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ABSTRACT: We report the synthesis of a new multifunc-
tional mesoporous zeolite catalyst with cerium incorporated
within the framework. This catalyst shows a shift in selectivity
from typical HZSM-S products (benzene, toluene, and
xylenes) to valuable oxygenated chemicals (furans, ketones,
aldehydes) during the catalytic fast pyrolysis of lignocellulosic
biomass. The cerium-incorporated hierarchical zeolite was
synthesized using a dry-gel method followed by steam-assisted
crystallization. The catalyst was characterized by X-ray
diffraction (XRD), N, physisorption, scanning electron

OH

microscopy (SEM), scanning transmission electron microscopy (STEM), transmission electron microscopy (TEM), NH,
temperature-programmed desorption (NH;-TPD), diffuse reflectance FT-IR, and diffuse reflectance UV—Visible (UV—Vis)
spectroscopy. The multifunctional catalyst was then studied in the catalytic fast pyrolysis of glucose (a carbohydrate model
compound) at 600 °C. The new catalyst was compared with a mesoporous HZSM-S catalyst with incipient wetness incorporated
cerium and an ion exchanged commercial HZSM-5 catalyst. These catalysts behaved similarly to the parent materials, but the
new catalyst with cerium incorporated into the zeolite framework exhibited selectivities greatly shifted from aromatics to
oxygenated chemicals. Furthermore, this catalyst produced less coke (40 wt % or 11 mol % carbon) and increased CO
production through decarbonylation reactions. These properties persisted after catalyst regeneration and recycle.
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Petroleum-based resources are currently society’s primary
source of chemicals and transportation fuels. However, because
of factors such as the finite reserves of petroleum, their unequal
geographic distributions, and the environmentally motivated
desire to decrease CO, emissions, renewable energy sources,
such as lignocellulosic biomass, have become promising
candidates for the production of renewable fuels and
chemicals.'™ To effectively use these abundant resources,
particularly with existing infrastructure, these highly oxygenated
feedstocks must be chemically converted into products that are
more stable and more similar to currently used fuels and
chemicals. Thermochemical methods, such as catalytic fast
pyrolysis, have been widely studied as potentially scalable
processes to convert solid biomass feedstocks into high energy
density liquids or chemical platform molecules.*”® The addition
of a catalyst in the pyrolysis reactor has been shown to enhance
control over the product distribution through selective
conversion of the vapor phase products into valuable
hydrocarbon products. Although many catalysts have been
studied in fast pyrolysis,>'°~'* perhaps the most widely studied
catalyst is HZSM-S because of its high selectivity to gasoline
range hydrocarbons.">™"” However, large quantities of water
and coke are typically observed with its use.'® Therefore, new
catalysts are needed which can provide similar or improved
catalytic activities and/or selectivities to other valuable products
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while generating less coke and therefore decreasing catalyst
deactivation.' ™!

In recent years, hierarchical zeolites, which contain both
microporosity and mesoporosity, have been synthesized to
exploit the shape selective properties of microporous zeolites
while decreasing the diffusion and accessibility limitations of
larger molecules in biomass upgrading.”>** In addition, the
incorporation of mesopores in the zeolite material can reduce
pore blocking caused by large molecules adsorbing to the
surface, and it can thus decrease carbon deposition on and
deactivation of the catalyst. For example, Resasco and co-
workers reported coke reduction with a mesoporous HZSM-5
catalyst prepared by desilication in the conversion of propanal
to gasoline range hydrocarbons.**

The incorporation of cerium into heterogeneous catalysts can
also confer desirable properties. Cerium has been shown to
reduce coke formation in recent work in gasiﬁcation,zs_27
hexane isomerization,28 and steam reformingzg_31 reactions.
Elbaba et al. reported a Ni/CeO,/alumina catalyst that
decreased coke formation in waste tire gasification.”> Cerium
supported on zeolites showed a decrease in coke formation in
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Table 1. Physical and Chemical Properties of Studied Catalysts

material wt % Ce” Si/Al Sper (m?/g)
HZSM-5-C 0 50° 392
Meso-HZSM-§ 0 49¢ 378
Meso-Ce-HZSM-5 1.92 55¢ 351
IW-Meso-HZSM-5 2.75 49¢ 198
Ex(3x)-HZSM-5-C 1.0s s0” 279

“ICP-OES. "From Vendor. “EDXS. “t-Plot Method. “BJH Desorption.

