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Abstract

Catalytic fast pyrolysis using the zeolite ZSM-5 is an attractive process for converting lignocellulosic biomass into
fuels and chemicals. Ga-modified ZSM-5 has demonstrated improved hydrocarbon yields compared to ZSM-5 due to
additional functionality imparted by Ga; however, there is little knowledge of the active Ga species and its role in the
catalytic mechanisms. Here, we employ micropyrolyzer - GC-MS experiments and theoretical calculations to
demonstrate that a hydrogen-pretreated Ga species (Ga*/ZSM-5) and a reductive environment are critical towards
upgrading pine pyrolysis vapors into high yields of alkenes and aromatic hydrocarbons at near atmospheric pressure.
The total carbon yield (g C in product/g C in pine) in alkenes and aromatic hydrocarbons under these conditions was
37% compared to 25% for the parent ZSM-5 catalyst. The corresponding carbon yield was only 19% for Ga*/ZSM-5
under inert conditions indicating that both the hydrogen-pretreated Ga* species and reducing atmosphere are required
to obtain high hydrocarbon yields. The ratio of carbon in alkenes to carbon in aromatic hydrocarbons increased to 2.5
with Ga*/ZSM-5 under reductive environment vs. 0.4 for ZSM-5. The carbon yield of alkenes increased with Ga
loading; in contrast, increasing catalyst acidity promoted aromatic hydrocarbon production. Experiments conducted
with isopropanol demonstrated high selectivity to propene over Ga*/ZSM-5 under reductive environments, indicating
enhancement of dehydration reactions. A computational mechanism study was conducted to identify the active Ga
species ([GaH,]*, [GaO]*, [Ga(OH),]* or [GaH(OH)]") using the dehydration of isopropanol as a model reaction.
Theoretical calculations suggested that [Ga(OH),]" and [GaH(OH)]" are the most likely species responsible for
dehydration with 39.7 and 38.8 kcal mol! activation energy barriers, respectively, and based on thermodynamic
analysis, their ratio in the catalyst is dictated by H, partial pressure and temperature. The model compound studies
and computational results provide mechanistic support for the observed biomass experiments showing increases in
alkene selectivity.

1. Introduction future and their supply is currently dependent on
petroleum and natural gas production. To close the
increasing gap between demand and supply, alternative
technologies are being developed to produce alkenes
from renewable resources. There is significant ongoing

The demand for light alkenes (ethene, propene and
butenes), essential building blocks for the chemical
industry around the world, is predicted to grow in the
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research on producing alkenes from biomass-derived
intermediates such as furan, syngas, methanol, ethanol,
butanol and butanediols.!* Catalytic fast pyrolysis
(CFP) is an attractive approach for producing alkenes
directly from biomass. The majority of reports on
biomass CFP using ZSM-5-based catalysts have focused
on the production of fuels and aromatic hydrocarbons,>
6 and a limited number of reports have demonstrated
production of phenolic intermediates from aqueous
streams.”> 3 The recovery of coproducts is challenging
due in part to the low selectivity of valuable chemicals
in CFP oils and the presence of reactive compounds. It
is well documented in literature that CFP of biomass
conducted in micro to pilot scale reactors using low
biomass-to-catalyst ratios produce liquids with a high
selectivity to aromatic hydrocarbons, but with low
yields of C,-C, alkenes (<10%) except at very high
temperatures.”'* Anellotech recently demonstrated over
5000 hours of production of high purity p-xylene from
biomass CFP in their pilot plant and obtained 22-24%
liquid yields.!> While the results from biomass CFP over
ZSM-5 are encouraging, there is a need to further
improve upon this baseline catalyst to generate alkenes
at higher yields.

Doping of ZSM-5 catalysts with various metals has been
evaluated for CFP to increase hydrocarbon yields. For
example, ZSM-5 modified with nickel and cobalt were
evaluated for upgrading beech pyrolysis vapors. The
NiO-modified ZSM-5 led to higher yields of aromatic
hydrocarbons, and this effect increased with increasing
NiO content.!® Ga has been highlighted in several
reports to improve performance of ZSM-5 by enhancing
bio-oil or hydrocarbon yields and/or reducing product
oxygen content.!”?2 However, other studies did not
observe any improvement from Ga-modified ZSM-5.2%
24 This disagreement suggests that specific Ga species
may be necessary for improving the catalytic
performance of the ZSM-5 material. For instance, extra-
framework Ga/ZSM-5 catalysts prepared by ion
exchange or incipient wetness methods were found to
give a higher selectivity to aromatic hydrocarbons
whereas Ga incorporated in the framework decreased
catalytic activity compared to unmodified ZSM-5.18 All
of the above-mentioned studies were performed without
H, pretreatment of the catalysts or the presence of added
hydrogen during the catalytic upgrading. There are only
limited studies on the impact of H,-pretreated Ga/ZSM-
5 for CFP of biomass. H,-pretreated Ga/ZSM-5 has

been reported to initially increase dehydrogenation
reactions and produce higher aromatics yields during in
situ CFP of eucalyptus.?> For petroleum processes,
enhanced aromatics production has been associated with
H, pretreatment of Ga/ZSM-5 and subsequent
oxidation.> The H, pretreatment converts Ga to a form
that can migrate into the interior of ZSM-5 and during
the oxidation, the H,-pretreated Ga is converted to a
species more active for aromatization.”> 27 The exact
nature and role of the modified Ga species are not
known.

Identifying the active species is critical towards
development of new catalysts that exhibit increased
yields of fuels and chemicals from biomass CFP.!824 In-
situ/operando characterization techniques offer an
experimental route to identify the Ga species, but their
application to complex reactions such as biomass CFP
is challenging. On the other hand, several studies have
successfully applied theoretical calculations to evaluate
metal-modification of zeolites and elucidate the
structures of extra-framework metal dopants during the
production of hydrocarbons from model compounds.?%-
31 Computational approaches have been used to study
catalytic mechanisms in ZSM-5 modified with various
metals (Fe, 323 Co, 3840 Cu,40-42 7 43.44 (G,28.29.45-52 apd
others®!> 3% 34). Some studies characterized the Ga
species using combinations of computational and
spectroscopic methods?”> 33-38, Spectroscopic techniques
have identified various Ga species present in zeolites,
such as Ga', gallium hydrides ([GaH,]*, [GaH]*"),
gallium oxides ([GaO]', [Ga,0,]*"), and gallium
hydroxides ([Ga(OH),]*, [GaH(OH)]").2" - The
species observed from spectroscopy have been used in
density functional theory (DFT) calculations to evaluate
mechanisms of alkane dehydrogenation reactions using
Ga/ZSM-5 (see

Table 1). Computational analysis of free energies can
further elucidate the catalytically active species and the
corresponding mechanism when multiple possible
mechanisms involving two or more species are
identified.?® 2% 4552 Also, we can gain atomistic insights
for designing better catalysts from theoretical
investigations; for computational phase
diagrams unraveled that the state of the metal dopant can
be tuned by controlling reaction conditions such as
temperature, H,, and H,O partial pressures.>®

example,
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These studies have demonstrated that combining
experimental and theoretical methods is an effective
approach for identifying active Ga species and
elucidating their roles in catalysis, especially in
industrially relevant processing environments. Despite
the synergistic effect of computational and experimental
studies, mechanisms for upgrading reactions over
[Ga(OH),]* and [GaH(OH)]* have mnot been
investigated, although they have recently been observed
by spectroscopy (Table 1).°® In addition, the role of Ga
species still needs to be elucidated, specifically in terms
of enhancing hydrocarbon formation during catalytic
upgrading of biomass vapors.

