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We investigate the influence of zeolite pore size and shape selectivity on the conversion of glucose to aro-
matics. Zeolites having a variety of pore size and shape (small pore ZK-5, SAPO-34, medium pore Ferrie-
rite, ZSM-23, MCM-22, SSZ-20, ZSM-11, ZSM-5, IM-5, TNU-9, and large pore SSZ-55, Beta zeolite, Y
zeolite) were synthesized, characterized, and tested in a pyroprobe reactor coupled with GC–MS for
the conversion of glucose to aromatics. The aromatic yield was a function of the pore size of the zeolite
catalyst. Small pore zeolites did not produce any aromatics with oxygenated products (from pyrolysis of
glucose), CO, CO2 and coke as the major products. Aromatic yields were highest in the medium pore zeo-
lites with pore sizes in the range of 5.2–5.9 Å. High coke yield, low aromatic yields, and low oxygenate
yields were observed with large pore zeolites, suggesting that the large pores facilitate the formation
of coke. In addition to pore window size, internal pore space and steric hindrance play a major role for
aromatic production. Medium pore zeolites with moderate internal pore space and steric hindrance
(ZSM-5 and ZSM-11) have the highest aromatic yield and the least amount of coke. The kinetic diameters
of the products and reactants were estimated to determine whether the reactions occur inside the pores
or at external surface sites for the different zeolite catalysts. This analysis showed that the majority of the
aromatic products and the reactants can fit inside the zeolite pores of most of the medium and large pore
zeolites. However, in some of the smaller pore zeolites the polycyclic aromatics may form by secondary
reactions on the catalyst surface, either directly or via reaction of the smaller aromatics.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Due to its low cost and abundance, lignocellulosic biomass is
being studied worldwide to produce renewable liquid fuels. Fast
pyrolysis is a promising route for liquid fuel production from solid
biomass [1]. Fast pyrolysis consist of rapidly heating biomass
(>500 �C s�1) to intermediate temperatures (400–600 �C) forming
pyrolysis vapors. These pyrolysis vapors can then be cooled to
make a liquid fuel called a bio-oil or pyrolysis oil [2]. The bio-oils
are of low value because they are highly oxygenated and are not
compatible with the existing petroleum-derived oils [3]. However,
zeolite catalysts can be added to a pyrolysis reactor to convert the
pyrolysis vapors directly into aromatics in a process called catalytic
fast pyrolysis (CFP) [4–12].

Several researchers have tested zeolite catalysts for the conver-
sion of biomass to aromatics [4–9,11–27]. A range of zeolites have
ll rights reserved.
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been tested including ZSM-5, Beta zeolite, Y zeolite, Mordenite,
silicoaluminophosphate, and several mesoporous materials (Al-
MCM-41, Al-MSU-F, and alumina-stabilized ceria MI-575) using a
range of different feedstocks including bio-oils, glycerol, sorbitol,
glucose, xylose, and biomass feedstocks. In general, these studies
showed that the addition of zeolites into the pyrolysis reactor could
increase the formation of aromatics. Coke and CO were also formed
during this process. The majority of these studies concluded that
ZSM-5 was the catalyst that gave the highest yield of aromatics.

Recently, the reaction pathway for the conversion of glucose
into aromatics over ZSM-5 has been studied by Carlson et al. as
shown in Fig. 1 [28]. This reaction involves chemistry occurring
in three phases: within the solid biomass, in the gas phase, and
within the catalyst. Glucose first thermally decomposes into
anhydrosugars, which are then converted by dehydration reactions
into furans. These decompositions can occur homogeneously or on
the catalyst. The dehydrated products then enter into the ZSM-5
catalyst where they are converted into aromatics, CO, CO2, and
water through a series of dehydration, decarbonylation, decarbox-
ylation, oligomerization, and dehydrogenation reactions. Coke for-
mation is the major competing reaction with aromatic production.

http://dx.doi.org/10.1016/j.jcat.2011.01.019
mailto:huber@ecs.umass.edu
http://dx.doi.org/10.1016/j.jcat.2011.01.019
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Fig. 1. Reaction chemistry for the catalytic fast pyrolysis of glucose with ZSM-5. Adapted from Carlson et al. [28].
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Coke is formed from (1) direct thermal decomposition of glucose;
(2) by reactions in the gas phase or (3) by heterogeneously cata-
lyzed reactions.

