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ZSM-5 is a promising catalyst for the catalytic fast pyrolysis (CFP) of biomass due to its high selectivity to light
hydrocarbons. However, rapid deactivation of catalyst has been a major challenge towards the commerciali-
zation of CFP. The objective of our study is to evaluate the performance of MCM-41/ZSM-5 composites during
the CFP of biomass. Here, for the first time, we report the synthesis of a unique MCM-41/ZSM-5 composite via a
one-step, facile aerosol-based method. The composition of ZSM-5 in the composites was varied and the prepared
composites were used as catalysts for the in-situ and ex-situ CFP of miscanthus x gigantus. The prepared

composites were characterized by N, adsorption-desorption, XRD, SEM, TEM and DRIFTS-pyridine adsorption.
The results of CFP experiments demonstrated that ZSM-5 in the composites was fully accessible. Most im-
portantly, MCM-41 acted as a sacrificial layer for coke deposition and decreased the deactivation rate of the

ZSM-5.

1. Introduction

The production of fuels and energy via biomass pyrolysis has drawn
significant scientific attention due to the low cost, renewability and
sustainability of the resource [1-3]. The primary products of biomass
pyrolysis are bio-oil, syngas and biochar. Bio-oil shows great potential
to replace the traditional petroleum-based fuels. However, bio-oil is
mainly composed of oxygenates, which are responsible for its undesired
properties, such as high acidity and viscosity and low heating value [4].
Hence, the upgrading of pyrolysis bio-oil is necessary before its use.
Catalytic fast pyrolysis (CFP) of biomass takes place at high heating
rates in the presence of a catalyst [5,6]. During CFP the bio-oil is up-
graded by removing oxygen and increasing the selectivity of hydro-
carbons in bio-oil. The use of catalysts with high deoxygenation activity
is key for the production of high quality bio-oil that is rich in hydro-
carbons [7,8].

Numerous catalysts have been studied for the CFP of biomass over
the past decades, such as zeolites (Y zeolite, beta-zeolite [9] and ZSM-5
[10-12]), silica (amorphous silica [13], SBA-15 [14] and MCM-41 [5])
and oxides (CaO, MgO [15], ZnO [16], y-Al:05 [17] and TiO> [18]).
Research studies agree that ZSM-5 is one of the most effective catalysts
owing to its acidity and unique shape and pore size, which favor
deoxygenation reactions and the production of light aromatic hydro-
carbons, such as benzene, toluene and xylene (BTX) [15,19,20].
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However, one of the major drawbacks of ZSM-5 is the fast deactivation
due to the coke formation. A number of studies have been conducted to
understand the mechanism of coke deposition on ZSM-5 [6,21-24].
Researchers argue that since the kinetic diameter of large intermediate
oxygenates is larger than the pore diameter of ZSM-5, the restricted
mass transfer should result in the polymerization of large oxygenates on
the external surface of zeolites, which can further block the inner mi-
croporous channels and deactivate the zeolite [25]. Gou et al. studied
the effect of mesoporosity in ZSM-5 on the CFP of furan [19] and
concluded that introducing mesopores into ZSM-5 improved the con-
version of furan and the selectivity to aromatics and olefins, and largely
reduced the coke formation. Hoff et al. [26] argued that external sur-
face barriers played a minimal role on the deposition of coke, while
micropore diffusion was the dominant contribution to the formation of
coke. Yang et al. suggested that ZSM-5 could be deactivated by coke
through both micropores filling and acid sites blocking [27]. Xu et al.
also studied the effect of introducing mesoporosity in MFI zeolites
through the formation of nanosheets [28]. and concluded that the later
produced similar aromatic hydrocarbon yields and had longer lifetime
compared to conventional HZSM-5. However, the MFI nanosheets
showed high coke yield, which was attributed to the higher accessibility
of active sites due to the extra space-volume created by mesopores. We
previously [29] tested various MFI-type zeolites with varying degrees of
mesoporosity and concluded that the highest yield of hydrocarbons and
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minimum coke formation could be realized by optimizing mesopore
size and zeolite acidity. Although significant discoveries have been
made over the past years on the development of hierarchical ZSM-5
zeolites as a means to prevent coke formation in ZSM-5 and increase
hydrocarbon selectivity during biomass CFP, the challenge still exists.
On the top of this challenge, hydrothermal and mechanical stability are
also significant factors for the lifetime of catalysts, especially those with
mesopores.