Here, we performed experiments for catalytic upgrading
of biomass (pine, cellulose and lignin) pyrolysis vapors
over ZSM-5 and Ga-modified ZSM-5 with co-fed H, in

a micropyrolyzer - gas chromatograph with a mass
spectrometer and a flame ionization detector (py-GC-
MS/FID) system and demonstrated that H-pretreated
Ga/ZSM-5 produces high yield of alkenes. Compared to
ZSM-5, the yield of alkenes increased by more than
200% for experiments conducted with a H-pretreated
Ga/ZSM-5 in a reductive atmosphere; however,
aromatic hydrocarbons were reduced slightly (~25%).
Isopropanol dehydration studies conducted in the same
reactor system demonstrated the necessity of both H,-
pretreated Ga species and reductive atmosphere in the
production of high yields of propene. Computational
studies suggested that both [Ga(OH),]|" and [GaH(OH)]*
species may be available in ZSM-5 pores and
responsible for enhancing the production of alkenes and
overall hydrocarbon yields.

Table 1 Summary of Ga species studied by computational methods for alkane dehydrogenation over Ga-modified zeolites.

Ga species Summary of computational studies Spectroscopic methods
for alkane dehydrogenation applied for characterization
Ga* Enhanced activity when paired with Brensted acid?’, more DRIFTS?” %, Ga K-edge
active than [GaH,]" and [GaH]*" in ethane dehydrogenation® XANES*¢
[GaH,]* Carbanion-like intermediate?®, ethane dehydrogenation — DRIFTS?” %, Ga K-edge
stepwise, isobutane dehydrogenation — concerted*® 4° XANES>®
[GaH]** Carbenium-like intermediate?®, enhanced activity when paired DRIFTS?- %
with nearby Al sites*®47
[GaO]" Very high barrier in catalyst regeneration step>° DRIFTS?, Ga K-edge XANES>®
[Ga,0,]*" Enhanced activity in Ga oxide clusters’? Ga K-edge EXAFS¥
[Ga(OH),]* N/A Ga K-edge XANES>”-%8 and
EXAFS>
[GaH(OH)]" N/A DRIFTS™, Ga K-edge XANES
and EXAFS>®
2. Methods ratio (SAR) of 30 and with 5 wt%, 1 wt%, and 0.5 wt

2.1 Materials

Southern yellow pine was supplied by Idaho National
Laboratory (INL), Avicel® cellulose was purchased
from Sigma Aldrich, and milled wood lignin (MWL)
from pine was prepared using the Bjérkman method.%
The southern yellow pine consisted of 38% cellulose,
25% hemicellulose, and 31% lignin by compositional
analysis and the MWL lignin contained 82% lignin.
The carbon contents measured using a LECO TruSpec
CHN analyzer were 50%, 44%, and 62% for pine,
Avicel® cellulose, and MWL lignin, respectively.
Parent ZSM-5 catalyst with silica-to-alumina molar

% of Ga were supplied by Johnson Matthey. Ga
modification of the parent catalyst was carried out by
incipient wetness impregnation using an aqueous
solution of gallium nitrate (Ga(NOs);.6H,0). After
impregnation the catalyst samples were dried at 70 °C
for 4 hours, 110 °C for a further 4 hours and then
calcined at 500 °C for four hours. In addition,
Ga/ZSM-5 with SAR 23 and 2.1 wt% and 5.5 wt% Ga
was provided by Oak Ridge National Laboratory.

2.2 Catalyst Characterization

The acid site density in the catalysts was measured by
transmittance FTIR using self-supported disks of
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samples activated at 450 °C in vacuum for 5 hours.
The detailed description of this method was given in a
previous report.®! FTIR spectra were collected in the
4000-1200 cm! spectral range using a Nicolet Protege
460 spectrometer at a 2 cm! resolution (0.96 cm™! data
spacing). An excess of pyridine was admitted into the
IR cell at a temperature of 150 °C in a stepwise manner
until no changes were observed in the spectra. The
saturated sample was then evacuated for 5 min at 150
°C to remove physically adsorbed pyridine and the
FTIR spectrum was collected. The spectra were
analyzed and presented (including integration,
differentiation and determination of peak positions)
using specialized Nicolet software, Omnic. Accuracy
of the maximum peak positions is estimated to be +1
cm! for vy_,; lines, £2 cm™! for the combination bands
and £5 ¢cm™! for the overtones and some very broad
peaks.

Ga K edge XANES measurements were performed on
the Material Research Collaboration Access Team
(MR-CAT) bending magnet beamline at the Advanced
Photon Source, Argonne National Laboratory. The
Ga/ZSM-5 sample was ground into a fine powder and
pressed into a stainless-steel sample holder forming a
self-supporting wafer. The sample holder was sealed
in a quartz tube reactor and sealed with two Ultra-Torr
fittings with Kapton windows and ball valves through
which gases could flow. Prior to hydrogen treatment
the sample was dehydrated in flowing helium at 550
°C and a spectrum was acquired at temperature.
Following dehydration, the sample was treated with
pure hydrogen and a series of spectra were collected at
various temperatures: 550 °C, 580°C, 240 °C, and 150
°C. The XAS data was normalized via standard
procedures using the Demeter software suite.®? The
edge energy of each spectrum was determined from
the maximum in the first derivative of the XANES.