Zeolites catalyze a wide variety of reactions because of their
shape selectivity. Shape selectivity is classically defined as being
caused by either mass transfer [29,30] or transition state effects
[30–32]. The different pore window size of zeolites ranging from
5 Å to 12 Å cause a mass transfer effect excluding certain reactant
molecules based on size relative to the zeolite pore window size. In
a similar manner, zeolites limit the formation of products (i.e. high
mass-transfer-limited products) larger than the pore size of the
zeolite. Shape selectivity is also related to confined spaces within
the pores (i.e. pore intersections). Such a confined space restricts
certain transition states and influences the course of reaction.
Zeolite chemistry can also be further complicated due to reactions
on the exterior of the zeolite surface [33,34]. In addition, zeolites
can cause a ‘‘confinement effect’’ [35,36] or ‘‘solvent effect’’ [37]
where the concentration of different reactants is higher inside
the zeolite pores than in the gas phase.

Although previous studies have tested a range of zeolites for
biomass conversion, the detailed relationship of the biomass
molecular dimensions to zeolite pore size is not well understood.
The role of pore size and shape on the catalytic chemistry must
be better understood if improved zeolites are to be designed for
biomass conversion. The purpose of this paper is to study the influ-
ence of zeolite pore size and structure on the conversion of glucose
to aromatics by catalytic fast pyrolysis. A range of zeolites, includ-
ing small pore zeolites (ZK-5 and SAPO-34), medium pore zeolites
(Ferrierite, ZSM-23, MCM-22, SSZ-20, ZSM-11, ZSM-5, IM-5, and
TNU-9), and large pore zeolites (SSZ-55, Beta zeolite, Y zeolite),
were synthesized, characterized, and tested for catalytic fast pyro-
lysis of glucose. The kinetic diameters for the products and reac-
tants were estimated from properties of the fluid at the critical
point to determine whether the reactions occur inside the pores
or on the external surface. The constraint index of zeolites is also
used to compare the results with the different zeolite catalysts.
The results from this paper can be used to help understand
whether zeolite conversion of biomass-derived molecules is
caused by mass transfer effects, transitions state effects, or exter-
nal surface catalyzed reactions.
2. Experimental

2.1. Zeolite synthesis

ZSM-5 was synthesized using the organic-free method reported
by Kim et al. [38]. A precursor gel of colloidal silica, sodium alumi-
nate, sodium hydroxide, and deionized water was prepared with
composition (in terms of molar oxide ratios) of 10 Na2O:100
SiO2:3.3 Al2O3:3000 H2O. The precursor was stirred for 2 h at room
temperature, and then crystallized under autogenous pressure in a
Parr Teflon-lined autoclave at 190 �C for 3 days.

MCM-22 was synthesized using the method reported by Corma
et al. [39]. A precursor gel composed of fumed silica, sodium alumi-
nate, sodium hydroxide, distilled water, and hexamethyleneimine
(HME) with molar oxide composition of 8.9 Na2O:100 SiO2:3.3
Al2O3:4500 H2O:50 HME. The precursor solution stirred for 2 h at
room temperature followed by autoclaving at 150 �C for 7 days to
crystallize the MCM-22 particles.

TNU-9 and IM-5 were synthesized using previously reported
methods [40,41]. The 1,4 bis(N-methyl pyrrolidine) butane (MPB)
structure-directing agent was synthesized by the reaction of 1,4
dibromobutane with 1-methyl pyrrolidine in acetone. Similarly,
1,5 bis(N-methyl pyrrolidine) pentane (MPP) was synthesized via
reaction of 1,5 dibromopentane with 1-methyl pyrrolidine in ace-
tone. The purity of the products crystallized from this reaction
was confirmed by 1H and 13C NMR performed on a Bruker AV400
spectrometer. Precursor solutions for the TNU-9 particles were
prepared with a composition 37 Na2O:100 SiO2:2.5 Al2O3:4000
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H2O:15 MPB. The IM-5 precursor solution was prepared with a
composition of 37 Na2O:100 SiO2:2.5 Al2O3:4000 H2O:15 MPP.
TNU-9 and IM-5 particles were crystallized by autoclaving their
respective precursor solutions for 14 days at 160 �C.