Recently, the development of composites of ZSM-5 and mesoporous
materials, such as MCM-41, SBA-15 and silicalite-1, as a means of
combining the benefits of microporous acidic zeolites and mesoporous
materials, has been investigated, with reported benefits [25,30-32].
The hypothesis is that when pyrolysis vapors pass through the core-
shell structured catalyst, they first crack into smaller oxygenates in the
mesoporous layer, and the formed smaller molecules can convert into
hydrocarbons in the microporous core (ZSM-5). Hu et al. synthesized
core-shell HZSM-5@silicalite-1 catalysts for biomass CFP [30]. The si-
licalite-1 was composed entirely of Si and O and was used to cover the
external acid sites of HZSM-5 and minimize possible reactions on the
external surface. Zou et al. also used hierarchical ZSM-5/MCM-41 cat-
alyst for the CFP of co-pyrolysis of lignin and waste oil and observed
excellent aromatization and bond-breaking abilities by the catalyst
[33]. Other mesoporous materials, such as SBA-15 were also used to
prepare core-shell structured catalysts [25]. Li et al. also prepared
mesoporous ZSM-5 coated with thin microporous silicalite-1 and tested
their catalytic performance on pine sawdust CFP [34] showing high
hydrothermal stability of the catalyst and high selectivity to p-xylene.

In the CFP of biomass, large crystals of ZSM-5 possess significant
diffusional restrictions for large molecules to access the interior acid
sites. Submicron crystals of ZSM-5 may enable such access, but such
microcrystals lead to high pressure drops in packed bed reactors and
need to be integrated into porous support matrices. Thus, the concepts
of integrating small crystals of the zeolite into an MCM-41 matrix has
relevance both to reactor design and to product distributions. While
procedures for building an MCM-41 shell around zeolite microcrystals
to make core shell structures [25,30-32], or introducing mesoporosity
in large crystals through selective etching are feasible, the procedures
are complex and lead to difficulties in scale-up [35].

Here, for the first time, we present the concept of encapsulating
ZSM-5 in MCM-41 particles using a one-pot, facile and scalable aerosol-
based method. The aerosol-based (or spray pyrolysis) method is a well-
known technique for the rapid production of functional inorganic ma-
terials and the generation of hollow structures. The method was ori-
ginally pioneered by Lu et al. for the synthesis of well-ordered meso-
porous spheres of MCM-41 [36]. This is an example of the chemistry
within the confined environment of aerosol droplet, where the use of
MCM-41 precursors (e.g. tetraethoxysilane, TEOS) and the templating
agent (cetyltrimethylammonium bromide, CTAB) are presented in the
aerosol precursor solution and thus, in the droplets. As the droplets pass
through a heated tube furnace, silica hydrolysis and condensation occur
rapidly with templating to rapidly produce MCM-41. The method has
been expanded in our laboratories for the synthesis of metal containing
[37,38] and hollow silica particles where the control of templating can
lead to novel morphologies [39,40]. The method is also easily scalable
and can be adapted to continuous processing.

The novelty of our concept in this paper was to integrate ZSM-5
microcrystals into the precursor slurry where the ZSM-5 microcrystal
size is significantly smaller than the orifice size of the aerosolizer
(1 mm). As a result, the zeolite microcrystals are entrained in the
aerosol droplet as shown schematically in Fig. 1a. As the droplets pass
through the furnace zone, templated synthesis occurs with the eva-
poration of the solvent and the hydrolysis and condensation of MCM-41
around the ZMS-5 crystallites. Fig. 1a is a schematic of the translation of
a droplet to a solid particle of MCM-41 containing dispersed ZSM-5
nicrocrystals. We should emphasize that this is not a core-shell struc-

e in the strict definition of the term, but rather a composite
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containing ZSM-5 microcrystal distributed in a spherical matrix of
MCM-41. This is the first time that such a composite has been reported
and tested for the CFP of biomass. The aerosol process is inherently
amenable to scale up and continuous operation.

Our hypothesis was that the MCM-41 would act as a sacrificial layer
for coke deposition, reducing the rate of ZSM-5 deactivation due to coke
formation. The novel composites were prepared using the aerosol
method with various ZSM-5 to MCM-41 ratios, were characterized and
tested for CFP of miscanthus. Our main goal through this study was to
prove that the ZSM-5 acid sites in the composites are fully accessible,
and that the composites with high concentration of ZSM-5 result in: a)
reduced rate of deactivation, and b) comparable (even improved) hy-
drocarbon yields to pure ZSM-5.

