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ABSTRACT: In this study, we propose that the multistep, tandem

Deoxygenation and hydrogenation

catalytic fast hydropyrolysis (CFHP) and hydrotreatment reactions in one catalyst particle

of biomass to produce gasoline and diesel grade biofuels can be y )

conducted in a single step process using a composite of Ni-ZSM-S : ydmgena“on/

microcrystals encapsulated in spherical particles of Ni-MCM-41 o a— k 3
(Ni-ZSM-5/Ni-MCM-41). The composite has been successfully —— STy “,  Transportation fuels

prepared via a one-step aerosol method and characterized by N,
adsorption—desorption, X-ray diffraction, scanning electron micro-
scope (SEM), transmission electron microscope (TEM), pyridine
adsorption, inductively coupled plasma-optical emission spectrom-
etry (ICP-OES), and H, chemisorption. The composite has been
tested for one-stage CFHP and hydrotreatment of Miscanthus X
giganteus at 600 and S00 °C. The product yields and distribution derived from the one-stage CFHP and hydrotreatment of
Miscanthus x giganteus using the Ni-ZSM-5/Ni-MCM-41 composite were compared to those of a typical two-stage process, with Ni-
ZSM-S in the first stage (CFHP) and Ni-MCM-41 in the second stage (hydrotreatment). Additional experiments were carried out
using Ni-ZSM-5, Ni-ZSM-5/MCM-41, and ZSM-5/Ni-MCM-41 composites, as well as physical mixtures of Ni-ZSM-S and Ni-
MCM-41 to obtain further insights into the role of each part of the composites to the product yields and distribution derived from
the one-stage CFHP and hydrotreatment reaction. The comparison of results showed that the Ni-ZSM-5/Ni-MCM-41 composite
enhanced the production of alkanes and methane without sacrificing the yield to monoaromatic hydrocarbons. Therefore, this study
proves that such a unique composite can complete the two-step tandem reactions in one single step, leading to a self-sustainable and
intensified process.

1. INTRODUCTION beenlsmzagor challenges toward the commercialization of
CFP."

Catalytic fast hydropyrolysis (CFHP) has shown substantial
advantages compared to CFP.”' Hydropyrolysis involves the
presence of hydrogen, which differs from the inert atmosphere
of pyrolysis.”” CFHP leads to more deoxygenated fuels and less
coke compared to CFP.”*** CFHP is an exothermic reaction,
which is one of the most important advantages of CFHP
compared to CFP, which is endothermic.”>***® Another
crucial advantage of CFHP over CFP is that the former
removes oxygen more likely via dehydration reactions followed
by hydrogenation and hydrodeoxygenation reactions rather
than decarboxylation or decarbonylation reactions, thus
minimizing the carbon loss during the process.”***” The

The massive energy needs of our modern society and the
depletion of fossil fuels are calling for renewable energy
resources.' ~ Biomass is a widely available resource that is
considered as one of the few possible resources of renewable
carbon and can be used for clean liquid fuels production, such
as biogasoline and biodiesel.* ® The thermochemical tech-
nologies of biomass conversion, including torrefaction,
liquefaction, pyrolysis, and gasification,” have drawn great
attention in recent years.” Biomass pyrolysis operates at inert
atmosphere and high temperature and leads to the production
of liquid fuels (bio-oil) and two byproducts, namely, biochar
and noncondensable gases.” Nevertheless, the raw bio-oil
derived from the direct pyrolysis of biomass contains water and
oxygenates; thus, it is acidic, viscous, and unstable and has a
low calorific value.'®™** Therefore, the bio-oil cannot be used
directly after pyrolysis. Instead, an upgrading step with the
assistance of catalysts in situ or ex situ the pyrolysis process is
necessary."> Catalytic fast pyrolysis (CFP) is a typical process
that produces high quality bio-oil directly from biomass."*~"
However, low bio-oil yields and rapid coke formation have
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concept of hydropyrolysis was first proposed for the
conversion of coal’® and later applied for biomass.” CFHP of
biomass did not receive considerable attention until approx-
imately 10 years ago.”” The fast hydropyrolysis of biomass
involves four possible configurations: noncatalytic fast hydro-
pyrolysis (one-step), in situ CFHP (one-step), noncatalytic fast
hydropyrolysis with ex situ hydrotreating (two-step), and in situ
CFHP with ex situ hydrotreating (two-step).” Noncatalytic fast
hydropyrolysis does not involve the use of catalysts and simply
substitutes inert gas (pyrolysis) with hydrogen (hydro-
pyrolysis). The use of hydrogen without a catalyst does not
affect the solid yield and liquid product distribution
significantly, although a slight increase in hydrocarbon yield
has been observed.””*”*" The in situ CFHP involves the use of
catalysts, such as ZSM-5,%* Ni-ZSM-5,** Pd-ZSM-5,** and
MCM-41," in the pyrolysis step. Compared to in situ CEP, it
leads to a lower coke and hi§her liquid yield, with higher
selectivity to hydrocarbons.*® The noncatalytic fast hydro-
pyrolysis with ex situ hydrotreating can be regarded as in situ
hydrodeoxygenation (HDO), where the raw bio-oil is
upgraded after it is vaporized. Vapor phase catalytic upgrading
right after hydropyrolysis is beneficial over traditional HDO,
because it can avoid secondary reactions during condensation
and revaporization of the pyrolyzate.””' Compared to in situ
CFHP, the two-step noncatalytic hydropyrolysis followed by ex
situ hydrotreatment allows for independent control of
hydropyrolysis and catalytic upgrading at their respective
optimal conditions.’”** The two-step in situ CFHP followed
by ex situ hydrotreatment is a combination of the second and
third configurations and allows for independent control of the
two steps and complete deoxygenation and hydrogenation of
the bio-oil compounds, thus producing gasoline and diesel
range fuels.*”*’

According to the modified Van Krevelen diagram,41 even the
most deoxygenated bio-oil derived from CFP has an atomic
H/C ratio of about 1, which is close to the range of coal, while
the typical H/C ratios of gasoline and diesel are close to 2.
Hence, the deoxygenated bio-oils still require some level of
hydrotreatment to obtain a high fuel quality, ready for
transportation use. In this circumstance, the CFHP with ex
situ hydrotreating can be a promising configuration. Obviously,
the disadvantage of such configuration is that multiple reactors
and catalytic steps are involved, which results in a higher cost
and energy consumption. Only a few studies have reported the
use of the aforementioned two-stage CFHP and hydrotreat-
ment configuration. To the best of our knowledge, researchers
from Gas Technology Institute (GTI) were the first to report
this setup.””*’ The process is called IH?, where the
hydropyrolysis, hydroconversion, and steam reforming are
integrated in one system and a continuous production of
gasoline and diesel range fuels from biomass is accomplished.
Besides the above, Sirous-Rezaei et al. reported the use of HY
as an active in situ hydropyrolysis catalyst followed by an ex situ
upgrading using various catalysts (Fe/HBeta, FeReO,/MCM-
41, Fe/ZrO,, and FeReO,/Zr0,).*> Although a greater
aromatic hydrocarbon yield was observed with the secondary
upgrading reactor, no saturated cyclic compounds were
detected in the liquid products. In our previously published
work,* we have demonstrated that the upgrading of bio-oil
derived from in situ CFHP in a second stage hydrotreatment
process could result in a shift of liquid carbon yields from
monocyclic aromatics and naphthalenes to alkanes, so that

drop-in biofuel can be produced directly from a two-stage
CFHP followed by an upgrading process.