ZSM-11 was synthesized using tetrabutyl ammonium (TBA) as a
structure-directing agent [42]. Potassium hydroxide was used in
this synthesis to further suppress the formation of ZSM-5 inter-
growths [43]. ZSM-11 precursor gels were prepared with molar
oxide composition of 6.6 K2O:3.3 Na2O:100 SiO2:3.3 Al2O3:4200
H2O:30 TBA. After stirring for 2 h at room temperature, the precur-
sor gels were autoclaved at 150 �C for 3 days to crystallize the
ZSM-11 samples.

SAPO-34 was synthesized following protocols reported in the
literature [44]. A precursor solution was prepared using 0.29 g of
silica sol (Ludox HS-40, 40 wt.%, Aldrich), 0.36 g of phosphoric acid
(85 wt.%, Aldrich), 0.28 g of a hydrated aluminum oxide (a pseudo-
boehmite, 74.2 wt.% Al2O3, 25.8 wt.% H2O), 0.69 g of triethylamine
(TEA) (99.5%, Aldrich), and 1.45 g of water. The composition of the
final reaction mixture in molar oxide ratios was 1.0 Al2O3:0.8
P2O5:1.0 SiO2:3.5 TEA:50 H2O. The reaction mixture was crystal-
lized at 180 �C under autogenous pressure for 24 h in the
autoclave.

After synthesis, zeolite samples were washed with water and
dried at 80 �C. Samples were then calcined in air at 550 �C for 6 h
to remove occluded organic molecules. Zeolite samples were ion-
exchanged to the H+ form by treatment in 0.1 M NH4NO3 at 70 �C
for 24 h followed by filtration, drying at 80 �C overnight, and calci-
nation under air at 550 �C. ZK-5, ZSM-23, SSZ-20, and SSZ-55 sam-
ples were supplied by Stacey Zones, Chevron Research and
Technology Company, Richmond, California, USA. Ferrierite
(CP914C), zeolite Y (CBV 600), and zeolite Beta (CP 814C) were pur-
chased from Zeolyst International, Conshohocken, PA. Physico-
chemical properties of these zeolites are given in Table 1.

2.2. Characterization

Zeolite structures were confirmed by powder X-ray diffraction
as shown in Fig. 2. A Philips X’Pert Pro diffractometer equipped
with a X’Celerator detector was used to obtain X-ray patterns. An
accelerating voltage of 45 kV was used at 40 mA. Patterns were ob-
tained at a scan rate of 0.1� (2h) s�1. Powder samples were com-
pacted in an aluminum sample holder with the plane of the
powder aligned with the holder surface. The intensity and peak
positions of all of the zeolite samples are in good agreement with
previously reported spectra [39–41,44,45]. However, TNU-9 shows
Table 1
Physico-chemical properties of zeolites used in this study from the International Zeolite A

Zeolite IZA code SiO2/Al2O3 Pore dimension Ring size (Å)

ZK-5 KFI 5.5 3 8
SAPO-34 CHA 0.56a 3 8
Ferrierite FER 20 2 8, 10
ZSM-23 MTT 160 1 10
MCM-22 MWW 30 2 10
SSZ-20 TON 90 1 10
ZSM-11 MEL 30 3 10
ZSM-5 MFI 30 3 10
IM-5 IMF 40 3 10
TNU-9 TUN 40 3 10
b zeolite BEA 38 3 12
SSZ-55 ATS 54 1 12
Y zeolite FAU 5.2 3 12

a SiO2/(Al2O3 + P2O5) in reactant gel.
b Maximum included sphere diameter (calculation from packing of the spheres into r
c Estimated from isomerization of n-butene to isobutene [53].
d Estimated from isomerization and disproportionation of m-xylene [40].
e Estimated from isomerization and disproportionation of m-xylene [54].
some impurities and SAPO-34 shows weak peak intensity, indicat-
ing that it is less crystalline.