2. Experimental
2.1. Materials

Miscanthus x giganteus was selected as biomass feedstock for pyr-
olysis, the proximate analysis, ultimate analysis and other properties of
the biomass can be found in our previous study [41]. ZSM-5 (CBV 8014)
was purchased from Zeolyst International, Inc. Pyridine (99 % purity),
tetraethyl orthosilicate (TEOS, 98 %), hexadecyltrimethylammonium
bromide (CTAB, 95 %) and hydrochloric acid (HCl, 37 %) were pur-
chased from Sigma-Aldrich. Deionized (DI) water with a resistance of
18.2 MQ2 was obtained from an Elga water purification system (Medica
DV25).

2.2. Materials preparation

The composite ZSM-5 in MCM-41 catalysts were synthesized via a
unique spray drying technique first reported by Lu et al. for the
synthesis of mesoporous silica particles [36]Briefly, 1.5g of cetyl-
trimethylammonium bromide (CTAB) was dissolved in 10 ml of ethanol
under magnetic stirring. To achieve 50 wt.% ZSM-5 in the composite
material, 0.58 g of ZSM-5 was added to the CTAB solution followed by
ultrasonication in a bath sonicator (Cole-Parmer 8890) for 5min to
disperse the ZSM-5 crystals evenly in the solution. 4.5 ml of TEOS was
added dropwise to the ZSM-5 suspension followed by 2 ml of 0.1 M HCL.
This precursor suspension was allowed to stir for 10 min before trans-
ferring into the Nebulizer. The amount of ZSM-5 was adjusted to
achieve the desired concentration of ZSM-5 in the composite (25%/
50%,/75%). More details on the spray drying method and a schematic
diagram of the set up can be found in the Supplementary Information
(Fig. S1). The catalyst materials were collected on a filter paper,
transferred into an aluminum boat and calcined in air at 550 °C for 5h
at a heating rate of 5 °C/min to remove the organic template and obtain
the porous material. MCM-41 particles were also synthesized as a
control catalyst using the same methodology and quantities of reagents
except for the addition of ZSM-5.

2.3. Materials characterization

The surface area and porosity of each material were determined by
N, adsorption-desorption using a Micromeritics, ASAP 2010
Physisorption Analyzer. Prior to analysis, each sample was degassed for
12 h at 200 °C under vacuum. N5 adsorption-desorption isotherms were
then collected at 77 K. Surface areas were calculated based on
Brunauer-Emmett-Teller (BET) method.

X-ray diffraction patterns were obtained using a Bruker D8 Advance
powder diffractometer (CuKa radiation source). Electron microscopy
was used to visualize the morphology of the synthesized catalysts.
Scanning Electron Microscopy (SEM) was carried out using a Hitachi S-
4800 field emission scanning electron microscope operated at 3kV,
while Transmission Electron Microscopy (TEM) was carried out on a
FEI Tecnai G2 F30 twin transmission electron microscope operated at
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Fig. 1. (a) Schematic showing the concept of ZSM-5 encapsulation in mesoporous MCM-41 microsphere, (b) SEM showing polydispersity and spherical morphologies
of the particles, (c) TEM of a single particle and (d) cut-section TEM images of composite MCM-41/50%ZSM-5. ZSM-5 microcrystals are reflected in the small

particles with sharp edges.

300kV.

Pyridine adsorption was conducted to measure the acidity of the
catalysts using Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS). Spectra were collected on a Thermo Nicolet
6700 FTIR spectrometer coupled with a temperature controlled Harrick
Praying Mantis DRIFTS accessory. Background was obtained at 120 °C
before any sample loading. Prior to analysis, samples were first calcined
in-situ for 1 h at 550 °C under N, atmosphere. The spectra of materials
before adsorption were recorded at 120 °C. Afterwards, pyridine ad-
sorption was carried out at 120 °C. After adsorption, the chamber was
slowly heated to 250 °C under vacuum to remove physisorbed pyridine.
Then the samples were cooled to 120 °C and spectra were collected at
that temperature. The final spectra displayed in this paper were formed
by subtracting the spectra obtained before and after adsorption.