Nevertheless, the major challenge of a successful CFHP with
or without a downstream upgrading step is the production of
gasoline and diesel range biofuels with a high alkanes content.
The one-step CFHP results by Jan et al. showed that a lower
pyrolysis temperature is favorable for alkane production,
although the total hydrocarbon yield might be suppressed.**
In addition, the use of metals, such as Ni***>** and Pd,>* on
various supports is beneficial for a higher alkane yield. Our
previous study proved that Ni-SiO, could enhance the
production of alkanes with the sacrifice of other hydrocarbon
yields compared to Ni-ZSM-$ during the in situ CFHP.™
Stummann et al. evaluated various catalysts in a fluid bed
hydropyrolysis reactor with or without additional HDO in a
second stage.*> They observed that the second stage HDO
significantly improved the selectivity to hydrocarbons,
especially to naphthenes (cycloalkanes). Another study also
conducted by Stummann et al. explored the effects of
temperature and pressure on product distributions.*® They
found that a higher pressure and lower fluid bed temperature
(below 405 °C) promoted the production of cycloalkanes,
while the aromatic yields were sacrificed. Dayton et al
investigated the effect of various operating conditions on the
product distribution of in situ CFHP in a fluidized bed
reactor.”” They demonstrated that the increase of H, partial
pressure or the increase of reactor temperature would enhance
the production of aliphatics. Venkatesan et al. observed high
alkane yield at a H, partial pressure of 20 bar and a catalyst bed
temperature of 350 °C,” indicating that a relatively low
temperature is more suitable for second-stage hydrotreatment,
as it is an exothermic reaction. Venkatesan et al.*® tested y-
AlOj; for two-stage noncatalytic hydropyrolysis with second
stage upgrading of pine-wood, and it showed good selectivity
to alkanes.

Summarizing, it has been demonstrated that in situ CFHP
coupled with second-stage hydrotreatment can be beneficial
for the production of higher quality biofuels. However, the cost
and energy consumption associated with the two-stage process
in addition to the low selectivity to alkanes can be major
challenges. In our previous work,'”*’ we have demonstrated
that MCM-41/ZSM-5 composites with various ZSM-$S
concentrations can substantially enhance CFP reactions and
reduce the rate of coke formation on catalysts. Specifically, we
have demonstrated that ZSM-5 can be successfully encapsu-
lated into MCM-41 particles; during CFP, the vapors can
diffuse through the MCM-41 pores, contact the ZSM-$ active
sites, react (through cracking and deoxygenation), and diffuse
out of the MCM-41 as smaller hydrocarbon molecules. In this
multistep reaction process, MCM-41 acts as a sacrificial layer
for initial cracking reactions and coke deposition, allowing the
ZSM-5 sites to be active for a longer time. Driven by these
promising results, here, we propose that the composite can be
an outstanding candidate for tandem catalytic reactions, such
as the two-stage CFHP followed by hydrotreatment. Thus, our
hypothesis is that metal impregnated ZSM-5/MCM-41
composites can realize the in situ CFHP and ex situ
hydrotreating upgrading process in just a single catalytic
step, where the pyrolysis vapors can be first hydrocracked to
small molecules on Ni-MCM-41 surface and then deoxy-
genated within the encapsulated Ni-ZSM-S and the products
can be subsequently hydrotreated as they diffuse out of the Ni-
MCM-41 surface. Thus, the secondary reactor for hydrotreat-
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ment can be eliminated and the hydrotreating reactions can be
completed simultaneously with the primary CFHP process,
increasing the selectivity toward alkanes and resulting in a
significant process intensification. The objective of this study
was to explore whether such a Ni-ZSM-5/Ni-MCM-41
composite can bring the tandem CFHP and hydrotreating
reactions together in one catalyst particle. Such catalyst can
have substantial industrial significance, especially in the
biomass petrochemical, and hydrocarbon production and
processing areas.

2. MATERIALS AND METHODS

2.1. Materials. The biomass used in this study was Miscanthus x
giganteus. The detailed compositions (ultimate and proximate
analysis) of the biomass can be found in our previous studies'”*°
or in the Supporting Information (SI). Hexadecyltrimethylammonium
bromide (CTAB, 95%), nickel(II) nitrate hexahydrate (Ni(NOs;),:
6H,0), and tetraethyl orthosilicate (TEOS, 98%) were purchased
from Sigma-Aldrich and were used without any modifications.
Nanosized ZSM-5 (300 nm of crystal size, with a SiO,/Al,0; molar
ratio of 26) was purchased from ACS Material. MCM-41 and ZSM-5/
MCM-41 composites were prepared in the lab using the aerosol
method following the protocol that was published previously.” A
schematic of the aerosol method can be found in Figure S1. Briefly,
for the synthesis of spherical MCM-41 particles, 1.5 g of CTAB and 2
mL of 0.1 M HCI were added to 15 mL of ethanol in a vial, followed
by the dropwise addition of 4.5 mL of TEOS under magnetic stirring.
The silica precursor solution was left to stir at room temperature for
10 min before being transferred into a nebulizer. The aerosolization of
the silica precursor solution by N, gas (2.5 L/min) led to the
formation of fine droplet mists that were carried into the tubular
furnace. In the furnace heating zone operating at 400 °C, rapid
hydrolysis and condensation reaction occurred in each droplet,
leading to the formation of solid silica particles. The silica particles
were collected over a filter at the end of the tubular furnace.
Postsynthesis removal of surfactant template was carried out by
calcination in air at 550 °C for 8 h. The synthesis of the ZSM-5/
MCM-41 or Ni-ZSM-5/MCM-41 composites follows the same
methods for MCM-41 except that 0.56 g of ZSM-S or Ni-ZSM-$
was dispersed into the silica precursor solution prior to transferring it
to the nebulizer for aerosolization.

Various composites were prepared with a constant concentration of
ZSM-5 (50% on silica molar ratio basis or 32% on mass basis) and
different metal locations. The incorporation of metal follows a
standard incipient wetness impregnation method®' using Ni(NO;),:
6H,0 for the metal loading of Ni. The impregnated samples were
then calcined at 550 °C in air for 4 h and reduced at 550 °C in H, for
4 h. On the basis of the location of metal, the composites were named
as Ni-ZSM-5/MCM-41 (S wt % of Ni impregnated in ZSM-S and
encapsulated in MCM-41), ZSM-S/Ni-MCM-41 (ZSM-S encapsu-
lated in MCM-41 and then impregnated with 5 wt % of Ni on the
basis of the mass of MCM-41), and Ni-ZSM-5/Ni-MCM-41 (5 wt %
of Ni impregnated in ZSM-5, encapsulated in MCM-41 and then
impregnated with S wt % of Ni on the basis of the mass of MCM-41).
Scheme 1 illustrates the structures and Ni locations of Ni-ZSM-5 and
composites. In addition to the composites, a physical mixture of 5 wt
% Ni on ZSM-S (Ni-ZSM-5) and 5 wt % Ni on MCM-41 (Ni-MCM-
41) was also prepared following the same mass ratio of Ni-ZSM-$ and
Ni-MCM-41 in the composite Ni-ZSM-5/Ni-MCM-41.

2.2. Materials Characterization. The prepared catalysts were
characterized by N, adsorption—desorption using a Micromeritics
ASAP 2020 Physisorption Analyzer. Prior to analysis, each sample was
degassed for 12 h at 120 °C under high vacuum. N, adsorption—
desorption isotherms were collected at 77 K after degassing. Surface
areas were calculated on the basis of Brunauer—Emmett—Teller
(BET) method. The BET plot was fitted with a range of P/P,
between 0.05 and 0.2 with eight data points. Pore size distribution was
determined using the Barrett—Joyner—Halenda (BJH) method. The

Scheme 1. Representations of Ni-ZSM-$ and the
Composites: (a) Ni-ZSM-5, (b) Ni-ZSM-5/MCM-41, (c)
ZSM-5/Ni-MCM-41, and (d) Ni-ZSM-5/Ni-MCM-41

MCM-41 sphere ® Ni nanoparticle

total pore volume was obtained from single point adsorption below P/
Py = 0.99. The micropore volume was derived from a t-plot.