Vmicrod (Cm3/g)

Smicmd (mz/g) Sexternald (mz/g) pore size (A)e

0.167 329 63.4
0.146 289 88.5 155
0.136 268 83.3 110
0.070 134 64.0 111
0.118 230 49.1

5 nm

Figure 1. (A) SEM image of Meso-Ce-HZSM-S. (B) Dark field STEM image of Meso-Ce-HZSM-S. (C) TEM image of Meso-Ce-HZSM-S.

gasification of cellulose or polypropylene.”**” Cerium-based
catalysts have also been used in catalytic fast pyrolysis.
Bridgwater and co-workers reported an improvement in bio-
oil properties from the catalytic fast pyrolysis of lignin-derived
compounds with the use of MI-575 (a commercial cerium-
based catalyst).> The addition of cerium to a Pd/TiO, catalyst
for fast pyrolysis was found to aid in the conversion of lignin
derived molecules into monomeric phenols."> In this
contribution, we report the synthesis and performance of a
novel HZSM-5 catalyst that was designed to incorporate both
mesopores and cerium to optimize catalytic conversion and
selectivity to value added compounds with high carbon
efficiencies. This catalyst shows a reduction in coke formation
relative to the commercial HZSM-S catalyst for the catalytic fast
pyrolysis of glucose and provides a pathway to alternate
product selectivities to useful chemicals while maintaining
activity.

B RESULTS AND DISCUSSION

The cerium containing micro/mesoporous HZSM-S material,
Meso-Ce-ZSM-S, was synthesized by incorporating cerium
nitrate into a dual templating method reported by Zhou et al.**
Initially, a triblock copolymer (F127) was dissolved in DI water.
Tetraethylorthosilicate (TEOS), aluminum isopropoxide, and
cerium nitrate hexahydrate (CeNO;-6H,0) were added to the
template solution and stirred for 1 h at 40 °C. After one
additional hour, tetrapropylammonium hydroxide (TPAOH)
was added to the solution as the micropore structure-directing
agent. The solution was stirred at 40 °C for 24 h, aged at 60 °C
for 16 h, and dried at 90 °C overnight. The resulting solid was
collected, steamed using a steam assisted crystallization step
(SAC), and calcined to form the catalyst (Meso-Ce-ZSM-5). In
this letter, Meso-Ce-HZSM-S, with cerium incorporated in the
framework, with 1.92 wt % Ce and a Si/Al ratio of 5§ is
reported. This material was compared with four other materials
to determine how cerium incorporation affects catalytic
properties in the catalytic fast pyrolysis of glucose (Table 1):
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(1) commercial H-ZSM-S (HZSM-S5-C), (2) mesoporous H-
ZSMS (Meso-HZSM-S), (3) cerium added by incipient
wetness (IW-Meso-ZSM-5), and (4) cerium added via ion-
exchanged (Ex(3x)-HZSM-S5-C).