2.4. In-situ Py-GC experiments

CFP experiments were performed using a Py-GC/MS system (CDS
Analytical Inc. 5200HP) in either in-situ or ex-situ mode [42]. A scheme
of the apparatus is provided in supplementary information (SI). For in-
situ experiments, catalysts were first mixed with biomass at a specific
catalyst to biomass (C/B) ratio (here 5:1). 5 = 0.1 mg of the mixture
(or pure biomass) was plugged into a quartz tube microreactor and
andwiched by two pieces of quartz wool. During pyrolysis, the inter-

e was maintained at 300 °C to prevent any condensation of volatiles

N

and Ar was used as carrier gas. The coil around the microreactor was
rapidly heated to 600 °C and maintained for 20 s to pyrolyze biomass.
The generated condensable vapors were captured by a cold trap and
non-condensable gases were sent to an online mass spectroscopy system
(MS, Agilent 5975C). The MS was calibrated for H,, CO, CO,, CH,4 and
Ar prior to experiments. After pyrolysis was completed, the condensed
liquid products were desorbed from the trap and transferred through a
transfer line, which was heated to 300 °C, to a gas chromato-
graphy-mass spectroscopy system (GC-MS, Agilent 6890 GC with
5973 N MS) for analysis. The GC-MS was calibrated externally by in-
jecting prepared standards through the pyrolyzer. Only the compounds
with a qualifier larger than 75 were quantified for further analysis.
Solid product yields were acquired via the oxidation of the residue in
the microreactor at 950 °C. The generated CO, was measured by MS
and used to calculate solid yields. The yields of products in this study
were calculated based on carbon balance.

Thermogravimetric analysis (TGA) was performed to analyze the
composition of solid mixture after in-situ CFP. TGA was conducted using
a TGA Q500 (TA instruments). The solids were heated at a heating rate
of 10°C from 50 °C to 800 °C under air flow. The mass change during
programmed oxidation was recorded and its derivative was plotted.

All the results on the yields of products are based on carbon balance.
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2.5. Ex-situ Py-GC experiments

Ex-situ experiments were carried out using the same instruments
and analysis methods that were used for in-situ experiments. For ex-situ
configuration, 2 = 0.1 mg of biomass was placed in the quartz tube
microreactor and 10 = 0.1 mg of catalysts were packed in a tandem
fixed-bed reactor, thus, the catalyst to biomass ratio was maintained at
5:1. The temperature of fixed-bed reactor was kept at 600 °C during
pyrolysis. The pyrolysis method was the same as for in-situ experiments.
To evaluate the longevity of catalyst activity, three ex-situ experiments
were performed in series for each catalyst. The spent catalysts were
either regenerated or not regenerated to study the accumulation of coke
over consecutive experiments. The regeneration of catalyst was carried
out by changing the fixed-bed temperature to 800 °C and switching the
carrier gas to oxygen. The generated CO, were detected by MS and used
to calculate the yield of coke. All the results on the yields of products
are based on carbon balance.

3. Results and discussion
3.1. Characterization results

Fig. 1a is a schematic of the aerosol process for integrating ZSM-5
microcrystals in an MCM-41 particle, while Fig. 1b-d show electron
micrographs of the resulting particles. The SEM image in Fig. 1b shows
a wide distribution of particle sizes and the polydispersity is an inherent
feature of the aerosol process. However, there is an additional aspect
here as the larger particles typically contain the zeolite while the small
particles reflect droplets that do not contain ZSM-5 when ejected
through the nozzle and that result exclusively in MCM-14. Fig. 1c shows
TEMs of an assembly of particles and all particles reflect a spherical
morphology and are porous reflecting the mesopore structure of MCM-
41 that can be seen through TEM at the periphery of the particle. We
note that ZSM-5 is not visible to the direct TEM image of Fig. 1c but cut-
sections of the particles clearly reveal the sharper edges of the zeolite
microcrystals (Fig. 1d). The details of the BET surface areas and x-ray
diffraction patters of all composites, as well as the SEM and TEM images
are presented in the SI section and a second manuscript has been
written to describe all details of catalyst preparation and to characterize
reaction and diffusion in these systems using the model reaction of the
liquid phase amination of nitrophenol. The present paper describes the
details of such composite catalyst pellets as directed to the CFP of
biomass.

Pyridine adsorption of catalysts was performed using a DRIFT cell.
The final spectra shown in Fig. 2 was derived by subtracting the spectra
of materials before and after adsorption. Peaks at around 1550 and
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Fig. 2. DRIFT spectra of catalysts after pyridine adsorption.
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Table 1
The concentrations of Brensted and Lewis acid sites and their ratio of each
catalyst.