X-ray diffraction (XRD) analysis of all catalysts was performed on a
Rigaku Miniflex II using Cu Ko radiation at 1.54 A. For each analysis,
the sampling width was set to 0.1° while the scan was conducted in
continuous mode at 2°/min. The small angle XRD scan was
performed from 26 = 1.5° to 6° using a 0.625° divergent slit, and
the wide-angle diffraction scan was from 26 = 6° to 60° using a 1.25°
divergent slit.

Electron microscopy was performed to visualize the morphology of
the catalyst. Scanning electron microscopy (SEM) was performed
using a Hitachi S-4800 field emission scanning electron microscope
operated at 3 kV. The catalyst samples were prepared for SEM
imaging by dispersing in anhydrous ethanol. An aliquot of the
dispersed sample was then placed on an aluminum stub and the
solvent was evaporated. The sample was carbon coated by sputtering
a thin coating of carbon from a graphite source to improve the sample
conductivity for imaging. Transmission electron microscopy (TEM)
was performed using an FEI Tecnai G2 F30 twin transmission
electron microscope operated at 300 kV. An aliquot of the dilute
catalyst samples dispersed in anhydrous ethanol was dropped onto a
copper TEM grid (PELCO Grids, 200 mesh, 3.0 mm O.D.). The
ethanol solvent was evaporated completely at room temperature
before the TEM grid was mounted onto the sample grid holder for
loading into the TEM vacuum chamber. Ni particle size distribution
was estimated by the TEM images, and the results are shown in
Figure S3.

The Bronsted acid and Lewis acid site concentrations of catalysts
were determined via pyridine adsorption in a diffuse reflectance
infrared fourier transform spectroscopy (DRIFTS) unit. The
instrument is composed of a Thermo Nicolet 6700 FTIR
spectrometer coupled with a temperature-controlled Harrick Praying
Mantis DRIFTS accessory. The background was collected using KBr
at 120 °C under a N, atmosphere. Prior to pyridine adsorption, the
spectra of catalysts were collected at 120 °C with a N, purge. The
pyridine was then flowed into the DRIFTS cell carried by N, flow for
20 min until the catalysts were saturated by pyridine. After adsorption,
the cell was heated to 240 °C under a vacuum and held for 30 min to
remove physisorbed pyridine. The cell was then cooled to 120 °C to
take the spectra. The final spectra were derived by subtracting the
spectra before adsorption from the spectra after adsorption.
Therefore, the peaks shown in the spectra are only attributed to the
chemisorption of pyridine. The results are shown in the SIL

https://doi.org/10.1021/acs.energyfuels.1c02453
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Scheme 2. Configuration of Py-GC/MS System for the CFHP of Biomass
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The actual Ni loading on catalysts was measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES). The
analysis was performed using a PerkinElmer 7300DV Dual View
inductively coupled plasma optical emission spectrometer according
to established protocols. In summary, approximately 0.01—0.038 g of
the sample as removed, homogenized, and placed into a hot block
tube. Trace metal grade hydrochloric (0.75 mL) and nitric (2.25 mL)
acids were added to each tube and placed in the hot block and
refluxed for 3 h at 95 °C. The samples were cooled and brought up
the final volume of 25 mL with DI water. All samples were analyzed at
50x dilution due to the very high levels of the target elements in the
samples. Standard quality assurance procedures were employed,
including an analysis of initial and continuing calibration checks and
blanks, duplicate samples, preparation blanks (Blank), postdigestion
spiked samples, and laboratory control samples (LCS).

The metal dispersion was measured by H, chemisorption using a
Micromeritics ASAP 2020C Chemisorption Analyzer. The samples
were degassed and reduced in situ and analyzed at 35 °C.

2.3. CFHP and Hydrotreatment Experiments. All experiments
were carried out in a pyrolysis gas chromatography/mass
spectrometer (Py-GC/MS) system (CDS Analytical S200HP).
Scheme 2 shows a schematic of the Py-GC/MS system used in this
study. The system includes two reactors: the pyroprobe reactor, where
the pyrolysis occurs, and the fixed-bed reactor, where the second-stage
hydrotreatment takes place. In this study, Ar (UHP 300, Airgas) was
used as the purge gas and H, (UHP 80, Airgas) was used as carrier gas
during the experiments. The pressure of the reactors was maintained
by a back-pressure regulator, which was adjusted to the desired
operating pressure prior to experiments. The gas flow rate was
measured by a flowmeter placed at the outlet of the unit. The

20120

pyrolyzer heating rate was set as 999 °C/s. All lines and the valve oven
were maintained at 300 °C to avoid any condensation of pyrolyzate
vapors. The condensable vapors were trapped in a cold adsorption
column (Tenax, Dow Chemical), and the permanent gas traveled
through the unit and was finally analyzed by a real-time mass
spectrometer (MS). The trapped volatiles were revaporized at 300 °C
after the permanent gas passed through the column. Ar was also
flowed through an external gas line (300 mL/min) and merged with
H, and gas products coming from the outlet of the system before
entering MS. This kept the pressure of MS stable and allowed for
more accurate measurement of gas signals. Note that in this study we
used a Py-GC/MS system, which is a reactor setup very different from
the fixed or fluidized bed reactors. Thus, care should be taken in
making direct comparison of results obtained in this study to those
obtained using other reactor designs.s’zs""ﬁ“*s’46 However, in our
previous published study,'” we demonstrated that the Py-GC/MS
reactor can be a powerful tool to evaluate various catalysts and
operating conditions of biomass pyrolysis and the trends of the results
are consistent with a spouted bed reactor. Thus, we believe that the
results of this study can provide important information and guidance
for further studies using more conventional reactors.

Four experimental scenarios were explored in this study: Scenario
1, one-stage CFHP using Ni-ZSM-$ catalyst (control experiment);
Scenario 2, CFHP and hydrotreatment in one-stage using the
composites Ni-ZSM-5/MCM-41, ZSM-5/Ni-MCM-41, and Ni-ZSM-
5/Ni-MCM-41; Scenario 3, one-stage CFHP and hydrotreatment
using the physical mixture of Ni-ZSM-5 and Ni-MCM-41; Scenario 4.
CFHP followed by hydrotreatment in two-stages using Ni-ZSM-$ and
Ni-MCM-41, respectively. Scenario 1 was performed for comparison
reasons and to better understand the role and the importance of the

https://doi.org/10.1021/acs.energyfuels.1c02453
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Scheme 3. Simplified Schematic of the Four Experimental Scenarios
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hydrotreatment step performed in the other Scenarios. Scenario 2 was
performed to understand the feasibility of one-stage CFHP and
hydrotreatment reactions using the composites and to investigate the
impact of Ni location in the composite on the product distribution.
The objective of Scenario 3 was to understand the role of composite
structure compared to the simple physical mixture of Ni-MCM-41
and Ni-ZSM-5. Finally, the objective of Scenario 4 was to prove the
hypothesis that the composites can effectively complete the two-stage
CFHP and hydrotreatment reactions in one-stage, by comparing the
results with Scenario 2. Scheme 3 demonstrates the four different
scenarios. The detailed mass of biomass and catalyst used in each
scenario are summarized in Table S2.