X-ray diffraction (XRD) was performed on the new material
before and after the steaming step. The steaming step was
necessary to crystallize the catalysts synthesized by the dry gel
method (Figure S9, Supporting Information).”* The XRD
patterns (Figures S2—S8, Supporting Information) show
characteristic 3peaks for an MFI type zeolite at 20 angles of
~8° and 23°.>* The amount of cerium incorporated in Meso-
Ce-HZSM-5 was determined by ICP-OES (Table 1). The
amount of cerium added to the initial solution led to a
theoretical incorporation of ~2.25 wt % Ce, but the synthesized
material had an actual loading of 1.92 wt % Ce. Thus,
approximately 85% of the cerium added to the precursor
solution was retained in the final material. Nitrogen
physisorption was used to determine the pore diameter
(Barret—Joyner—Halenda (BJH) method), surface areas
(Brunauer—Emmett—Teller (BET) method), and pore vol-
umes (t-plot method) of the catalysts. As shown in Table 1,
Meso-Ce-HZSM-5 had mesopores with pore diameters of
~110 A. The micropore volume of this material was calculated
to be ~0.136 cc/g by the t-plot method which was similar to
the noncerium containing mesoporous catalyst (Meso-HZSM-
5) and which is typical for HZSM-5.%

SEM of Meso-Ce-HZSM-S (Figure 1 A) shows particles
possessing a twinned prism-like morphology with a nonsmooth
surface and particle size of 9 ym. For scanning transmission
electron microscopy (STEM) (Figure 1 B) and transmission
electron microscopy (TEM) (Figure 1 C), the catalyst particle
was prepared by cutting it into a thin sample using a focused
ion beam (FIB). The STEM and TEM images show pockets of
cerium incorporated within the catalyst particles. The dark field
STEM image shows a white contrast for the cerium
nanoparticles, whereas the dark spots correspond to mesopores
within the sample. The TEM (Figure 1 C) was focused on a
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Figure 2. (A) Diffuse reflectance UV—Vis spectra of (a) Meso-HZSM-S, (b) Ex(3x)-HZSM-5-C, (c) IW-Meso-HZSM-S, (d) Meso-Ce-HZSM-S,
(e) Bulk CeO,. (B) IR spectra in the framework region of varying synthesis methods (a) Meso-HZSM-S, (b) Meso-Ce-HZSM-S, (c) IW-Meso-

HZSM-S, (d) Ex(3x)-HZSM-5-C.

cluster of cerium within the sample. As shown in the image, the
lattice fringes around the cerium cluster correspond to a face
centered cubic (f.c.c.) fluorite structure in a CeO,_, form (x =
0.16) with a lattice parameter of 548 A. In comparison to
CeO,, with a lattice parameter of 5.41 A, this increase is due to
the presence of Ce** and O?~ vacancies in the structure.”*

Diffuse reflectance UV—Vis was used to probe whether the
incorporated cerium in the Meso-Ce-HZSM-5 was intra-
framework or extra-framework. Bulk CeO, (Figure 2 A(e))
showed a large absorption band at ~370 nm, which agrees with
literature reports.35 The Meso-HZSM-S (Figure 2 A(a)) shows
very low absorbance because of the absence of cerium. The
Meso-Ce-HZSM-S material shows a strong absorption at ~260
nm, which is assigned to the charge transfer of O~ to Ce¥,
indicating the incorporation of cerium into the framework.>*3¢
The UV—Vis spectra of the cerium nitrate triple-exchanged
commerical ZSM-$ (Ex(3x)-HZSM-S-C) with a cerium loading
of 1.0S wt % and the incipient wetness (IW-Meso-HZSM-5)
with a cerium loading of 2.75 wt % control materials (Figure 2
A (b) and (c), respectively) show peaks shifted toward lower
energies, which correspond to extra-framework cerium bulk
phases.”” Although there is a strong peak at 260 nm in the
Meso-Ce-HZSM-§, it is possible that both intra-framework and
extra-framework cerium species are present because of the
broadness of the large absorption band.