Material Bronsted acid sites Lewis acid sites B.A./LA
(umol g ") (umol g 1) Ratio
MCM-41 1.41 1.12 1.26
MCM-41_25%ZSM-5 1.84 2.49 0.74
MCM-41_50%ZSM-5  3.26 2.71 1.20
MCM-41_75%ZSM-5  3.78 2.38 1.59
ZSM-5 498 0.86 5.77

1450 cm ! correspond to Brensted acid sites and Lewis acid sites, re-
spectively. The concentration of Brgnsted and Lewis acid sites, as well
as their ratios are presented in Table 1. The extinction coefficients used
for the calculation of Brensted and Lewis acid site concentrations were
1.67 cm/pmol and 2.22 em/pmol, respectively [43]. As expected, MCM-
41 showed very low concentration of Brensted and Lewis acid sites,
since it is a solely siliceous material, while ZSM-5 showed high Brensted
acidity. Increasing the ZSM-5 content in the composite, the con-
centration of Brensted acid sites also increased. However, the con-
centrations of Lewis acid sites on those composites were higher than
both ZSM-5 and MCM-41 and did not show a clear trend with the ZSM-5
content in the composite. It is difficult to explain the presence of Lewis
acidity in the composites. We hypothesize that it might be attributed to
the combustion of carbonaceous materials (here CTAB) during calci-
nation [44].

3.2. In-situ Py-GC experiments

In-situ CFP of miscanthus x giganteus experiments were performed
either without any catalyst or with catalyst in a C/B of 5:1. The C/B
ratio of 5:1 is typical and comparable with other similar studies in lit-
erature, as well as with our previous studies [8,42,45,46]. The catalysts
used were the composites with various concentrations of ZSM-5: from 0
(pure MCM-41) to 100 % (pure ZSM-5). Fig. 3a—c show the overall
product yields, permanent gas yields and liquid product yields dis-
tribution, respectively. The overall product yields are based on carbon
balance (water was not included) and the results show similar trends
and are in good agreement with our previous studies as well as other
studies in literature [8,30,42,45]. A detailed comparison of CFP in
PyGC with a spouted bed lab scale reactor can also be found is our
previous study [42]. As shown in Fig. 3a, pyrolysis experiments without
any catalyst resulted in a significant yield of liquid products and the
least yield of gas and solid products, compared to any other CFP ex-
periments. As shown in Fig. 3c, in the absence of catalyst, the liquid
product was composed of oxygenates only. By introducing pure MCM-
41, a substantial increase on the solid yields was observed, accom-
panied with an increase of CO and CO; yields and a simultaneous drop
of oxygenates yield in the liquid. The decline of liquid yield in the
presence of catalyst was also observed by other researchers [9,47-49].
Chen et al. [47] observed that the pyrolysis of cotton stalk without
catalyst produced the highest amount of bio-oil, while in the presence
of any catalyst, the liquid yield dropped. The decline was most sig-
nificant using MCM-41. In our study, we hypothesize that the vapors
(mainly oxygenates) generated from the pyrolysis of miscanthus dif-
fused into the MCM-41 particles and they were condensed and trans-
formed into coke and char, thus increasing the solid yield. Some dec-
arbonylation and decarboxylation reactions took place according to the
increased yield of CO and CO,, while almost no hydrocarbons were
produced, indicating the formation of coke. When 25 % of ZSM-5 was
introduced in the composite, the overall carbon yield distribution did
not change significantly. However, some hydrocarbons started to ap-
pear in the liquid product. It seems that the acid sites of ZSM-5 were
accessible to biomass pyrolysis vapors, where both cracking and
deoxygenation reactions were enhanced. As the composition of ZSM-5
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Fig. 3. (a) Overall product yields, (b) permanent gas yields distribution and (c) liquid product yields distribution of in-situ experiments at a catalyst to biomass ratio

of 5:1.

in the composite became higher, the acid catalyzed reactions became
more significant and the selectivity of hydrocarbons in the liquid in-
creased drastically.

The yield of benzene, toluene and xylene (BTX) ascended gradually
by increasing the ZSM-5 content from 25 % to 100 %. Although 100 %
ZSM-5 showed a much higher yield of alkanes compared to other ma-
terials, the composite with 75 % of ZSM-5 showed slightly higher yield
of alkyl benzene, indenes and naphthalenes, than pure ZSM-5. In terms
of total hydrocarbon yield, the composite with 75 % of ZSM-5 showed
very close performance to pure ZSM-5. However, the composites
showed higher oxygenates yields than pure ZSM-5 (100 %). Probably in
the absence of the MCM-41 layer, more active sites on the outer surface
of ZSM-5 were available and therefore, enhanced the deoxygenation
reactions.