2.3 Micropyrolysis-GCMS

A tandem micro-furnace pyrolyzer (PY-2020iS,
Frontier Laboratories, Japan) coupled to a GC-
MS/FID was used to carry out catalytic fast pyrolysis
(CFP) experiments. A detailed description of its
operation was provided in previous studies.?® 3
Briefly, this system consists of a pyrolysis zone for
generating biomass vapors coupled to a downstream
zone for catalytic upgrading. A liquid nitrogen trap
placed after the upgrading zone adsorbed the upgraded

vapors before they were subsequently desorbed into
the inlet of the GC-MS/FID during GC oven heat up.
Approximately 500 pg samples of biomass loaded in
deactivated stainless-steel cups were automatically
dropped into the pyrolysis zone set to 500 ‘C. The
products from the pyrolysis zone were entrained in 54
ml min'!' of He carrier gas and passed over a fixed bed
of 30 mg catalyst. For experiments conducted in
reducing gas atmospheres, 54 ml min' of H, was
added prior to the fixed-bed reactor for a total flow of
108 ml min-!. The total pressure was 115 kPa. For each
experiment, three successive cups of biomass were
passed over the same catalyst bed for a total mass ratio
of biomass fed to catalyst of 0.05 g/g. The catalysts
were pretreated for 30-60 minutes in either He or a
mixture of 50%He/50% H,. The catalysis zone
temperature was varied from 500 to 600 °C. The
condensable vapors produced during pyrolysis and
upgrading were adsorbed on the liquid nitrogen trap,
but light gases such as CH, and CO passed through the
trap and were separated in a GS-GasPro column and
measured by a thermal conductive detector (TCD).
The condensable vapors were desorbed from the liquid
nitrogen trap and separated in an Ultra-Alloy-5
capillary column, which utilized a stationary phase
consisting of 5 % phenyl and 95 % dimethyl
polysiloxane. The GC oven was programmed as
follows: hold at 40 °C for 3 min then ramp to 240 °C
at a rate of 6.0 °C min’!. The separated upgraded
species were identified using the NIST GCMS library
and quantified based on calibration of twenty
compounds representative of upgraded pyrolysis
vapors. The carbon yield (g C in compound/g C in
feed) was calculated for each product.

Isopropanol dehydration experiments were evaluated
in the same py-GC-MS/FID system. Pulses of roughly
0.5 uL of isopropanol were injected into the first
reactor, which was set to 250 °C, for volatilization.
The resulting vapors were entrained in either He or a
mixture of He and H, and transported over a catalyst
bed of 30 mg as described above for the biomass
experiments. Upgrading temperatures of 175-500 °C
were investigated, and 250 °C was chosen to reduce
the number of competing reactions. Coke formation
in the isopropanol experiments was measured by
removing the catalyst from the upgrading reactor and
determining the mass loss during oxidation of the
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catalyst in a thermogravimetric analyzer (TGA) by
heating the post-reaction catalyst in air at 20 °C/min
from 25 to 780 °C. The mass loss from approximately
250 to 650 °C was attributed to coke while that below
250 °C was attributed to water and weakly adsorbed
organic species.*

2.4 Computational Details

Fig. 1 The model system used in this study. Atoms shown in
ball-and-stick representation were treated using DFT and the
rest were treated with PM6 method. The Al atom at T12 site
is depicted in light purple. For visual clarity, substrate
molecules and extra-framework Ga species were omitted in
this figure.

A two-layered ONIOM model was used to investigate
reactions in Ga/ZSM-5 (Fig. 1).%° The high level layer
which includes an active site and substrate molecules
was treated using M06-2X functional®® with the 6-
311G(d,p) basis set. It contains one 10-membered ring
(10-MR) having an Al atom at T12 site (most likely
site for substitution®”-%®) and two additional pairs of O-
Si atoms connected to the Al. The remaining 295
atoms were included in the low level layer and they
were treated with the PM6 semi-empirical method.°
The atoms in the high level layer were fully relaxed
during geometry optimization, whereas others were
frozen to maintain crystallographic positions. This
model has shown reliable results in a previous
mechanism study of ethanol dehydration in HZSM-
5.7 Vibrational

frequency calculations were

performed for all the reactants, intermediates,
products, and transition states (TSs) to verify each
state. Intrinsic reaction coordinate (IRC) calculations!
were also performed for all TSs to locate two minima
relevant to each TS. All these calculations were carried
out using the Gaussian 09 package,”> and the
GoodVibes program’ was employed to calculate free
energies at an experimental temperature (250 °C)
using thermochemistry calculation results from the
Gaussian program. Atomic charges of each structure
were calculated by natural population analysis
(NPA).” Surface phase explorer (www.spe.nrel.gov)
was used for phase diagram analysis of extra-
framework Ga, and its technical details are available
in literature. 73

3. Results and Discussion

3.1 Biomass Vapor Upgrading

Two forms of the Swt% Ga-modified ZSM-5 were
evaluated: one that was pretreated in H, for 60 minutes
in a flow of 50% He/50% H, at 500°C (denoted
Ga*/ZSM-5) and one that was pretreated in He only
(denoted Ga/ZSM-5). The XANES measurements in
Fig. S1 and Table S1 show that the edge energy of the
sample in inert atmosphere is at 10.3730 keV, similar
to the reported values of isolated Ga’* species on SiO,
and B-zeolite.’” Upon hydrogen treatment at 550 °C a
shoulder emerges on the leading edge of the spectrum
with an inflection point at 10.3695 keV, constituting a
decrease in the edge energy of 3.5 eV. When the
temperature is increased to 580 °C the shoulder
becomes a pronounced peak, still with an inflection
point at 10.3695 keV. This observed decrease in edge
energy upon hydrogen treatment has been attributed to
the formation of low-coordinate Ga’" hydride
species’” and is consistent with the proposed
calculated species. Upon cooling to 240 °C the low
energy peak decreases in intensity and the edge energy
returns to the initial value of 10.3730 keV when the
temperature is further decreased to 150 °C.

As shown in Fig. 2a, pine pyrolysis vapors were
upgraded over fresh ZSM-5 and 5wt% Ga-modified
ZSM-5 (SAR 30) in the tandem micropyrolyzer at low
biomass-to-catalyst mass ratios (= 0.05 g/g) to produce
alkenes, aromatic hydrocarbons, CO and CO, in very
good agreement with literature data.!® 2363767 The
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carbon yields for aromatic hydrocarbons were higher
than those for alkenes for experiments conducted in
He, and they correspond to an alkene-to-aromatic
carbon yield ratio of 0.4 g C in alkenes/g C in
aromatics. This ratio is similar to previous reports in
literature for CFP of woody biomass over ZSM-5.18.:23
For CFP experiments conducted under inert conditions
(He only), the He-pretreated Ga/ZSM-5 and the H,-
pretreated Ga*/ZSM-5 exhibited similar product
distributions and alkene-to-aromatic carbon ratios (=
0.4) as the unmodified ZSM-5. The yields of the
hydrocarbon products were somewhat lower for the
Ga-based catalysts than for ZSM-5 due to reduction in
the number of Brensted acid sites caused by the
addition of Ga (see Table S2 in the Supporting
information) in accordance with several literature
results.8%- 8! In contrast, experiments conducted with a
H,-pretreated Ga*/ZSM-5 with cofed H, (1:1 He:H,)
(reducing atmosphere) produced significantly higher
yields of alkenes and slightly lower yields of aromatic
hydrocarbons (Fig. 2a) resulting in an alkenes-to-
aromatics carbon yield ratio of 2.5. A small fraction of
alkanes - methane and some higher alkanes - was also
produced. Conducting experiments with Ga*/ZSM-5
under reducing atmosphere increased the carbon yield
to hydrocarbons by 48% as compared to ZSM-5 (37%
vs. 25%). While the alkene carbon yields for ZSM-5
and for Hj-pretreated Ga*/ZSM-5 in the inert
atmosphere (5-8%) are in line with results reported in
the literature,'% 12 13, 18, 24 the alkene yields for H,-
pretreated Ga*/ZSM-5 under reducing atmosphere,
are remarkably high (25%). The results for H,-
pretreated Ga*/ZSM-5 in the inert atmosphere
resembled those for non-pretreated Ga/ZSM-5,
suggesting that both Hy-pretreated Ga* and continuous
H, atmosphere are required for the improved
hydrocarbon yields. This result suggests that the H,-
pretreated Ga* species was rapidly converted to the
non-pretreated form in the absence of hydrogen, as has
been reported in the literature.’> 82 Due to the
configuration of the micropyrolyzer, the gas flow
through the catalytic reactor was higher in the H,/He
mixture than in He only and, therefore, the contact
time was shorter in H,/He than in He. However, within
the experimental error, similar results were obtained
for ZSM-5 in both He and 50% H,/50% He, which
suggests that the change in the contact time had little
impact on the results.