All the experiments were performed at pyrolysis (the first stage)
temperatures of 500 and 600 °C. For Scenario 4, the second
hydrotreatment stage was maintained at 300 °C, since relatively low
temperatures favor the hydrotreatment reactions, as discussed in the
Introduction section. Prior to the experiments, catalysts and biomass
were well-mixed. For Scenario 2, the composites were mixed with
biomass at a catalyst/biomass (C/B) ratio of S:1. For Scenarios 1 and
4, where Ni-ZSM-5 and biomass were mixed in the first stage, the Ni-
ZSM-S to biomass ratio was maintained at 1.6:1, since we have shown
in our previous study that the MCM-41 layer is basically inert to the
reaction.'’ Thus, basically the Ni-ZSM-5 to biomass ratio was the
same in all Scenarios. Additionally, in Scenario 4, Ni-MCM-41 was
placed separately in the second stage with a mass ratio to the biomass
of 3.4:1, which was equal to the mass ratio of Ni-MCM-41 to biomass
in Scenario 2 (composites). Finally, in Scenario 3, the mass ratio of
Ni-MCM-41/Ni-ZSM-5/biomass was 3.4:1.6:1 to match the mass
ratio of each components in Scenario 2. For a typical run, 5 + 0.1 mg
of the mixture (catalyst and biomass) was loaded into a micro quartz
tube and sandwiched by two pieces of quartz wool. The microreactor
was then placed in the platinum pyrolysis probe that would be
inserted into the pyrolysis interface. In the case of two-stage
experiments, 6.5 + 0.1 mg of Ni-MCM-41 was added to the fixed-
bed reactor (the second stage) and held by two pieces of quartz wool.
After the system was leak checked and purged with Ar, hydrogen was
fed to the system at a flow rate of 110 mL/min via the reactive gas
port. The system was purged by hydrogen for 5 min prior to pyrolysis,
allowing the system to be stabilized. All the CFHP experiments were
conducted at a pressure of 31 bar with a pyrolysis duration of 20 s.
The experiments were repeated three times to ensure the
reproducibility of the experiments.

For all the CFHP experiments, the condensable liquid products
were analyzed by gas chromatography—mass spectrometry (GC—MS,
Agilent 6890 GC coupled with HP-$ column and $973 N MS). When
the pyrolysis was completed and the system was purged, the volatiles
adsorbed on the cold trap were desorbed and sent to the GC—MS
through a heated line for composition analysis. The oven temperature

20121

was initially maintained at 40 °C for 2 min, then ramped up with a
heating rate of 10 °C/min to 270 °C, followed by another 2 min
isothermal step. The GC—MS was calibrated externally by injecting
prepared standard mixture from the pyrolyzer. The directly calibrated
compounds were benzene, toluene, xylene, phenol, benzofuran,
naphthalene, and phenanthrene. The semiquantification was applied
to the products that were not directly calibrated, on the basis of their
molecular weight and functional groups. The permanent gases were
analyzed by MS, which was calibrated for Ar, CH,, CO, CO,, and H,.
The solid yield was derived by oxidizing solid residues left in the
pyrolyzer at 950 °C in a pure O, atmosphere and analyzing the
generated CO,.

2.4. Postexperiment Analysis. The solid residues left after
hydropyrolysis were analyzed using a thermogravimetric analyzer
(Shimadzu TGA-50). Temperature-programmed oxidations (TPOs)
were conducted at a heating rate of 10 °C/min from 30 to 800 °C
under air flow with a flow rate of 25 mL/min. The mass changes were
recorded, and the derivatives were plotted.

3. RESULTS AND DISCUSSION

3.1. Characterization Results. N, adsorption—desorption
was conducted for all the materials used in this study; the
isotherms and pore size distributions are displayed in Figure 1,
while the surface area and pore volume data are shown in
Table 1. From the N, adsorption—desorption plots, ZSM-S
and Ni-ZSM-S show typical type I curves, indicating the
micropore structures of ZSM-5 and Ni-ZSM-5. MCM-41
shows a typical type IV isotherm, which represents a
mesoporous material. Ni-MCM-41 shows both microporosity
and mesoporosity, while some of mesoporosity is lost
compared to MCM-41. The composites show similar isotherm
curves, with both microposority and mesoporosity. The surface
area of ZSM-S was approximately 370 m”/g and dropped
slightly after Ni impregnation while most of the porosity was
maintained. MCM-41 showed a very high surface area of 1450
m?*/g with no micropore. The impregnation of MCM-41 by Ni
caused a significant decrease of surface area and mesopore
volume while the micropore volume was increased. The
decrease of surface area and total pore volume might be
attributed to partial breakdown of the MCM-41 structure
during the impregnation process, which might also cause an
increase of the micropore volume. To verify this explanation,
we prepared Ni-MCM-41 samples with different Ni loadings
(1%—10%). The N, adsorption—desorption results (Figure S2
and Table S3 in the SI) demonstrated that all of Ni-MCM-41
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Figure 1. (a) N, adsorption—desorption isotherms and (b) pore size
distributions of the catalysts used in this study.

Table 1. BET Surface Areas and Pore Volumes of the
Catalysts Used in This Study

BET
surface  micropore  mesopore  total pore
area volume volume volume
sample (m*/g) (cm®/g) (em®/g) (ecm®/g)
ZSM-5 369 0.114 0.148 0.262
MCM-41 1450 0 0.626 0.626
Ni-ZSM-§ 337 0.110 0.132 0.242
Ni-MCM-41 970 0.149 0.324 0.473
ZSM-5/Ni-MCM-41 866 0 0.459 0.459
Ni-ZSM-5/MCM-41 891 0 0.506 0.506
Ni-ZSM-5/Ni-MCM-41 866 0.022 0.452 0.474

samples had a significant decrease of surface area and total
pore volume while the micropore volume was increased. The
percentage of Ni loading did not significantly affect the surface
area, while the small variation should be attributed to the
amount of Ni loaded. All the composites showed similar
surface areas and total pore volumes, regardless of the location
of metal. The surface areas and pore volumes of the
composites were higher compared with those of ZSM-S and
lower compared with those of MCM-41, which were in a

reasonable range considering the ratio of ZSM-5 and MCM-41
in the composites.

Table 2 shows the ICP-OES results of the actual Ni loading
and the Ni dispersion on the catalysts. The results indicate that

Table 2. Ni Loading Percentage of the Catalysts Used in
This Study

Ni concentration

measured by ICP-  theoretical dispI:rlsion
sample OES (wt %) value (wt %) (%)
Ni-ZSM-5 4.92 S 1.00
ZSM-5/Ni-MCM-41 232 3.4 6.27
Ni-ZSM-5/MCM-41 1.21 1.6 2.63
Ni-ZSM-5/Ni-MCM-41 4.27 S 7.32
Ni-MCM-41 5.87 N 10.19

Ni was successfully impregnated in the catalysts, and the actual
loading percentage was close to the theoretical value. Ni-ZSM-
S showed a dispersion of 1.00%, which suggests that the Ni
particle size on ZSM-5 was relatively large. Ni-ZSM-$
encapsulated in MCM-41 showed a higher dispersion than
Ni-ZSM-5. Ni-MCM-41 showed a very high metal dispersion
of 10.19%, indicating that the Ni nanoparticles were dispersed
well on the MCM-41 surface and resulted in a small Ni particle
size. ZSM-5/Ni-MCM-41 and Ni-ZSM-5/Ni-MCM-41 both
showed a relatively high dispersion, probably due to the
deposition of Ni on MCM-41, which would lead to a high
dispersion as suggested by Ni-MCM-41.

