This
is because of the high bond energy of CAr-OH [49], and herein it is
inferred that the conventional heating reactor could not provide
enough energy to cleave the bonds in the phenols. In contrast, the
microwave-heating reactor could decrease the activation energy of
the cracking reactions and enable bond cleavage at lower temper-
ature [50]. However, the bio-oil produced from non-catalytic mi-
crowave pyrolysis was still dominated by phenols. This is attributed
to the poor ability of coconut shell to absorb microwaves, which
results in a lower pyrolysis temperature, and the decomposition of
lignin leads to more alkoxyl phenols [45,46,50]. As a good micro-
wave absorbent [42,43], the added ZSM-5 (25) and ZSM-5 (25)
@SBA-15 catalysts are conducive to heat conduction and transfer to
the coconut shell, which favores cleavage of the CeC and CeO
bonds in the biomass. The produced primary vapor could contin-
uously diffuse into the catalyst bed and undergo deoxygenation,
cracking, and aromatization reactions to yield aromatic hydrocar-
bons. Therefore, while the catalytic pyrolysis of coconut shell in the
fixed-bed reactor leads to phenolic-rich bio-oil, the microwave-
assisted catalytic pyrolysis notably increases the hydrocarbons in
bio-oil. The core-shell hierarchical zeolite catalyst improves both
the bio-oil yield and quality. Generally, the direct thermal decom-
position of coconut shell yields primary vapors consisting mainly of
oxygenated intermediates. After the primary vapors diffuse into the
ZSM-5 (25) bed, the zeolite pores would stabilize the active in-
termediates (e.g., alkoxy phenols, furfural) and inhibit their repo-
lymerization to form coke, while the acid sites of the zeolite would
deoxygenate the active intermediates to valuable components in
bio-oil. The bio-oil yield is thereby boosted. The ZSM-5 (25)@SBA-
15 catalyst with additional mesopores in the shell is conducive for
cracking the bulky oxygenated intermediate into smaller molecules
and facilities their access to the inner acid sites in ZSM-5 [26]. In
addition, the less acidic ZSM-5 (25)@SBA-15 inhibited secondary
cracking of the primary vapors to permanent gases by promoting
their conversion to light components in bio-oil (e.g., MAHs).
Therefore, compared to ZSM-5 (25), the core-shell ZSM-5 (25)
@SBA-15 catalyst could increase the bio-oil yield and production of
MAHs, irrespective of the reactor type. As aforementioned, from the
perspective of aromatics production, the microwave-assisted py-
rolysis of coconut shell over the core-shell ZSM-5 (25)@SBA-15
catalyst is preferred. However, to produce phenolic-rich bio-oil, a
combined fixed-bed reactor and core-shell zeolite is recommended.

4. Conclusions

Pyrolysis of coconut shell was conducted in a fixed-bed reactor
or in a microwave reactor for bio-oil production, by using con-
ventional ZSM-5 and core-shell hierarchical ZSM-5@SBA-15 as
catalysts, respectively. The specific effects of the core-shell catalyst
and microwave reactor were comparatively demonstrated. The
core-shell hierarchical catalyst played a dual role in regulating the
bio-oil yield and composition. Compared to conventional ZSM-5
(25), the core-shell ZSM-5 (25)@SBA-15 catalyst not only
increased the bio-oil yield by 42e68%, but also increased the hy-
drocarbons yield by 146e200%, irrespective of the reactor type. In
contrast, the microwave reactor contributed more to regulating the
bio-oil composition. Irrespective of the catalyst used, the phenols
selectivity achieved with the fixed-bed reactor was higher than 70
area%, whereas the microwave reactor enhanced the conversion of
phenols to hydrocarbons (>36 area%). Therefore, the combination
of the fixed-bed reactor and core-shell hierarchical ZSM-5@SBA-15
is recommended for producing phenolic-rich bio-oil (14.3 wt%),
while the combination of the microwave reactor and ZSM-5@SBA-
15 catalyst leads to a hydrocarbon-rich bio-oil (6 wt%). Although
the results highlight the potential for high-grade hydrocarbon fuel
production during microwave-assisted pyrolysis, efforts are still
needed in promoting the large-scale use of microwaves for biomass
valorization from the energy efficiency viewpoint.
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