Carbon oxides were produced in all experiments
corresponding to up to 10% carbon yield. The carbon
yields of CO and CO, were approximately equal in all
other experiments except for the one with Ga*/ZSM-5
under reducing atmosphere, which showed a much
higher yield of CO, than of CO. The reason for this is
not clear and may have been due to the difficulty of
measuring CO in the presence of high concentrations
of H,. However, one possible explanation is that the
H,-pretreated Ga* species was active for the water gas
shift reaction and ZSM-5 and Ga/ZSM-5 were not.
The equilibrium constant for the water gas shift
reaction is 5 at 500 °C, i.e., H, and CO, are favored at
equilibrium. We estimated the value for the product of
[H,][CO,]/[H,O][CO] in the experiments in the He
atmosphere based on the production of CO and CO, in
the experiments, calculated H,O yield by difference
from the oxygen balance, and measured H, yield from
larger scale CFP experiments over ZSM-5 (0.1% mass
yield).!® The product was over 2 orders of magnitude
lower than the equilibrium value, which suggests
limited water gas shift activity for ZSM-5 or Ga/ZSM-
5 in He. For Ga*/ZSM-5 in the H, atmosphere, it is
possible that the catalyst converted CO into CO,
despite the higher bulk H, concentration. The water
gas shift reaction would also explain the decrease in
CO associated with the increase in CO, (Fig. 2a).
However, the high yield of CO, could also be
attributed to decarboxylation reactions catalyzed by
Ga*.

The non-detected carbon in these experiments may be
attributed to char, coke, and high-boiling compounds
not detected by the GC-MS/FID, which could include
multiring (3+ rings) polyaromatic hydrocarbons. Char
C yield was constant for all experiment at ~40%, and
the production of coke and the high-boiling
compounds can be approximated by the difference
between 60% C yield and the total measured C yield
in gases and vapors in Fig. 2a. The results suggest that
the yield of coke and high-boiling compounds was
reduced for experiments conducted with the
Ga*/ZSM-5 in 50% H,.

The alkene carbon selectivity data in Fig. 2b shows
that Hy-pretreated Ga*/ZSM-5 in 50% H, enhanced
yield of C,-C¢ alkenes, but the enhancement was
particularly noticeable for higher alkenes (C4.). While
ZSM-5, Ga/ZSM-5, and Ga*/ZSM-5 in He produced

Page 6 of 21



Page 7 of 21

Green Chemistry

mainly C, and C; alkenes as also reported in the
literature,'? 13 18 24 approximately half of the alkenes
produced over Ga*/ZSM-5 in 50% H, were in the Cj.
range. The higher alkenes were typically branched,
e.g., methylpropene or methylbutene, and included
cyclic compounds, e.g., cyclopentene. The increased
yield of alkenes is likely due to decreased aromatic
yields as shown in Fig. 2a.
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Fig. 2 Carbon yields in a) light gases and vapors and b)
alkenes during upgrading of pine pyrolysis vapors over
ZSM-5, non-pretreated 5 wt% Ga/ZSM-5 and H,-pretreated
5 wt% Ga*/ZSM-5 in either He or 50% H,/50%He. The
values are averages of three successive pulses of biomass
over the same catalyst and the error bars reflect the standard
deviations of the totals. Reaction conditions: pyrolysis and
catalysis performed at 500 °C.

Fig. 3 shows the impact of upgrading temperature on
carbon yields and alkene product selectivities during
experiments conducted with Ga*/ZSM-5 under
reducing atmosphere. Increasing the upgrading
temperature enhanced alkene yield, especially of
ethene, but had only a modest impact on the yield of
higher alkenes. Alkane yield, mostly CH,, also
increased as upgrading temperature increased. ZSM-
5 is known to increase alkene and methane yields at
higher temperatures,>* 8 and the observed result is
likely due to enhanced cracking activity of ZSM-5 at
high temperatures. The aromatic carbon yield also
increased as temperature increased from 500 to 550 °C
but no further increase was seen as temperature was
increased to 600 °C. Aromatics yield over ZSM-5 has
a maximum with respect to upgrading temperature;>*
76.84,85 and the peak location is typically reported to be
around 600 °C or lower. The results indicate only
limited impact of upgrading temperature on the ability
of the Ga*/ZSM-5 to form higher alkenes in H,-
containing environments for the range studied.
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Fig. 3 Carbon yields in a) light gases and vapors and b)
alkenes during upgrading of pine pyrolysis vapors over Hy-
pretreated Ga*/ZSM-5 in 50% H,/50% He at different
upgrading temperatures. The values are averages of three
successive pulses of biomass over the same catalyst and the
error bars are the standard deviations for the total yields.
Catalysts were tprereated in situ for 30 min at 500 °C in H,.

A series of Ga*/ZSM-5 catalysts with varying Ga
loadings were evaluated in order to gain insight into
the role of Ga loading on the observed CFP chemistry
(Fig. 4). The previous experiments were performed
with a ZSM-5 with SAR of 30 and Ga loading of 5
wt%. The same base catalyst was also loaded with 0.5
wt% and 1 wt% Ga and Table S2 shows that Lewis
acid (LA) site density increased with Ga loading,
while the Breonsted acid (BA) site density decreased.
Another, more acidic ZSM-5 SAR 23 with Ga
loadings of 2.1 and 5.5 wt% was also evaluated. Fig. 4
shows that the total alkene carbon yields increased
rapidly for Ga loadings up to 1 wt% and then increased
more gradually after 1wt% Ga loading. This trend
mirrors the plot in Fig. S2 for the ratio of LA-to-BA
sites vs. Ga loading, indicating that alkene yield is
proportional to the ratio of LA-to-BA sites as this ratio
also increases rapidly at low Ga loadings. The carbon
yields to aromatic hydrocarbons decreased gradually
as the Ga loading increased. A comparison between
the results for the catalysts with SAR 30 and 23
showed similar trends as a function of Ga loading, but
indicated that increasing catalyst acidity enhanced
aromatics yield, as shown by the low alkene-to-
aromatics carbon yield ratio for the SAR 23 catalyst.
Thus, the catalysts with higher Brensted acidity (lower
SAR) enhanced aromatization, as expected.