Figure 2 shows the XRD patterns of the catalysts. MCM-41
is known to have a primary (100) diffraction peak, which was
observed at 20 = 2.9° and corresponds to a d spacing of 3.1
nm.”” Higher order (110) and (200) peaks were also observed
at 20 = 5° and 5.9° respectively. All the ZSM-5/MCM-41
composites showed the characteristic (100) diffraction peaks
of MCM-41 with slight shifts to the left, which indicates an
increased d spacing. The higher angle diffraction data shows
that the intrinsic crystal structure of the ZSM-S remains intact
after synthesizing the ZSM-5/MCM-41 composites as the
diffraction peaks corresponding to (110), (111), (051), (311),
and (323) planes of ZSM-S are prominent in all the
composites. The materials containing reduced Ni nanoparticles
showed additional Ni (111) and (200) diffraction peaks at 20
= 44.5° and 51.8°, respectively.

The SEM and TEM images of all catalysts are presented in
Figure 3. Parts a and b of Figure 3 show the morphology of
bare MCM-41, which is a micron-level sphere with ordered
mesopores. The Ni-ZSM-5 has a smaller particle size
compared to MCM-41, which suggests that the encapsulation
of Ni-ZSM-5 in MCM-41 is feasible. From the TEM image of
Ni-ZSM-5 shown in Figure 3d, the Ni nanoparticles can be
clearly observed on the ZSM-$ surface. Parts e and f of Figure
3 show the SEM and TEM images of Ni-MCM-41,
respectively. The SEM image shows that the Ni nano particles
are well-dispersed on the MCM-41 surface, which is consistent
with the TEM images. Large Ni particles are also observed.
The composite Ni-ZSM-5/MCM-41 (Figure 3gh) shows a
very similar morphology to MCM-41, while some deformation
of the particles was observed on their surfaces, which should be
attributed to the encapsulation of Ni-ZSM-S. Such deforma-
tion has been observed and explained in our previous study.'®
No apparent Ni nanoparticles were observed on the outer
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Figure 3. SEM and TEM images of the catalysts: (a and b) MCM-41, (c and d) Ni-ZSM-S$, (e and f) Ni-MCM-41, (g and h) Ni-ZSM-5/MCM-41,

(i and j) ZSM-5/Ni-MCM-41, and (k and 1) Ni-ZSM-5/Ni-MCM-41.

surface of the composite, suggesting that the Ni-ZSM-S
particles were successfully covered by the MCM-41 layer. The
composites ZSM-5/Ni-MCM-41 and Ni-ZSM-5/Ni-MCM-41
in Figure 3i—] show similar surface morphologies to Ni-MCM-
41, which is expected. The Ni nanoparticles are also observed
on the surfaces of both composites.

3.2. One-Stage CFHP with or without Hydrotreat-
ment. Scenario 1: One-Stage CFHP Using Ni-ZSM-5
(Control Experiment). The one-stage CFHP was first
performed at 600 and 500 °C using Ni-ZSM-5, and the results
are displayed in Figures 4 and 5, respectively. Figures 4a and Sa
show the overall product yields, Figures 4b and Sb show the
gas product distribution, and Figures 4c and Sc show the liquid
product distribution. Detailed alkane selectivity can be found
in Figure S6 of the SI. We want to emphasize that the liquid
product yields in this study are low compared to ours and
others published studies.’”*"*>*” This is mainly attributed to
the fact that we have used a relatively low catalyst to biomass
ratio. Note that in this study the Ni-ZSM-5/biomass ratio is
maintained at 1.6:1. We used this ratio to maintain the same
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amount of Ni-ZSM-S in all our experiments. Thus, the
comparison of the performance of the composites would be on
the same basis, that is, the amount of zeolite used. If we have
increased the Ni-ZSM-5/biomass ratio to S:1 (a more typical
ratio), the liquid carbon yield would be approximately 30%
(comparable with the literature).”*** However, to compare the
aforementioned Ni-ZSM-5 performance with the performance
of composites, we should have applied a composite/biomass
ratio of 15.6:1. At this high catalyst to biomass ratio, the
methanation reaction is so significant that the products are
mainly gases (methane). Thus, we decided to present our
results at a low catalyst to biomass ratio to properly convey our
concepts.

Using Ni-ZSM-5 at 600 °C, the total gas and solid carbon
yields were both close to 40%, while the total liquid yield was
only approximately 13%, which might be attributed to the low
C/B ratio. The major liquid products produced by Ni-ZSM-5§
were monoaromatic hydrocarbons (MAH), including benzene,
toluene, xylene, alkyl benzenes, and indenes, with approx-
imately 9.4% yield on a feed carbon basis. Approximately 1.5%

https://doi.org/10.1021/acs.energyfuels.1c02453
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Figure 4. CFHP with/without hydrotreatment at 600 °C: (a) overall carbon yield, (b) gas carbon yields, and (c) liquid product distribution.

carbon yield to alkanes and 2.3% carbon yield to naphthalenes
were observed. No oxygenates were found in the liquid
products in these CFHP experiments. This is advantageous
compared to the CFP experiments using ZSM-S, where
oxygenates are observed in the liquid products.'” The results
suggest that CFHP leads to a hydrocarbon-rich liquid bio-oil
without oxygenates compared to CFP. In gas products, the
CH, yield was significantly promoted, compared to CFP,"
which was consistent with our previous study.>® This suggests
that the methanation reaction was dramatically enhanced in
CFHP using Ni-ZSM-5.

At 500 °C, Ni-ZSM-S5 showed an inferior performance
compared to the results at 600 °C. Almost no alkanes and
fewer MAH and naphthalenes were found in the liquid product
pool (MAH yield dropped from 9.4% to 6.2%). The
naphthalenes yield was also much lower at 500 °C, probably
due to insufficient cracking and deoxygenation reactions at this
lower temperature. The solid yield increased significantly from
40% to 56%. Higher solid and lower CO, yields indicate that
the deoxygenation reaction was suppressed at 500 °C. The
methanation reaction was also restrained as less methane was
formed. Interestingly, the CO yield at 500 °C was significantly
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higher than at 600 °C; this might be attributed to the
following: (1) A higher CFHP temperature can result in a
higher water yield,® which might alter the deoxygenation
reactions from decarbonylation to dehydration reaction; (2)
CO might react with H, during CFHP in the presence of Ni
catalysts, leading to the formation of CH, and H,O. This
reaction is temperature sensitive and is intensified at a higher
temperature,” which will result in a lower CO yield and a
higher methane yield. Comparing the results of Ni-ZSM-5 at
600 and 500 °C, it can be concluded that a higher pyrolysis
temperature is preferred for the production of more MAH and
alkanes and fewer solids.

Scenario 2: (a) One-Stage CHFP and Hydrotreatment
Using Ni-ZSM-5/MCM-41 - The Role of MCM-41 Layer on Ni-
ZSM-5. The objective of these experiments was to understand
the role of the MCM-41 layer on the Ni-ZSM-S catalyst on the
cracking and hydrotreatment reactions of the hydropyrolysis
vapors. The results at 600 and 500 °C are shown in Figures 4
and S, respectively. At 600 °C, the Ni-ZSM-5/MCM-41
composite showed a very similar total liquid carbon yield to
Ni-ZSM-S, whereas the total gas yield was increased and the
solid yield was decreased compared to those of Ni-ZSM-S. The

https://doi.org/10.1021/acs.energyfuels.1c02453
Energy Fuels 2021, 35, 20117—-20130