For comparison reasons, in-situ experiments using pure ZSM-5 with
different ZMS-5 to biomass ratios were conducted and the results are
presented in Fig. 4. The C/B ratio varied from 1.25 to 5, to match the
ZSM-5 to biomass ratio using the composites (e.g. the experiment using
pure ZSM-5 at C/B ratio of 1.25 was performed for comparison with the
experiment using the composite with 25 % of ZSM-5 at C/B ratio of 5).
Using pure ZSM-5, the total liquid yield and gas yield increased slightly
as the ZSM-5 to biomass ratio increased, while solid yield fluctuated

tween 45 % and 55 %. In liquid products, nearly all hydrocarbon

A

yields increased as ZSM-5 to biomass ratio increased, while the yields of
all oxygenates dropped, which was consistent with our previous study
[42]. Compared to the experimental data using the composites with the
same amount of ZSM-5, it appears that at ZSM-5 to biomass ratio of
1.25:1, the pure ZSM-5 showed higher total hydrocarbon and oxygenate
yield than the corresponding composite. This might be attributed to the
condensation of pyrolysis vapors on the MCM-41 surface, before they
reach the active sites of ZSM-5. At ZSM-5 to biomass ratio of 2.5:1, the
difference of total hydrocarbon and oxygenate yields between the pure
ZSM-5 and the corresponding composite became smaller, indicating
that more pyrolysis vapors were able to contact the ZSM-5 and diffuse
out of the composite. At ZSM-5 to biomass ratio of 3.75:1, the com-
posite and the pure ZSM-5 showed approximately the same perfor-
mance. That is an evidence of full accessibility of ZSM-5 in the com-
posite.

In our earlier studies we have proved that TGA is a powerful tool to
understand the origin of carbon in the solid residue derived from CFP.
We have clearly demonstrated that char is a carbonaceous deposit that
appears at around 400 °C, while coke on catalyst appears at around
700 °C. When catalyst and biomass are blended (in situ CFP), there is a
displacement of both peaks. The area under the peaks is relevant to the
amount of char and coke generated by the pyrolysis. More information
on the origin of coke and char can be found in our previous studies
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Fig. 5. DTG analysis of solid residues after in-situ pyrolysis experiments.

[6,42]. TGA was conducted in the present study to identify the state of
solid residues after the in-situ CFP using the composites. The first de-
‘vative of TG curve (DTG) is shown in Fig. 5. When pyrolysis was

performed in the absence of catalyst, there was only one DTG peak at
approximately 400 °C, which was assigned to biochar. Using pure MCM-
41, the peak was shifted to approximately 450°C. This shift was
probably attributed to the formation of oxygen-rich coke on MCM-41,
which was likely generated by the reformation of biochar and the
condensation of the pyrolysis vapors. Preliminary deoxygenation reac-
tions might have taken place during the process, which can be con-
firmed by the increase of CO yield using pure MCM-41 as catalyst. On
the other hand, the solid residue derived from pyrolysis using pure
ZSM-5 showed a peak at approximately 550 °C, indicating coke for-
mation with low oxygen content.

Summarizing, two types of products were identified via TGA ana-
lysis of the solid residues obtained by in-situ pyrolysis: a) carbons de-
rived by MCM-41 oxidized at 450 °C and b) carbons derived by ZSM-5
oxidized at 550 °C. With this difference in mind, the solid products
produced by composites can be analyzed. The solid produced by the
composite with 25 % of ZSM-5 showed a peak at 450 °C and a shoulder
at 550 °C, indicating that the majority of the solid was composed of the
coke formed by MCM-41. As the content of ZSM-5 became higher, the
peak area of coke attributed to MCM-41 became lower, while the
contribution of the coke attributed to ZSM-5 became more significant.
Therefore, we hypothesize that the MCM-41 in the composites can act
as a sacrificial layer for the deposition of coke in ZSM-5; this layer
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might consequently allow ZSM-5 to maintain its activity longer.