CFP experiments using cellulose and lignin were
conducted in order to determine the source of the
increased alkene yield observed from the studies
conducted with Ga*/ZSM-5 in a reductive gas
atmosphere. With the control ZSM-5 (SAR 30) and
inert conditions, pine, cellulose, and lignin produced
roughly similar ratios of alkenes to aromatics
(alkenes:aromatics of ~0.5, Fig. 5), with overall
hydrocarbon yields higher for cellulose than for lignin.
The alkenes-to-aromatics carbon yield ratios agree
with calculated values from literature reports for CFP
of biopolymers over ZSM-5,23 63 7 which ranged
from 0.1 to 0.4 for cellulose and from 0.4 to 0.8 for
lignin. The total measured carbon yields for lignin are
much lower due to a high carbon loss to char. For the
Ga*/ZSM-5 under reducing conditions, cellulose
produced much higher hydrocarbon carbon yields
(59% vs. 17%) and a higher ratio of alkenes-to-
aromatics carbon yields compared to lignin (4.2 vs.
0.9), indicating that most of the alkenes were produced
from the carbohydrate component of pine. The
alkenes-to-aromatics carbon yield ratio for lignin was
only moderately enhanced compared to upgrading
over ZSM-5. Fig. 5b also confirmed the formation of
C,4. alkenes from cellulose. The C4-Cs alkene yield for
lignin over Ga*/ZSM-5 in H, was enhanced compared
to that over ZSM-5 as well, and the observed C,,
alkenes could possibly be attributed to residual sugars
left after lignin extraction from pine. Fig. 5a also
shows some alkanes over Ga*/ZSM-5 in the reducing
atmosphere. The alkanes were mainly branched, e.g.,
methylpropane.

40 7 —@- Alkenes SAR30 4
=O= Alkenes SAR23

- Aromatic hydrocarbons SAR30
-0~ Aromatic hydrocarbons SAR23
—A— Alkenes-to-Aromatic ratio SAR30
-A- Alkenes-to-Aromatic ratio SAR23 L3

w
S
|

Ol}2J U0GIEO0IPAY DIJBWOIY-0}-S8USY Y

Carbon Yield, % (g C/ C in pine)

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Ga loading, wt%
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Fig. 4 Carbon yields of alkenes and aromatics, and the
carbon yield ratio of alkenes to aromatics during upgrading
of pine pyrolysis vapors in 50% H,/He over H,-pretreated
Ga*/ZSM-5 catalysts with different Ga loadings (0-5.5 wt%)
and different SAR values (23 or 30).

The biomass upgrading experiments indicated that Cy+
alkenes, typically branched alkenes, were formed over
Ga*/ZSM-5 in reducing atmosphere. The higher yield
of alkenes was coupled with lower aromatic
hydrocarbon yields compared to unmodified ZSM-5,
Ga/ZSM-5 and Ga*/ZSM-5 for experiments in inert
atmospheres. At the same time, the overall yield to
hydrocarbons was highest over the Ga*/ZSM-5 in
reducing atmospheres. The upgrading over ZSM-5 has
been hypothesized to occur via the hydrocarbon pool
chemistry in dual cycles of aromatization and alkene
interconversions (methylation and cracking)® in
which aromatics are formed by conversion of higher
alkenes originating from the alkene cycle. The results
from the current study suggest that the H,-pretreated
Ga* species under reducing environment prevents the
aromatization reactions and polycyclic molecular
weight growth reactions and formation of coke, 7
which leads to the observed high total hydrocarbon
yields.

Several catalytic reaction pathways could contribute to
the higher alkene yield. Cellulose was the main source
of the higher alkenes over H,-pretreated Ga*/ZSM-5
in H,. Alcohol functional groups are prevalent in
cellulose and other carbohydrate compounds, and
dehydration of the alcohols in biomass pyrolysis
vapors is a potential source of the high yields of
alkenes. Molecules containing aldehyde, ketone, and
acid functional groups are also prevalent in biomass
vapors, and we hypothesize that the carbonyl
functional groups are initially hydrogenated to
alcohols followed by dehydration to stable alkenes,
which diffuse out of the ZSM-5 pores without further
conversion to aromatics. Our hypothesis for
hydrogenation of carbonyls is supported by data in a
previous report,®® which demonstrated a multistep
process (low temperature hydrogenation over Ru
followed by high temperature hydrogenation over Pt)
to convert molecules with carbonyl functional groups
present in water soluble bio-oil to produce alcohols for
dehydration over zeolites to produce high yields of
alkenes and aromatic hydrocarbons (alkene-to-
aromatic ratio of 2.3).

In order to gain insight on the production of alkenes
from Ga*/ZSM-5 under reductive atmosphere, we
conducted experiments and theoretical calculations
with isopropanol. Isopropanol was chosen as a model
compound because secondary alcohols are pervasive
in pyrolysis vapors of cellulose, consisting of
levoglucosan and other sugar molecules. An
upgrading temperature of 250 °C was used to reduce
the number of competing reactions taking place over
the catalyst. The goal was to develop mechanisms and
reaction  pathways  to identify
transformations occurring on the catalyst sites, provide
insight at the atomic scale on why alkenes are
produced with H,-pretreated Ga*/ZSM-5 under
reductive atmosphere, and provide data that can be
used to develop new catalyst formations for CFP of
biomass to produce alkenes.

chemical
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Fig. 5 Carbon yields in a) light gases and vapors and b)
alkenes for upgrading of pine, cellulose, and lignin pyrolysis
vapors over ZSM-5 in He and over H,-pretreated Ga*/ZSM-
5 in 50% H,/50% He,

3.2 Dehydration of Isopropanol

To investigate dehydration reactions and the effect of
the H, pretreatment of Ga, isopropanol upgrading
experiments were conducted in the py-GC-MS/FID
system using ZSM-5, Ga/ZSM-5, and Ga*/ZSM-5
under either inert or reducing atmosphere. Fig. 6a
shows that propene was the main product from
Ga*/ZSM-5 in 50% H,. The selectivity to propene was
66%, and minor amounts of higher alkanes or alkenes
(<10% conversion) were also formed. This contrasts
with ZSM-5, which produced a mixture of alkanes and
alkenes. The alkanes from ZSM-5 were mainly in the
range of C4-C; but with compounds up to C;; detected,
and the alkenes were mainly in the range of C;-C,.