Scanning electron microscopy (SEM) using a JEOL JEM-5400 and
JEOL JSM-7400F was employed to characterize the morphology and
crystal size of zeolite catalysts. The SEM images of each zeolite cat-
alyst are shown in Fig. 3. ZK-5 and ZSM-23 have spherical crystals
of �0.4 lm while SSZ-20 and SSZ-55 have rod-like crystals of
>1 lm. SAPO-34 has a well-defined cubic morphology with a rela-
tively large crystal size of >10 lm. ZSM-5, IM-5, and TNU-9 all have
rod-like crystals of <0.5 lm whereas MCM-22 and ZSM-11 have
needle-like and rod-like crystal, respectively, with the broad range
of crystal size (<1 lm).

Physisorption experiments to characterize the porosity of the
zeolites were performed using a Micromeritics ASAP 2010 nitrogen
adsorption instrument. All samples were degassed overnight under
vacuum at 320 �C before adsorption measurements. Micropore vol-
ume was calculated using the t-plot method on the adsorption
branch. Mesopore volume was calculated using Barrett–Joyner–
Halenda method. Fig. 4 shows N2 adsorption–desorption isotherms
for selected zeolite samples. For MCM-22, IM-5, and TNU-9, signif-
icant increase in adsorption in the range p/p0 > 0.8 and hysteresis
loops in the desorption branch were observed, indicating the pres-
ence of mesopores. Table 2 shows the calculated micropore and
mesopore volumes, respectively, for selected zeolite samples. Sig-
nificant mesopore volumes were observed for MCM-22, IM-5,
and TNU-9.

The silica to alumina ratios (SAR) of the zeolites were deter-
mined by inductively coupled plasma (ICP) analysis performed
by Galbraith Laboratories (Knoxville, TN). Most of the zeolites have
the similar silica to alumina ratio between 20 and 50, as shown in
Table 1. However, ZSM-23 (SiO2/Al2O3 = 160) and SSZ-20 (SiO2/
Al2O3 = 90) were high-silica zeolites while ZK-5 (SiO2/Al2O3 = 5.5)
and Y zeolite (SiO2/Al2O3 = 5.2) were high-alumina zeolites.

2.3. Catalytic experiments

Catalytic fast pyrolysis experiments were conducted using a
Pyroprobe–GC–MS system (CDS 2000 Analytical Inc.). The probe
is a computer-controlled resistively heated element that holds an
open-ended quartz tube. Powdered samples (mixtures of glucose
and catalyst) are held in the tube with loose quartz wool packing;
during pyrolysis vapors flow from the open ends of the quartz tube
into a larger cavity (the pyrolysis interface) with a helium carrier
gas stream. The carrier gas stream is routed to a model 5890 gas
chromatograph (GC) interfaced with a Hewlett Packard model
ssociation [45].

Pore size (Å) Internal pore space (Å) [46]b CI index

3.9 � 3.9 10.67 >30c

4.3 7.37 33 [47]
3.5 � 4.8, 4.2 � 5.4 6.31 4.5 [48]
4.5 � 5.2 6.19 10.6 [49]
4.0 � 5.5 4.1 � 5.1 9.69 1.8 [47]
4.6 � 5.7 5.71 6.9 [49]
5.3 � 5.4 7.72 8.7 [50]
5.1 � 5.5 5.3 � 5.6 6.36 6.9 [49]
5.5 � 5.6 5.3 � 5.4 5.3 � 5.9 7.34 1.8 [51]
5.6 � 5.5 5.4 � 5.5 8.46 1.0–2.0d

6.6 � 6.7 5.6 � 5.6 6.68 0.6–2.0 [52]
6.5 � 7.25 7.30 1.0–2.0e

7.4 � 7.4 11.24 0.4 [52]

igid zeolite frameworks) [46].