The reaction mechanism of biomass CFP using ZSM-5 has been
discussed by various studies [50-53]. In summary, the three initial
components of biomass (cellulose, hemi-cellulose and lignin) break
down in a thermal reaction to form primary pyrolysis products, namely
soluble sugars. The latter further thermally decompose to form car-
boxylic acids. These carboxylic acids may then undergo a series of de-
hydration, decarboxylation, fragmentation, condensation and cycliza-
tion reactions to form functionalized furans. Lignin may also break
down to form guaiacols, which further react to form phenols. In the
presence of catalyst (ZSM-5) the acids, furans and phenols undergo
decarboxylation and decarbonylation reactions to form gases (CO and
CO,) and aromatics. In light of the aforementioned generic reaction
mechanis, our in-situ experiments presented in this study revealed that
increasing the ZSM-5 content in the composite, significantly increases
the total hydrocarbon yield, suggesting that the ZSM-5 is fully acces-
sible and the decarboxylation and decarbonylation reactions are pro-
moted. Pure MCM-41 does not promote the aforementioned acid cata-
lyzed reactions, leading to bio-oils which contain mainly oxygenates.
Pure ZSM-5 showed higher hydrocarbon yields, than the corresponding
composites at the same ZSM-5/biomass ratio. However, when the ZSM-
5 to biomass ratio became high, that difference became small. From the
total hydrocarbon yield and CO yield, it can be concluded that the
active sites of ZSM-5 in the composite were accessible, but the activity
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was slightly lower than pure ZSM-5, probably because of the coverage
of the acid sites on the outer surface of ZSM-5 by the MCM-41 shell.
Fig. 6 is a simplified schematic which summarizes the mechanism for
CFP of biomass by the composites with the different ZSM-5 content.

3.3. Ex-situ Py-GC experiments

Ex-situ experiments were performed to study the coke formation and
the regeneration of the catalysts. The catalyst to biomass ratio was kept
at 5:1, for each catalyst. Three consecutive CFP experiments were
performed without regeneration in between. Thus, the solid carbon
yield, ie. the coke deposited after each one of the three experiments,
was not measured. Fig. 7 shows the total hydrocarbon yields and total
oxygenate yields of three consecutive experiments for each catalyst.
Detailed distribution of each compound in the liquid phase and gas
products can be found in the SI.

In the first experiment of each composite, as the content of ZSM-5
increased in the composite, more hydrocarbons were produced
(Fig. 7a). The composite with 75 % of ZSM-5 showed total hydrocarbon
yield approximately the same as the pure ZSM-5, suggesting a high
activity of MCM-41_75%ZSM-5 composite. The oxygenate yield reached
a maximum at 25 % of ZSM-5 and then decreased. The high total
oxygenates yield by MCM-41_25%ZSM-5 was a result of high produc-
tion of phenols and furans.
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Fig. 7. (a) Total hydrocarbon yield and (b) total oxygenate yield of ex-situ ex-
periments at a catalyst to biomass ratio of 5 to 1 by the catalysts/composites
with various ZSM-5 content.

In their second experiment, all of catalysts showed higher hydro-
carbon and oxygenate yield. This increase of the liquid yield might be
attributed to the decrease of the solid yield. The most active acid sites
had been covered by coke during the first experiment, so less coke
would form during the second or third experiment. Similar trend has
been observed by Xu et al. [28]. The total hydrocarbon yield by the
composite with 75 % of ZSM-5 increased substantially in the second
experiment, while pure ZSM-5 showed only a small increase. The in-
crease of total hydrocarbon yields by MCM-41_75%ZSM-5 composite
was mainly attributed to large hydrocarbon compounds, such as in-
denes and naphthalenes. As suggested by other researchers, indenes and
naphthalenes are important precursors of coke [54]. The increase in
indenes and naphthalenes yields suggested that less large hydrocarbon
molecules were further converted to coke.

As for the third experiment, the total hydrocarbon yield was slightly
lower than the second experiment for most of catalysts, while the yield
of total oxygenate yield kept increasing. The decrease of hydrocarbon
yield and the increase of oxygenate yield might be attributed to the
deactivation of catalysts.

Comparing the liquid and gas yields derived from the first experi-
ment using the 75 % ZSM-5 composite and the pure ZSM-5, it appears
that they had very similar product yield and distribution, except of the
CO,, yield. Pure ZSM-5 showed a higher COs yield, indicating that it
oromoted decarboxylation reactions. However, the stronger decarbox-

ition reactions by the pure ZSM-5 did not result in higher
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Fig. 8. Coke carbon yields of ex-situ experiments with regeneration at a catalyst
to biomass ratio of 5 to 1.

hydrocarbon yield, compared to MCM-41_75%ZSM-5. Hence, we hy-
pothesize that in the case of pure ZSM-5, the decarboxylation reactions
were more likely ascribed to coke condensation (where coke lost
oxygen in the form of CO,) than deoxygenation of liquid products; thus,
more CO, was generated without affecting the yield of hydrocarbons.
Therefore, the composite with 75 % of ZSM-5 can maintain a high ac-
tivity and limit the undesired coke condensation reactions at the same
time. This conclusion is consistent with our hypothesis that MCM-41
layer can act as a sacrificial layer for coke deposition.