Both alkanes and alkenes consisted to a large extent of
branched compounds, e.g., methylpropane and
methylpropene, and methylbutanes and
methylbutenes. Ga/ZSM-5 produced similar product
distributions as ZSM-5 did. The product distributions
from ZSM-5 and Ga/ZSM-5 were similar regardless of
whether the experiments were conducted in reducing
or inert atmospheres (Fig. 6b).
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Fig. 6 Upgrading of isopropanol over ZSM-5, non-
pretreated Ga/ZSM-5 and H,-pretreated Ga*/ZSM-5 in a)
50% H,/50% He and b) He only at 250°C. The results are
averages of three pulses of isopropanol passed over the same
catalyst bed; the error bars reflect the standard deviation for
the total amount of gas and vapor products.

Propene was the predominant product over Ga*/ZSM-
5 (Fig. 6), which suggests that the H,-pretreated Ga*
species promoted the formation of molecular propene
from dehydration of isopropanol. In contrast, longer
chain alkenes and alkanes were formed over ZSM-5
and Ga/ZSM-5 in addition to small amounts of
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propene. This suggests that direct dehydration of
isopropanol to molecular propene and diffusion of
propene out of the catalyst pores was not the dominant
reaction, but isopropanol, propene, or other
intermediates remained adsorbed on the catalytic sites
and were converted to a variety of other compounds.
It has been postulated that surface alkoxy species can
be formed on zeolite surfaces (Brensted acid sites) via
dehydration of alcohols, e.g., methoxy from methanol
and analogously iso-propoxy from isopropanol.?® The
H,-pretreated Ga* may enable rapid H transfer to the
surface oxygen with reformation of the Brensted acid
site and release of propene before it has time to react
further. This is possible due to enhanced catalytic
activity of Hj-pretreated Ga* species in C-H
activation; details of which will be discussed in the
following computational section. In the absence of
H,-pretreated Ga*, it is proposed that the iso-propoxy
species remains on the surface longer and has time to
further react via reactions similar to those in the alkyl
interconversion cycle with methanol in MTG and
MTO (methanol-to gasoline and methanol-to-olefins)
processes.® It should be noted that the formation of
propene from isopropanol is distinctly different from
the MTO process since it represents direct dehydration
of an alcohol to alkene as opposed to an increase in the
carbon number from the alcohol (methanol) to the
alkenes (C,+) in the MTO process. The fact that light
hydrocarbons with carbon numbers of 4-7 were all
formed in relatively similar proportions over ZSM-5
and non-pretreated Ga/ZSM-5 suggests that scission
of C-C bonds of the isopropanol or its derivatives was
important. Without C-C scission, the product would
have been composed of only C;, Cq Co, etc.,
hydrocarbons. The alkenes started from C;, suggesting
some direct dehydration of isopropanol, whereas the
alkanes started from C,, suggesting that they were
formed from reactions of the isopropanol intermediate
and a hydrocarbon fragment. Both alkanes and alkenes
were identified by the GC-MS. The mechanism for
alkane formation is not known but higher alkane yield
has been previously reported for CFP over Ni/ZSM-
516,

Interestingly, the Ga*/ZSM-5 under inert atmosphere
(Fig. 6b) gave a product with a yield between that of
H,-pretreated Ga*/ZSM-5 in H, and those of the other
experiments, consisting of approximately 30%
propene and significant proportions of both higher

alkanes and alkenes. It is important to note that the
results given in Fig. 6 are averages of three
consecutive injections of isopropanol. To gain more
insight on the data from Ga*/ZSM-5 in inert
atmosphere, an analysis of the individual pulses in Fig.
7a shows that the first pulse produced predominantly
propene, but the later pulses gave product distributions
similar to those of ZSM-5 and Ga*/ZSM-5. This
change in product selectivity is in accordance with an
initial presence of H,-pretreated Ga in the catalyst and
rapid conversion of the H,-pretreated form of Ga to the
non-pretreated form (Fig. S1) as reported in the
literature.®? Fig. 7b shows that the high propylene
selectivity was maintained with Hj-pretreated Ga*
under reductive environment. Coke was formed in
relatively similar quantities over all catalysts (Fig. 6),
which suggests that the change in selectivity was not
due to coke formation. During the tandem reactor
experiments, there is a time lapse of approximately 30
minutes between each pulse of biomass due to the time
required to complete the GC-MS analysis. During this
time, the reaction gas flows continuously through the
catalyst bed. To test if the absence of hydrogen during
this time could convert the H,-pretreated Ga* to the
non-pretreated form or if a flow of an oxygenated
compound (here isopropanol) was required, an
experiment was performed in which 60 minutes was
elapsed before a pulse of isopropanol was injected.
The experiment showed a product distribution more
resembling that of Ga/ZSM-5. This indicates that the
H,-pretreated Ga* is converted to the non-pretreated
form if H, is removed from the feed gas. In contrast,
no increased yield of propene was detected in later
pulses of isopropanol for Ga/ZSM-5, indicating that
the non-pretreated Ga was not easily converted to the
H,-pretreated form at this reaction temperature. No
CO or CO, was detected over any catalyst, which
indicates that dehydration or hydrodeoxygenation was
the predominant deoxygenation reaction. The amount
of coke on the catalyst was quantified after each set of
three isopropanol pulses, and 20-30% of the carbon in
the isopropanol was converted to coke in these
experiments. Coke yield appeared to be slightly lower
for the H,-pretreated Ga*/ZSM-5 in H,. However,
there was a high uncertainty in the coke measurement
due to the small mass of the catalyst samples and
difficulty in collecting the post-reaction catalyst
quantitatively. Coke formation will be investigated in
more detail in our future work.
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Fig. 7 Analysis of individual pulses for upgrading of
isopropanol over H,-pretreated Ga*/ZSM-5 at 250 °C in, a)
He only and B) 50% H,/50% He.

3.3 Computational Calculations for Identifying
Active Species

Based on literature results,28 46-49.56-38 ye selected four
Ga species, [GaH,]", [GaO]', [Ga(OH),]*, and
[GaH(OH)]*, as possible species present in ZSM-5

under reducing conditions and responsible for the
observed increase in alkene yields.?”- 3-8 Theoretical
calculations were conducted to identify which Ga
active species is the most likely active form for
dehydration of isopropanol.