Fig. 2. X-ray diffraction patterns of the zeolites used in this study.
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5972A mass spectrometer (MS). The pyrolysis interface was held at
200 �C, and the GC injector temperature was 275 �C. Helium was
used as the inert pyrolysis gas as well as the carrier gas for the
GC–MS system. A 0.5 mL min�1 constant flow program was used
for the GC capillary column (Restek Rtx-5sil MS). The GC oven
was programmed with the following temperature regime: hold at
45 �C for 4 min, ramp to 250 �C at 10 �C min�1, hold at 250 �C for
15 min. Products were quantified by injecting calibration stan-
dards into the GC–MS system. All reactions were carried out under
the following conditions: a catalyst-to-feed ratio of 19 (wt/wt),
reaction temperature of 600 �C, heating rate of 1000 �C/s, and reac-
tion time of 240 s. We have previously reported that high catalyst-
to-feed ratios and fast heating rates are essential to maximize
aromatic yields [8]. Prior to the reaction, all catalysts were calcined
at 550 �C in air for 5 h. After calcination, powdered samples were
prepared by physically mixing the glucose feed and the catalyst.
The samples were exposed to ambient air, prior to introduction
in the pyroprobe. All yields reported are in molar carbon yield,
which is defined as moles of carbon in the products are divided
by moles of carbon in the reactants. Carbon on the spent catalyst
was quantified by elemental analysis (performed by Galbraith
Laboratories using combustion, GLI method # ME-2).
2.4. Determination of kinetic diameter of selected molecules

We define the critical diameter as the diameter of the smallest
cylinder inside which the molecule will fit. The maximum diame-
ter is defined as the longest dimension of the molecule. The kinetic
diameter (r) is estimated from the properties of the fluid at the
critical point (c), shown in Eqs. (1) and (2) according to Bird et al.
[55]:

r ¼ 0:841V1=3
c ð1Þ
r ¼ 2:44ðTc=pcÞ
1=3 ð2Þ

where Vc is the critical volume in cm3 mol�1, Tc is the critical tem-
perature in Kelvins and pc is the critical pressure in atmospheres.
Critical point data were obtained from the CRC Handbook [56],
Yaws et al. [57], NIST [58] and Wang et al. [59].

The kinetic diameter has also been correlated with the molecu-
lar weight using Eq. (3) for aromatic hydrocarbons [59].

r ¼ 1:234ðMW Þ1=3 ð3Þ

where MW is the molecular weight in g mol�1. This kinetic diameter
estimation assumes a spherical molecule, and hence the critical
mass is related to the size of the sphere [59].

Molecular calculations in this article were performed with
Gaussian ’03 [60] using density functional theory. Molecule geom-
etries were optimized with the default (eigenvalue-following)
optimization algorithm using the B3LYP hybrid functional [61–
63] and the 6-31+G(d,p) basis set [64–67] to compute the energy.
Critical diameters were computed as the internuclear distance be-
tween the two nuclei that intersected the surface of the smallest
possible cylinder containing all nuclei plus an estimate of the van
der Waals radii of the hydrogen (1.2 Å) or oxygen (1.52 Å) atoms
involved. Molecule ‘‘lengths’’ were calculated as the distance be-
tween the two farthest-apart atoms along a line orthogonal to
the critical diameter, plus an estimate of the atoms’ radii.
3. Results and discussion

3.1. Kinetic diameter vs zeolite pore size

We have calculated the critical diameter (width), maximum
diameter (length), and kinetic diameter of the biomass feedstocks,
oxygenates, and aromatic products from catalytic fast pyrolysis of
glucose as shown in Table 3. The data in Table 3 were determined
from four sources: the literature, calculation from critical point
data using Eqs. (1) and (2), estimation from the molecular weight
correlation (Eq. (3)), and molecular calculation. The diameters
can differ greatly depending on the source of the information
and the calculation used. In general, the common literature values
were used. Those calculated using Eqs. (1) and (2) were used when
the literature values are not available. Eq. (3) was used when crit-
ical point data are not available. Kinetic diameters calculated using