Coke deposition on catalyst during ex-situ CFP is a crucial concern.
Because in the aforementioned consecutive experiments, coke was not
measured, additional experiments followed by regeneration were per-
formed to measure the yield of coke for each catalyst. The experimental
conditions were kept the same as in the consecutive experiments, and
the catalysts were regenerated at 800 °C after each experiment using
pure O,. The comparison of coke yields for all of catalysts are shown in
Fig. 8. MCM-41 showed relatively higher coke yield than ZSM-5. With
increasing the ZSM-5 content from 25 % to 100 %, the coke yield de-
clined gradually in the first run-regeneration cycle. At the second and
third run-regeneration cycles, the coke yield increased gradually by all
of catalysts, as a result of irreversible deactivation. However, it appears
that the deactivation was less severe for the composites, than the pure
ZSM-5 catalyst. Therefore, with the protection of MCM-41, the com-
posites can prolong the lifetime of active ZSM-5 inside the particle.

The ex-situ experiments highlighted the advantages of MCM-
41_ZSM-5 composites. In the first run of a series of ex-situ experiments,
as the content of ZSM-5 increased in the composite, more hydrocarbons
were produced. The composite with 75 % of ZSM-5 resulted in ap-
proximately the same total hydrocarbon yield with the pure ZSM-5,
suggesting a high activity of the former. In the second run, all of cat-
alysts showed higher hydrocarbon and oxygenate yields, compared to
the first run. This increase of the liquid yield might be attributed to the
decrease of the solid yield. The total hydrocarbon yield by the com-
posite with 75 % of ZSM-5 increased substantially in the second run,
while pure ZSM-5 showed only a small increase. The increase of total
hydrocarbon yields by MCM-41_75%ZSM-5 composite was mainly at-
tributed to heavy hydrocarbon molecules, such as indenes and naph-
thalenes. In the third run, the total hydrocarbon yield was slightly
lower than the second run for most of catalysts, while the yield of total
oxygenates yield kept increasing, indicating the deactivation of cata-
lysts. Pure ZSM-5 showed a higher CO; yield, indicating that it pro-
moted decarboxylation reactions, while the hydrocarbon production
was not enhanced. This suggests that the decarboxylation reactions
were likely ascribed to coke condensation (where coke lost oxygen in
the form of CO,), rather than deoxygenation of liquid products. With
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increasing the ZSM-5 content from 25 % to 100 %, the coke yield de-
clined gradually in the first run-regeneration cycle. The coke yield in-
creased faster for pure ZSM-5 than the composites as more run-re-
generation cycles were performed.

4, Conclusions

Novel MCM-41/ZSM-5 composites with ZSM-5 crystals en-
capsulated in MCM-41 particles were successfully prepared by a one-
step aerosol method. The concentration of ZSM-5 in the composites was
varied from 0 % to 75 %. The successful encapsulation of ZSM-5 was
evident by various characterization techniques. The composites were
tested for the in-situ and ex-situ CFP of miscanthus. The in-situ experi-
ments revealed that increasing the ZSM-5 content in the composite,
significantly increases the total hydrocarbon yield, suggesting that the
ZSM-5 in the composites is fully accessible. The composite with 75 % of
ZSM-5 achieved a comparable hydrocarbon yield to pure ZSM-5, while
the MCM-41 shell acted as a sacrificial layer for coke deposition and
protected the ZSM-5 from severe coking. TGA results revealed that coke
was formed on MCM-41 shell and reduced the amount of coke on ZSM-
5.

Sequential ex-situ experiments showed that MCM-41_75%ZSM-5
was excellent on maintaining hydrocarbon yields over three con-
secutive runs. The run-regeneration experiments showed that MCM-41/
ZSM-5 composites can reduce the rate of coke formation, compared to
pure ZSM-5. These results suggest that the MCM-41-ZSM-5 composite
with high ZSM-5 content (75 %) is a promising material for the CFP of
biomass, in terms of its good catalytic performance and more im-
portantly, tolerance to deactivation.
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