3.3.1. Isopropanol dehydration on [GaH,]". [GaH,]"
can be considered as one of the H,-pretreated forms of
extra- framework Ga. Fig. 8 illustrates the proposed
reaction mechanism for isopropanol dehydration using
[GaH,]" reactive species, and the calculated free
energy surface at 250 °C. The reaction is initiated by
adsorption of isopropanol onto the Ga site
(Raas_[GaH,]*). The adsorption is exothermic with
14.1 kcal mol"!' stabilization in free energy which
accompanies formation of the Ga-O(H) bond and the
hydrogen bond between the hydroxyl group of the
reactant and the framework oxygen (1.51 A). Then C-
H activation at B-carbon (B-C) of the reactant is
followed via the TS1_[GaH,]*, giving rise to the
intermediate IM1_[GaH,]*; the hydrogen at B-C is
migrated to the framework oxygen to form the Ga-f3-
C bond. The free energy activation barrier (AG*) of
this reaction is 50.2 kcal mol!. Afterwards, the
dehydration takes place by passing through the
TS2_ [GaH,]", for which AG*is 8.1 keal mol, to yield
the propene and H,O product complex, P_[GaH,]*.
This reaction involves dissociation of the Ga-§3-C bond
and the hydroxyl group to form propene, and
formation of the H,O via the dissociated OH group
from isopropanol and the H from framework O. The
rate-determining step (RDS) of the reaction, based on
the highest calculated activation energy, is the C-H
bond activation (R,gs_[GaH,]*>TS1_[GaH,]*), with
AG* of 50.2 kcal mol . Tt is unlikely that this step
proceeds at a competitive rate given the reaction
temperature.
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in kcal mol-!.



Green Chemistry

«6‘ 705
09
I
o.H HO // / / S / H
T - ~ OH 0 0o-H
[l J—— \ —>HO\ — HO_ . ..OH —:-HO\ /OH_’_ °N — I\

Ga /Ga\ /Ga\ /Ga‘\ /Ga\ /Ga\ /Ga\
/O\Al’o\ /O\Al’o\ /O\Al’o\ /O.\Aro\ /O.\AI,O\ /o.\Aro\
O N VN N 2 O
Rags_[GaO]" TS1_[Ga0] IM1_[GaO]* TS2_[GaO]* IM2_[GaO]* TS3_[GaO]* P_[GaO]*

24.3
2.0 1.2
TS3_[GaO]* P_[GaO]*

Rads ,[Gao] [

IM1_[GaO]*

IM2_[GaO]*
J\ J

T

C-H activation

Dehydroxylation

Dehydration

Fig. 9 Gibbs free energy diagram for the isopropanol dehydration on [GaO]" (bottom) with reaction mechanism (middle) and
calculate geometries (top). For clear representation of reactions, only the key part in QM region is shown in top row. The
calculations were conducted using the ONIOM (M06-2X/6-311G(d,p):PM6) model at 250 °C. All the Gibbs free energy values are

in kcal molL.

3.3.2. Isopropanol dehydration on [GaO]*. Reaction
energetics with [GaO]* as an active non-pretreated Ga
species was calculated and is shown in Fig. 9. The
reaction starts with R,qs_[GaO]* which is formed via
a hydrogen bond with the Gallyl oxygen (1.90 A).
Next, it undergoes C-H activation which leads to
hydrogen transfer from the B-C to the oxygen bound
to [GaO]" and Ga-B-C bond formation (IM1_[GaO]*)
through TS1_[GaO]*. The subsequent reaction step
results in the propene product through migration of the
hydroxyl group from the substrate to the Ga center
(IM2_[GaO]*) via TS2_[GaO]*. These two steps
result in transformation of the [GaO]" extra-
framework into the [Ga(OH),]" reactive species. AG!

of these two steps are 24.3 and 21.2 kcal mol,
respectively.

For regeneration of the catalytic cycle of the [GaO]"
reactive species, the dehydration reaction is followed
by conversion of the IM2 [GaO]" via the
TS3_[GaO]* with AG* of 66.7 kcal mol™!. The barrier
for the regeneration step is higher than that for the
RDS of [GaH,]" (50.2 kcal mol), indicating that
[GaO]* is also catalytically inactive in terms of
reaction kinetics. Our result is also consistent with a
previous computational study for [GaO]*, which
reported that the catalyst regeneration step in alkane
dehydrogenation is not kinetically feasible.*°
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3.3.3. Isopropanol dehydration on [Ga(OH),]*. Fig.
10 illustrates the free energy surface of isopropanol
dehydration over [Ga(OH),]*, which was observed as
a stable Ga complex in Fig. 9 (IM2_[GaO]*), and also
in recent spectroscopic studies.®®%® The reactant is
adsorbed (R,gs_[Ga(OH),]*) and the B-C-H bond is
activated through the TS1_[Ga(OH),]* with AG* of
39.7 kcal mol’!. It generates the IM1_[Ga(OH),|*
through hydrogen migration to the framework oxygen
(O1) and Ga-B-C bond formation. After the C-H
activation, the propene is readily formed
(Pags_[Ga(OH),]*) by passing through the
dehydration TS (TS2_[Ga(OH),]*) with AG! of 10.2
kcal mol'!. The catalytic cycle is finally completed
with desorption of water from the Ga center
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(P_[Ga(OH),]*). The [Ga(OH),]* reactive species
exhibited a lower AG* for the RDS (39.7 kcal mol'!) as
compared to the other Ga species such as [GaH,]"
(50.2 kcal mol') and [GaO]* (66.7 kcal mol-'), which
suggests that [Ga(OH),]" is one of the active forms of
extra-framework Ga in ZSM-5 in terms of reaction
kinetics.
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Fig. 10 Gibbs free energy diagram for the isopropanol dehydration on [Ga(OH),]" (bottom) with reaction mechanism (middle) and
calculate geometries (top). For clear representation of reactions, only the key part in QM region is shown in top row. The
calculations were conducted using the ONIOM (M06-2X/6-311G(d,p):PM6) model at 250 °C. All the Gibbs free energy values are
in kcal mol!.
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Fig. 11 Optimized structures of transition states of C-H activation step for [GaH,]*, [GaO]*, [Ga(OH),]*, and [GaH(OH)]" with

bond distances (black, in A) and NPA charges (blue).

3.3.4. Isopropanol dehydration on [GaH(OH)]*.
Another possible candidate for the extra-framework
Ga is [GaH(OH)]*, whose presence was also suggested
under reducing conditions.”® Reaction Kkinetics of
[GaH(OH)]* were scrutinized and Fig. S3 shows the
calculated free energy surface of the reaction. It
necessarily follows similar reaction pathways as those
for [Ga(OH),]*, and the RDS of the [GaH(OH)]" is the
C-H activation, with AG*! of 38.8 kcal mol!
(TS1_[GaH(OH)]* in Fig. S3. This activation barrier
is 0.9 kcal mol! lower than that for [Ga(OH),]*, which
suggests that [GaH(OH)]* is another active form of
Ga. The presence of these active forms in the reducing
experimental conditions was also verified by phase
diagram analysis (vide infra).

3.4 Role of Ga in stabilizing C-H activation
transition states.

It is also of importance to analyze the C-H activation
step because, for all four of the reactive Ga species
studied, C-H activation has the highest AG* among the
reaction steps occurring until propene formation. In
other words, stabilization of the TS by the electrostatic
interaction between Ga and -C is crucial for reactions
to take place with low activation energy. To compare
Ga-B-C interactions of the C-H activation TSs for
different Ga species, atomic charges of Ga (Qg,) and
B-C (Qp.c) were calculated by NPA,™ and Ga-B-C
bond distances (Dg,.p.c) were also measured.