Energy & Fuels pubs.acs.org/EF
50 -
100 [C__Ni-ZSM-5 CINi-Zsms
[ | Ni-ZSM-5/MCM-41 | [ Ni-ZSM-5/MCM-41
1 ] ZSM-5/Ni-MCM-41 [C_1ZSM-5/Ni-MCM-41
g0 [ N-ZSM-SINMCM-41 40 | I N MOM-41 » N T misure
~ U7 |EENi-MCM-41 + Ni-ZSM-5 mixture = | ] Two-stage Ni-ZSM-5 + Ni-MCM-41
X [ ] Two-stage Ni-ZSM-5 + Ni-MCM-41 SO I
o 1} (b)
£ (a) £30-
5 %07 ko)
Q Q
> >
c c
20
g “- 3
— —
[ ©
(@] O
20 A 10 4
Total Liquid Total Gas Solid Carbon  Total Carbon (e]6] Cco2 CH4
Carbon Yield  Carbon Yield Yield Yield
18 5
(©) [ JNi-ZSM-5
Ni-ZSM-5/MCM-41
16 4 |
[ ]ZSM-5/Ni-MCM-41
— [ INi-ZSM-5/Ni-MCM-41 4
X 14+ [ Ni-MCM-41 + Ni-ZSM-5 mixture || 32
g ] Two-stage Ni-ZSM-5 + Ni-MCM-41| 5
=12 E;
Ko B3
& 10+ 2
- ] >
c
S 8- S
s
T 52
O
s 6 O
S 4 =4
24
0- 0 -
S XA S ) S ) e e @ e S
& P & 3 o NG o f e o N
e W s ,«\e‘?h = \;g?"\a %e‘{l, < +) 9@“1 o
V\a@ ‘0* NS
ov®

Figure 5. CFHP with/without hydrotreatment at S00 °C: (a) overall carbon yield, (b) gas carbon yields, and (c) liquid product distribution.

solid carbon yield dropped to 30%, which was a substantial
reduction compared to that of Ni-ZSM-S. Ni-ZSM-5/MCM-
41 also showed a small increase of MAH and alkanes yields,
compared to the results of Ni-ZSM-5. However, the
naphthalenes yield dropped. This might contribute to the
slight increase of MAH and alkane yields, as MCM-41 might
cover the external acid sites of ZSM-S, inhibiting the
polymerization reaction on the external surface of ZSM-$
and reducing the yield of naphthalenes and coke.”* The
increase of CO and CO, yields indicated stronger deoxyge-
nation reactions with the additional MCM-41 layer compared
to those of Ni-ZSM-S, which might also explain the decrease of
solid yield.

At 500 °C, the Ni-ZSM-5/MCM-41 composite also showed
a similar total liquid carbon yield compared to Ni-ZSM-S.
However, the Ni-ZSM-5/MCM-41 composite showed a higher
alkane yield and a lower benzene yield than Ni-ZSM-$ at 500
°C. The solid carbon yield by Ni-ZSM-5/MCM-41 showed a
small decrease compared to that of Ni-ZSM-5, which was not
as significant as at 600 °C. The CO yield using Ni-ZSM-5 was
much higher compared to that of Ni-ZSM-5/MCM-41, which
might be attributed to the direct contact of Ni-ZSM-S and
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biomass in the absence of the MCM-41 layer. MCM-41 does
not promote decarbonylation reaction at the extent that ZSM-
5 does."” Thus, the coverage of Ni-ZSM-5 by MCM-41 might
lead to a lower CO yield. Nevertheless, more CO, and CH,
were produced by Ni-ZSM-5/MCM-41 compared to with Ni-
ZSM-5. The results at 600 and 500 °C by Ni-ZSM-5/MCM-41
indicate that a relatively higher temperature is beneficial for
increasing liquid yield and decreasing solid yield, as well as
enhancing the production of alkanes. In conclusion, it appears
that the presence of the MCM-41 layer covered the external
acid sites of ZSM-S, inhibiting the polymerization reactions on
the external surface of ZSM-5 and reducing the yield of
naphthalene and coke. The comparison between the Ni-ZSM-
S/MCM-41 composite and Ni-ZSM-5 also proved that Ni-
ZSM-5 in the composite was totally accessible, which is
consistent with our previous study."’

Scenario 2: (b) One-Stage CFHP and Hydrotreatment
Using ZSM-5/Ni-MCM-41 - The Role of Ni on the MCM-41
Layer. The objective of these experiments was to better
understand the role of Ni on cracking and hydrotreatment
reactions on the MCM-41 layer. The results at 600 and 500 °C
are shown in Figures 4 and $, respectively. When the ZSM-5/

https://doi.org/10.1021/acs.energyfuels.1c02453
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Ni-MCM-41 composite was used as a catalyst at 600 °C, the
total liquid carbon yield was similar to those of Ni-ZSM-5 and
Ni-ZSM-5/MCM-41. However, the total gas yield was further
ascended and solid yield was further descended compared to
tose of Ni-ZSM-5/MCM-41. The significant increase of total
gas yield was mainly attributed to the drastic increase of CH,.
The high yield of CH, was likely due to the presence of Ni on
the MCM-41 surface. In our previous study, we have also
demonstrated that Ni-SiO, leads to higher CH, and lower
solid yields compared to Ni-ZSM-5.** MCM-41 and SiO, have
similar elemental compositions, thus we should expect a similar
effect on methanation reactions. The results by ZSM-5/Ni-
MCM-41 and Ni-SiO, imply that the direct contact of biomass
with Ni-MCM-41 can shift the yield of less-valued solids to
higher-valued methane, which could be a useful gas in the
integrated hydropyrolysis and hydrotreatment process. Meth-
ane can be used for the production of hydrogen by steam
reforming, thus allowing for a continuous and self-sustained
process.”* Notably, the alkane yield by ZSM-5/Ni-MCM-41
was increased to 3%, while the MAH yield slightly dropped.
These results indicate that the Ni-MCM-41 layer resulted in
the hydrogenation of MAH to alkanes, which is consistent with
our hypothesis that the deoxygenated liquid products can be
hydrotreated on the Ni-MCM-41 outer layer of the composite
immediately after they exit the ZSM-S. Thus, this result
indicates that the two-stage hydropyrolysis and hydrotreatment
in one catalytic particle could be feasible.

The results of one-stage CFHP and hydrotreatment using
ZSM-5/Ni-MCM-41 at S00 °C showed a similar trend to the
results at 600 °C. A further increase of alkane yield (compared
to Ni-ZSM-5/MCM-41) was obtained using ZSM-S5/Ni-
MCM-41, while the MAH yield was basically maintained
compared to Ni-ZSM-S. That was a different observation
compared to the experiments at 600 °C, where a slight
decrease of MAH vyield was observed. Stronger methanation
reactions and a lower solid yield were also observed at this
temperature using ZSM-5/Ni-MCM-41, which was consistent
with the results at 600 °C. These results suggest that Ni on the
MCM-41 layer of the composite leads to stronger hydro-
genation activity, compared to Ni on ZSM-5. Ni-MCM-41 can
also promote methanation reactions.

Scenario 2: (c) One-Stage CFHP and Hydrotreatment
Reactions Using the Ni-ZSM-5/Ni-MCM-41 Composite -
Exploring a Better Composite Material. The objective of
these experiments was to understand whether the Ni-ZSM-5/
Ni-MCM-41 composite is a better candidate for the one-stage
CFHP and hydrotreatment experiments compared to Ni-ZSM-
S/MCM-41 and ZSM-5/Ni-MCM-41. All the results at 600
and 500 °C are shown in Figures 4 and S, respectively. The
performance of Ni-ZSM-5/Ni-MCM-41 at 600 °C was similar
to that of ZSM-5/Ni-MCM-41, except that even stronger
methanation reactions were observed and less CO was formed
with the former composite. The lower CO yield suggested that
the decarbonylation reactions were suppressed, leading to a
lower hydrocarbon yield. However, methanation reactions
were catalyzed in the presence of Ni on ZSM-S. It is well-
known in the literature that Ni catalyzes these reactions.*"*>

Comparing the results at 600 and 500 °C, it appears that a
higher temperature promoted methanation reactions and
suppressed the production of solids, while the liquid yields
were not significantly affected. The alkanes and MAH yields by
Ni-ZSM-5/Ni-MCM-41 were similar at 500 and 600 °C,
indicating that the deoxygenation and hydrotreatment

reactions were not greatly impacted by the change of pyrolysis
temperature. Nevertheless, lower methane and higher solid
yields were observed at 500 °C compared to those at 600 °C.
Compared to other composites, Ni-ZSM-5/Ni-MCM-41
showed the least impact on liquid product distribution under
the influence of temperature, which implies that such
composite might be applicable at a wider range of operating
temperature of CFHP.