Diffuse reflectance FT-IR spectra (Figure 2 B) were obtained
for Meso-HZSM-5, Meso-Ce-HZSM-5, TW-Meso-HZSM-S,
and Ex(3x)-HZSM-5-C. Because the vibrations of Si—O and
Si—O—Ce both appear at the same wavenumber, 970 cm™, this
absorbance band cannot definitively indicate intra-framework
cerium incorporation.’® The absorbance band around 1070
cm™' was assigned to the v, (Si—O—Si). A shift of 15
wavenumbers to 1055 cm™ was noticed in the spectrum of
Meso-Ce-HZSM-S (Figure 2 B(b)), which is characteristic of
the incorporation of cerium into the framework.>®** When
cerium was added to the control catalysts (Figure 2 B(c) and
(d)), this shift was not observed. Lastly, X-ray photoelectron
spectroscopy (XPS) was used to probe the oxidation state of
the surface cerium present on Meso-Ce-HZSM-S. The XPS
results (Figure S10, Supporting Information) show two binding
energies at 864 and 913 eV that correspond to the 3ds;, and
3d;, respectively, and these are attributed to an oxidation state
of Ce** on the surface of these catalysts.** In the presence of
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Ce* species, a peak at ~920 eV is typically observed,* but this
peak is absent in our material, which suggests that Ce®" is the
primary species on the surface of the catalyst.

In the present work, the catalytic fast pyrolysis of glucose (a
carbohydrate model compound) was studied at 600 °C in a
Pyroprobe 5200 reactor. All of the catalysts (Table 1) were
studied in this reactor with a feed to catalyst ratio of 1:9, a 1000
°C/s ramp rate, and 360 s residence time. The primary
products from the pyrolysis of glucose with HZSM-5-C were
benzene, toluene, xylenes, and naphthalenes (Figure 3 and
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Figure 3. Molar carbon selectivity of catalytic fast pyrolysis of glucose
comparing various catalysts. Key Aldehydes: acetaldehyde, furfural.
Furans: furan, methyl-furan. BTX: benzene, toluene, xylenes.
Naphthalenes: naphthalene, methyl-naphthalene.

Table 2). Using Ex(3x)-HZSM-S, the aromatic carbon
selectivites were unaffected. The Meso-HZSM-S catalyst (no
cerium) also produced aromatics, but the selectivities to
oxygenated chemicals increased. From NH;-TPD (Figure
S14, Supporting Information), the commercial HZSM-S
catalyst contained more acid sites compared to the Meso-
HZSM-5 catalyst. We hypothesize that the reduction in the
acidity of the mesoporous zeolite leads to increased yield of
oxygenated chemicals. The IW-Meso-HZSM-5 catalyst also
produced equivalent amounts of aromatics and oxygenated
chemicals, with no noticeable effect due to cerium versus just

dx.doi.org/10.1021/cs200648q | ACS Catal. 2012, 2, 642—646
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Table 2. Summary of the Molar Carbon Yields and Liquid Selectivity of Catalytic Fast Pyrolysis of Glucose with Various

Catalysts
catalyst HZSM-5-C Meso-HZSM-§ Meso-Ce-HZSM-5 IW-Meso-HZSM-5 Ex(3x)-HZSM-5-C
Overall Carbon Yield (%)
aromatics 24.1 21.3 11.3 13.0 28.8
oxygenates 2.4 11.5 12.3 7.4 33
CO 18.7 16.0 21.8 22.4 18.6
CO, 9.6 3.8 S.1 5.9 4.9
light gases 2.9 3.0 3.6 3.8 12
coke 43.8 42.0 39.2 454 429
total 101.6 97.6 93.2 98.0 99.7
Liquid Carbon Selectivity (%)
acetaldehyde 6.7 16.6 25.0 17.3 4.4
furfural 0.0 0.2 0.4 0.3 0.0
furan 1.2 6.2 12.5 6.4 1.8
methyl furan 0.0 1.3 32 17 0.3
acetone 1.5 8.1 9.5 7.6 2.5
acetic acid 0.0 2.6 1.8 32 0.8
benzene 12.5 7.1 6.9 8.5 13.5
toluene 48.5 40.4 17.3 32.8 52.2
xylenes 15.7 10.4 15.2 14.6 12.1
naphthalenes 139 7.2 82 7.6 12.3