Fig. 11 shows the geometries, NPA charges, and
characteristic bond distances of C-H activation TSs.

Qg-c values are negative for all the four Ga species:
-0.96, -0.92, -1.07, and -1.04 for [GaH,]*, [GaO]",
[Ga(OH),]*, and [GaH(OH)]", respectively. The
carbanionic B-C should be stabilized by closer
interaction with a more electropositive Ga center (i.c.,
lower Dg,.p.c with highly positive Qg,), which leads to
more viable C-H activation. In terms of Qg, values,
[GaO]* (1.86) and [Ga(OH),]* (1.88) have a more
positive charge than [GaH(OH)]* (1.52) does, while
[GaH;]" has the least positive Ga center (1.10). The -
C of [Ga(OH),]* and [GaH(OH)]* has closer
interaction (Dgap.c = 2.11 and 2.16 A, respectively)
than that for [GaH,]" (2.29 A), whereas [GaO]"
showed the farthest Ga-B-C distance (2.40 A). The
electrostatic interaction between the Ga and B-C is
proportional to the Coulomb force QGaQB_C/(DGa_g_C)z;
the magnitude of the force in atomic unit follows the
order [Ga(OH),]* (0.13) > [GaH(OH)]* (0.10) >
[GaO]* (0.08) > [GaH,]* (0.06). This is consistent with
the kinetic analysis discussed in the previous sections,
which demonstrated that isopropanol dehydration is
kinetically more favorable for [Ga(OH),]" and
[GaH(OH)]* than for [GaO]" and [GaH,]*. The
aforementioned analysis of reaction energetics and TS
structures determined the favorable Ga species in
terms of reaction kinetics; however, it should be
further corroborated that these species exist under the
given experimental conditions. To this end, we
conducted phase diagram analysis as discussed in the
next section.
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3.5 Identifying the active forms of Ga* under
experimental conditions

To provide guidance for future catalyst design, it is
critical that the active form(s) of Ga in the Ga*/ZSM-
5 catalyst under reducing conditions, which showed
the highest alkene yield (Fig. 2a), is identified. For this
purpose, energetics of transformations among all four
extra-framework  Ga  species  studied  were
investigated, and the phase diagram of Ga active
species was obtained with respect to different reaction
conditions.” Fig. S4 shows the presence of different
Ga species as a function of H, partial pressure and
temperature at a fixed water partial pressure of 10
bar. Either [GaH(OH)]* or [GaH,]" is present at the
reaction conditions for the biomass upgrading
(denoted by the blue box in Fig. S4). The former
showed the lowest AG* of RDS (38.8 kcal mol-!, Fig.
S3), and at higher temperature, the latter can also be
responsible for the catalysis, considering the RDS
barrier of 50.2 kcal mol! (Fig. 8). On the other hand,
the red square in Fig. S4 denotes the reaction
conditions for upgrading of isopropanol. In this region,
the Ga species predominantly exists as either
[Ga(OH),]" or [GaH(OH)]" which are both kinetically
desirable in terms of AG* of RDS. All these results are
in line with the experiments for both biomass and
isopropanol, which showed higher alkene yield in the
presence of H, (Ga*/ZSM-5/H, in Fig. 2a and
Ga*/ZSM-5 in Fig. 6a). The effect of water pressure
on active forms of Ga* was also investigated; under
higher water concentrations (0.01 bar) the phase
transitions shift such that [Ga(OH),]* is more
dominant under the experimental conditions of this
work (Fig. S5).

3.6 Role of Ga* in enhancing alkene selectivity

To maximize alkene selectivity, the Ga* species
should prevent further reactions of alkenes such as
aromatization. Fig. 4 shows that increasing Ga loading
results in lower yields of aromatics during catalytic
upgrading of pine pyrolysis vapors. This result is also
in line with that of isopropanol upgrading shown in
Fig. 6a; the Ga*/ZSM-5 showed less yield of Cq, Cr-
alkanes and alkenes, products from oligomerization of
propene, than ZSM-5. This indicates that the
Ga*/ZSM-5 inhibits aromatization, which is followed
by oligomerization reactions, and thus increases

alkene selectivity. To elucidate the role of Ga*,
computational mechanism study was conducted for
propene oligomerization into 1-hexene (C6 alkenes).
Fig. S6 illustrates the proposed mechanisms and their
energetics for two active Ga* species ([Ga(OH),]* and
[GaH(OH)]*). The two species follow the similar
pathway for oligomerization (Figs. S6a and S6b). The
oligomerization over [Ga(OH),]" (64.9 kcal mol-!) and
[GaH(OH)]" (61.7 kcal mol™") showed higher AG* than
dehydration (39.7 and 38.8 kcal mol"! for [Ga(OH),]*
and [GaH(OH)]*, respectively), due to the steric
hindrance around the Ga center and zeolite pores. This
is consistent with the enhancement of propene yield in
Ga*/ZSM-5 by suppressing subsequent reactions after
dehydration of isopropanol into propene.

4. Conclusion

An integrated experimental and theoretical
investigation was conducted to understand the role of
Ga addition to ZSM-5 on catalytic fast pyrolysis of
biomass. The experiments showed that a H,-pretreated
Ga species and reductive environments are critical
towards production of high yields of hydrocarbons
during CFP of biomass at near atmospheric pressures.
The H,-pretreated Ga species enhances production of
alkenes; in contrast, ZSM-5 acidity favors coupling
and cyclization of alkenes to form aromatic
hydrocarbons. Increasing Ga loading improves alkene
production. Alkenes are favorably produced from the
carbohydrate (cellulose) component of pine.
Experiments conducted with isopropanol confirmed
that Hj-pretreated Ga/ZSM-5 in H, atmosphere
enhances the selectivity of the dehydration product,
propene. To identify the kinetically active form of Ga
species, theoretical calculations were performed using
isopropanol as a model compound; they suggested that
[Ga(OH),]" and [GaH(OH)]" are the most likely active
catalytic sites responsible for dehydration of
isopropanol. However, their presence in Hy-pretreated
Ga/ZSM-5 still needs to be confirmed experimentally
through spectroscopic studies. Analysis of the
computed Ga phase diagram suggested that these two
species also mainly exist in our isopropanol
dehydration experimental conditions in the presence
of H,. To the best of our knowledge, this is a first-of-
its-kind study utilizing experiments with whole
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biomass vapors, theory, and model compounds to
identify reactive species in complex catalytic fast
pyrolysis reaction environments. These findings
provide both experimental and mechanistic insight
into the biomass deoxygenation reaction which can be
utilized in the systematic development of the catalytic
process with higher hydrocarbon yield.
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