Scenario 3: One-Stage CFHP Followed by Hydrotreat-
ment Using the Physical Mixture of Ni-MCM-41 and Ni-
ZSM-5 - Understanding the Role of Composite Structure. To
understand the importance of the structure of composite (i.e.,
the encapsulation of Ni-ZSM-5 in Ni-MCM-41), we
performed one-stage experiments using the physical mixture
of Ni-MCM-41 and Ni-ZSM-$ at both 600 and 500 °C. The
results are presented in Figures 4 and 5. It appears that, at 600
°C, the physical mixture showed a much higher total liquid
yield and a lower total gas yield than the Ni-ZSM-5/Ni-MCM-
41 composite and approximately the same solid yield. The
increase of liquid carbon yield was mainly attributed to MAH,
which reached 16% of carbon yield. However, the alkanes yield
using the physical mixture was lower than using the composite.
The CH, yield was remarkably lower using the physical
mixture, while the CO and CO, yields were higher.

The product distribution at S00 °C by the physical mixture
was very similar to that at 600 °C. A lower liquid yield and a
higher solid yield were observed at 500 °C. The MAH yield
dropped from 16% to 13.5% as the temperature decreased
from 600 to 500 °C. Interestingly, the alkane yield did not
decrease with the decrease of temperature as in the case of Ni-
ZSM-S. Instead, it increased slightly. This might be attributed
to the lower temperature, which favors hydrogenation
reactions in the presence of Ni-MCM-41. Thus, when the
temperature dropped from 600 to 500 °C, the alkane yield
increased using the physical mixture. However, the alkane yield
(1.7%) produced by physical mixture was not as high as the
alkane yield (2.6%) produced by the Ni-ZSM-5/Ni-MCM-41
composite. These results suggest that the composite structure
allows for stronger hydrogenation and methanation reactions.
This might be attributed to the direct contact of Ni-MCM-41
and biomass, which leads to the production of a higher
methane yield, while fewer vapors are generated and contact
with Ni-ZSM-S inside the catalyst particle. As fewer pyrolysis
vapors are generated, the MAH yield is reduced. Therefore, it
appears that the composite and the mixture come with their
own benefits: the composite produces more alkanes in the
hydrocarbon pool and substantially increases the yields to
methane in the expense of aromatics. That methane can be
used for the production of renewable hydrogen through
reforming reactions leads to a sustainable process, which relies
solely on renewable resources. On the contrary, the physical
mixture provides a high selectivity to MAH in the hydrocarbon
pool. As the high yield of methane caused by Ni-MCM-41
might be the reason for the relatively low yield of MAH by the
Ni-ZSM-5/Ni-MCM-41 composite, optimizing the ratio of Ni-
ZSM-5 and Ni-MCM-41 in the composite as well as the
amount of Ni in MCM-41 and ZSM-S might improve the total
liquid carbon yield and obtain the same or higher MAH yield
compared to the physical mixture.

Summarizing One-Stage CHFP Experimental Results.
Summarizing, at 600 °C, Ni-ZSM-$ leads to the production
of alkanes, MAH, and naphthalenes in the liquid products with
no oxygenates and a considerable amount of solids. The
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additional MCM-41 layer on Ni-ZSM-S (Ni-ZSM-5/MCM-41
composite) slightly increased the yield to MAH and alkanes at
the expense of naphthalenes and solids. ZSM-5/Ni-MCM-41
and Ni-ZSM-5/Ni-MCM-41 showed very similar results. Both
composites promoted the production of alkanes at the expense
of MAH, most likely due to the presence of Ni on MCM-41.
The most apparent effect was the substantial enhancement of
methanation reactions and the reduction of solids due to the
presence of Ni on the surface of MCM-41. The Ni-MCM-41
and Ni-ZSM-S physical mixture resulted in the highest MAH
yields than any other catalysts. However, the hydrogenation
and methanation reactions were suppressed, which led to a
lower alkane yield and a significantly lower methane yield
compared to the Ni-ZSM-5/Ni-MCM-41 composite. The
results at 500 °C showed an overall lower total liquid carbon
yield and higher solid yield for all the catalysts compared to the
results derived at 600 °C. The methanation reactions were also
suppressed at a lower temperature, as indicated by the lower
yield of methane. From the experimental data, we do not
expect that CO,, CO, and/or CH, have reached equilibrium
concentration though reverse water gas shift or methanization
reaction for any of the catalysts used. Some relevant
calculations are shown in the SI. The effect of Ni was also
evaluated by performing CFHP experiments at 600 °C using
MCM-41, ZSM-5, and their physical mixture. The results and
corresponding discussion can be found in the SI.

In our previous study,41 we used a two-stage reaction system
where Miscanthus was hydropyrolized using Ni-ZSM-5 at the
first stage and the vapors were then hydrotreated using Ni-SiO,
at the second stage. The results demonstrated that the second-
stage hydrotreatment shifted the yield of MAH to alkanes
without affecting any other product distribution. The major
difference between Ni-ZSM-5/Ni-MCM-41 and the two-stage
system mentioned above is that the former not only enhanced
the selectivity to alkanes but also reduced the solid yield and
formed CH,. Thus, our results suggest that a two-stage
catalytic hydropyrolysis and hydrotreatment process is feasible
using only one catalyst particle. To further strengthen the
feasibility of one-stage hydropyrolysis and hydrotreatment
reaction in one sole catalyst particles (ie, Ni-ZSM-5/Ni-
MCM-41) we also performed two-stage experiments with Ni-
ZSM-5 in the first CFHP step and the Ni-MCM-41 in the
second hydrotreatment stage. The results are discussed in the
section below.

3.3. Two-Stage CFHP and Hydrotreatment Using Ni
ZSM-5 and Ni-MCM-41 (Scenario 4). To better understand
whether the two reactions of hydropyrolysis and hydrotreating
can be integrated in a one-step catalytic process, we performed
two-stage experiments where Ni-ZSM-5 was in the first
hydropyrolysis stage and Ni-MCM-41 was in a separate
downstream hydrotreatment reactor. The experiments were
conducted with the temperatures of the first CFHP stage at
600 and 500 °C and the second hydrotreatment stage at 300
°C. The results are shown in Figures 4 and 5 for 600 and 500
°C, respectively. At both pyrolysis temperatures, the gas
product distribution and the solid yield of the two-stage
experiments were very similar to the results using Ni-ZSM-$
alone, which was expected. When the CFHP temperature was
at 600 °C, a considerable amount of MAH was converted to
alkanes as expected. The carbon yield of alkanes at 600 °C in
the two-stage process was higher compared to those of all the
other one-stage experiments. However, that was not the case at
500 °C. At 500 °C, the two-stage process showed almost the

same alkane yield to the one-stage process using the Ni-ZSM-
5/Ni-MCM-41 composite. Notice also that the one-stage
process using the Ni-ZSM-5/Ni-MCM-41 composite led to a
significantly higher MAH yield compared to the two-stage
process, which can be a major advantage of the Ni-ZSM-5/Ni-
MCM-41 composite. Another worth noticing observation was
that the distribution of alkanes by the one-stage and the two-
stage processes at 500 °C was different. The alkanes produced
by the one-stage Ni-ZSM-5/Ni-MCM-41 were mainly cyclo-
hexanes and cyclopentanes, while in the case of the two-stage
process, the alkanes were composed mainly of cyclohexanes
and decalins. This difference suggests that the direct contact of
Ni-MCM-41 and biomass will result in additional cracking,
which can lead to the production of Cs species. This
conclusion is also supported by the difference in the MAH
yields; the MAH yield using Ni-ZSM-5/Ni-MCM-41 was
much higher than those using Ni-ZSM-S alone or with Ni-
MCM-41 in the second stage. Therefore, additional hydro-
carbons were produced with the assistance of the Ni-MCM-41
layer of the composite. In addition, the two-stage process
resulted in substantially higher solids and substantially lower
methane yields, which was a significant advantage of the one-
stage process using the composite. These results clearly
demonstrate that the composites can successfully complete
the two-step CFHP and hydrotreatment reactions in one,
single step, allowing also for significant methane production,
which can be used for the production of the needed hydrogen.
A lower pyrolysis temperature also favors the one-stage process
using the composite.