“Reactions were run at 600 °C with a heating rate of 1000 °C/s and a reaction time of 360 s.

the incorporation of mesoporosity. However, the Meso-Ce-
HZSM-S catalyst showed a remarkable shift in selectivities to
more oxygenated chemicals than aromatics (Figure 3 and Table
2), much greater than what was observed with mesopore
incorporation alone. Furthermore, the overall acidity of Meso-
Ce-HZSM-S decreased. The intra-framework Ce catalyst
(Meso-Ce-HZSM-5) produced more acetone than all the
other tested catalysts and less acetic acid than the other
mesoporous catalysts. Since the ketonization of carboxylic acids
has been well studied as a method to stabilize pyrolysis oils,*"**
we investigated this catalyst’s ability to upgrade acetic acid to
acetone under reaction conditions. It was found that Meso-Ce-
HZSM-S was able to ketonize acetic acid to form acetone
(Scheme 1 and Table S2, Supporting Information) in much

Scheme 1. Ketonization of Acetic Acid with Mesoporous
Catalysts

(0] (0] o)
)J\ + )J\ Meso-Ce-HZSM-5 )l\ (+ CO, + Hy0)
OH OH - >
T=600 °C
Percent Yield: 45.4%
Selectivity: 29.4%
(0] o (0]
+ Meso-HZSM-5
AOH /U\OH - )’k (+ 002 + HZO)
T=600 °C Percent Yield: 2.5%

Selectivity: 1.3%

higher percent yields (45.4%) than noncerium containing
Meso-HZSM-5 (2.5%), Ex(3x)-HZSM-5 (4.4%), and IW-
Meso-HZSM-5 (6.4%).*> These results indicate that Meso-
Ce-HZSM-5 may also be able to improve bio-oils by upgrading
formed carboxylic acids to more stable products.

With conventional HZSM-$ catalysts, large coke production
is commonly observed, which suggests the need for catalysts
with higher carbon efficiencies. Hierarchical zeolites are
believed to improve performance over conventional HZSM-5
by decreasing diffusion limitations, allowing larger molecules to
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both enter and escape the porous network more easily, thus
improving a catalyst’s resistance to coking. Cerium is also
believed to play a role in coke reduction as outlined in the
introduction. Coke formation decreased significantly from 34
wt % using commercial HZSM-S (HZSM-5-C) to 20 wt % with
Meso-Ce-HZSM-S (Figure S16, Supporting Information) and
decreased 11% by molar carbon yield (Table 2). Along with
catalyst coke reduction, an increase in decarbonylation
reactions to form CO was observed with the Meso-Ce-
HZSM-5 catalyst.

The regeneration and recyclability of these catalysts was also
studied. A drastic reduction in micropore volume after the first
use indicates that the coke that is formed is primarily located on
the micropore surfaces. The used Meso-Ce-HZSM-5 was
regenerated at 630 °C for 30 min after a ramp of 2 °C/min.
The N, physisoprtion data (Table S1, Supporting Information)
shows the removal of carbon deposits and the persistence of
mesopores. After regenerating the catalyst, low catalyst coke
formation during reaction was maintained (Figure S1S,
Supporting Information). After the catalyst was regenerated,
the catalyst showed a high selectivity to chemicals production
from glucose.

B CONCLUSION

The synthesis of cerium-incorporated hierarchical HZSM-5
catalysts with the benefits of high selectivities to chemicals from
biomass and low catalyst coking was achieved. Experimental
evidence suggests the presence of cerium incorporation in the
framework and reduced acidity are responsible for the marked
shift in selectivities and decrease in coke formation compared
to commercial HZSM-5. Furthermore, the cerium-incorporated
catalyst was capable of performing ketonization of carboxylic
acids and thus stabilizing the resulting pyrolysis oil. These
multifunctional catalysts maintained selectivities and activities
upon regeneration and recycling.

dx.doi.org/10.1021/cs200648q | ACS Catal. 2012, 2, 642—646
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