3.4. Postexperiment Analysis Results. To understand
the effects of different composites on the properties of solid
products, temperature-programmed oxidations of the solid
residue were performed. The DTG curves at a temperature
range of 200—800 °C are displayed in Figure 6. The solid

0.8

—— Ni-ZSM-5
—— Ni-ZSM-5/Ni-MCM-41 composite
—— Ni-MCM-41 and Ni-ZSM-5 mixture|

DTG (Wt.%/°C)

T T T T T T T T T T T
200 300 400 500 600 700 800
Temperature (°C)

Figure 6. DTG curves of temperature-programmed oxidation of solid
residue by CFHP at 500 °C using different catalysts.

residue by Ni-ZSM-5 showed a small peak at 330 °C and a
broad peak from 400 to 600 °C, with a shoulder at
approximately 530 °C. The solid residue by the Ni-ZSM-5/
Ni-MCM-41 composite showed a major peak at 450 °C and a
small peak at 550 °C. The solid residue by the Ni-MCM-41
and Ni-ZSM-S mixture showed a broad peak from 300 to 500

https://doi.org/10.1021/acs.energyfuels.1c02453
Energy Fuels 2021, 35, 20117—-20130



Energy & Fuels

pubs.acs.org/EF

°C with a small peak at 550 °C, as well. The peaks below 500
°C are typically attributed to char, while the peak at 550 °C is
typically attributed to coke. The oxidation temperature of char
can reflect its properties; a lower oxidation temperature
suggests that the char is rich in oxygen content with a lower
degree of decomposition.”” The appearance of the oxidation
peak of Ni-ZSM-S at 330 °C indicates that Ni-ZSM-S was not
active enough to crack and decompose Miscanthus, which
caused the high solid yield during the CFHP experiments. The
Ni-ZSM-5/Ni-MCM-41 composite showed distinct peaks of
char and coke with the appearance of the char peak at a
relatively high oxidation temperature, which implies that the
biomass was completely decomposed and the yields of liquid
and gas products were maximized. The physical mixture of Ni-
MCM-41 and Ni-ZSM-§ also showed characteristic peaks of
char and coke. The coke peak appeared at the same oxidation
temperature as for the Ni-ZSM-5/Ni-MCM-41 composite.
However, the char peak shifted to a lower temperature. As
discussed in the previous section, the yields of solid produced
by the composite and the physical mixture were approximately
equal, while the physical mixture produced more liquid and
less gas (specifically less methane) than the composite. Thus,
the different oxidation temperatures of the residue char derived
by the composite and the physical mixture might be due to the
methanation reactions. The composite promoted methanation
reactions, which contributed to a deeper degree of Miscanthus
decomposition and caused the increase of the oxidation
temperature of the char. The decomposition of Miscanthus by
the composite was mainly attributed to methanation reactions,
as well as the hydrocracking of large biopolymers. However,
the methanation reactions were suppressed by the physical
mixture, as less biomass was able to contact with Ni-MCM-41
particles due to the exposure of Ni-ZSM-S to biomass. As a
result, fewer pyrolysis vapors were generated using the
composite that led to a lower total liquid yield compared to
the physical mixture. These results prove that the layer of the
Ni-MCM-41 on the composite structure significantly changed
the composition of gas, liquid, and solid products. Although we
anticipate that the proposed composites will have a higher
lifetime due to the sacrificial act of the MCM-41 layer,"
regeneration of the composites will be necessary for a
continuous operation. Therefore, a reactor setup similar to
the fluid catalytic cracking unit (riser and regenerator) might
be appropriate.

4. CONCLUSIONS

In this study, the feasibility of realizing tandem reactions using
a single, composite catalyst has been explored. Specifically, we
studied the combination of the two-step CFHP and hydro-
treating process in one step, within one catalyst particle. The
ZSM-5/MCM-41 composites with Ni loaded on MCM-41
and/or ZSM-5 were prepared. The characterization results
indicated that the composites were successfully prepared and
Ni was successfully impregnated into the composites at
different locations (on MCM-41 surface and/or ZSM-S
surface). The one-step CFHP and hydrotreatment experiments
at 600 and 500 °C showed that the MCM-41 layer over Ni-
ZSM-5 did not significantly affect the yield of MAH and
alkanes compared to with Ni-ZSM-S alone. With the
impregnation of Ni on MCM-41, the alkane yields were
increased and the methanation reactions were drastically
enhanced. The comparison between the results derived at
CFHP temperatures of 600 and 500 °C verified that a higher
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pyrolysis temperature was beneficial to the production of MAH
and methane. This might be attributed to the fact that a higher
temperature favors aromatics production due to thermody-
namics. However, we should keep in mind that although higher
temperatures might shift the equilibrium between aromatics
and alkanes toward the production of aromatics, the alkanes
yield was also higher at 600 °C compared to that at 500 °C.
The higher yields of all liquid products at a higher temperature
might be attributed to the higher reaction rates, which allowed
more solids to be converted into valuable liquid products. The
product distribution was the least impacted by the temperature
using the Ni-ZSM-5/Ni-MCM-41 composite. The experiments
at 500 °C using Ni-ZSM-S and Ni-ZSM-5/Ni-MCM-41
composite showed clear evidence that the composite promoted
alkane production. At 500 °C, the one-stage CFHP and
hydrotreatment experiments using Ni-ZSM-5/Ni-MCM-41
showed similar alkane and much higher MAH yield compared
to the two-stage process where Ni-ZSM-5 and Ni-MCM-41
were placed in separate reactors. Interestingly, the Ni-MCM-41
and Ni-ZSM-$ physical mixture showed the highest yield in
MAH, which will be the preferred choice if the liquid aromatics
are the desired product. However, clear evidence has shown
that the Ni-ZSM-5/Ni-MCM-41 composite was able to
produce more alkanes than the physical mixture, suggesting
that the composite structure is the catalyst that promotes the
production of alkanes in a one-stage reactor. Therefore, this
study has indicated that a one-step CFHP and hydrotreating
step is feasible using the Ni-ZSM-5/Ni-MCM-41 composite.
One of the most important results of the study was that the
one-step process using the composite can significantly increase
the production of methane while minimizing the solids. The
produced methane can be utilized for the in situ production of
renewable hydrogen, making this process fully self-sustainable.
Water gas shift reaction during the CFHP can also generate
additional hydrogen. However, we also noticed that the high
methanation yield might have caused low total liquid carbon
yield and MAH yield. Hence, future work will focus on
optimizing the ratio of Ni-ZSM-5 and Ni-MCM-41 in the
composite, the amount of Ni on MCM-41 and ZSM-§, and the
experimental conditions to avoid strong methanation reactions
and therefore maximize the total liquid carbon yield to MAH
yield, as well as alkanes.
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