Fig. 3. Scanning electron microscopy images of (a) ZK-5, (b) SAPO-34, (c) ZSM-23, (d) MCM-22, (e) SSZ-20, (f) ZSM-11, (g) ZSM-5, (h) IM-5, (i) TNU-9, and (j) SSZ-55.
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the critical volume (Eq. (1)) can differ significantly from Eq. (2). For
example, the kinetic diameter for formic acid is either 5.4 Å from
critical temperature and pressure data or 4.0 Å using the critical
volume. Formic acid forms dimers and this may contribute to the
difference [68]. We have used the smaller diameter for the kinetic
diameter of the organic acid products for this reason.
The correlation between kinetic diameter and molecular weight
is plotted in Fig. 5. The curve from the empirical relationship in Eq.
(3) is also plotted in Fig. 5 for comparison to the literature values
for oxygenates. In general, there is good agreement (<2% average
difference) between the literature values of kinetic diameter and
the empirical correlation determined by Wang et al. [59]



Fig. 4. Nitrogen adsorption–desorption isotherms of selected zeolite catalysts.

Table 2
Micropore and mesopore volumes for the zeolites used in this study.

Zeolite Vmicro (cm3/g) Vmeso (cm3/g)

ZSM-23 0.086 0.09
MCM-22 0.16 0.31
SSZ-20 0.085 0.06
ZSM-11 0.12 0.07
ZSM-5 0.12 0.04
IM-5 0.16 0.15
TNU-9 0.15 0.28
SSZ-55 0.16 0.06
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(Eq. (3)), particularly for furan derivatives. This suggests that using
this approximation method for the kinetic diameters of oxygen-
ated molecules which do not have critical properties in the litera-
ture is reasonable. The molecular weight does not, however, give
any indication of the structure of the molecule, and this correlation
may differ for different types of structures such as carbohydrates.

The pore sizes of zeolite catalysts are typically given as the crys-
tallographic diameters based on atomic radii, e.g., 5.5–5.6 Å for
ZSM-5. Cook and Conner [83] have shown, however, that pore
diameters calculated using Norman radii for the Si and O atoms
are 0.7 Å larger than those calculated with atomic radii, consistent
with the diffusion of molecules of larger diameter than the crystal-
lographic diameter reported, such as cyclohexane diffusion in
silicalite. The maximum pore diameters of different zeolites,
using atomic radii and the Norman radii corrections, are shown
in Table 4.

Fig. 6 shows the kinetic diameters of the feedstock (glucose), the
oxygenated products, and aromatic products from catalytic fast
pyrolysis of glucose on the same scale as the zeolite pore sizes.
The Norman radii adjusted pore sizes are used in this figure to ade-
quately compare the zeolite pore size with the kinetic diameter of
the molecules. In the case of zeolites with two different pore sizes,
the larger pore sizes were chosen. As shown on this figure, glucose
is significantly larger than the maximum pore size of ZSM-5 (6.3 Å);
it therefore would not be expected to diffuse into the zeolite before
decomposition. However, the decomposition of glucose occurs very
rapidly (<1 s) at 600 �C [28] and therefore the diffusion of the pyro-
lysis products is of more relevance. The pyrolysis products of glu-
cose include levoglucosan, hydroxyacetaldehyde, glyceraldehydes,
and furanic compounds. These pyrolysis products, with the excep-
tion of levoglucosan, are significantly smaller than the ZSM-5 pore.
Levoglucosan can also undergo dehydration reaction to produce
products smaller than the pore size of ZSM-5 [84,85]. This suggests
that these products can easily diffuse into the zeolite pores and sug-
gests that reactions of these molecules within the ZSM-5 are reac-
tions within the zeolite pores. Inside the ZSM-5 pore, these
products are converted into aromatics through a series of dehydra-
tion, decarbonylation, decarboxylation, isomerization, oligomeriza-
tion, and dehydrogenation reactions. It has been reported that the
reaction proceeds through a common intermediate or ‘‘hydrocar-
bon pool’’ composed of these pyrolysis products [86].

Aromatic hydrocarbons are the predominant products along
with CO, CO2, and coke, from the catalytic fast pyrolysis of glucose.
From Fig. 6 it can be seen that, benzene, toluene, naphthalene, in-
dene, indane, ethylbenzene, and p-xylenes are sufficiently small to
diffuse into the ZSM-5 pores. The larger aromatics product mole-
cules including 1,5-dimethylnaphthalene and 1,3,5-trimethyl ben-
zene are most likely formed on the catalyst surface, either directly



Table 3
Dimensions of lignocellulosic feedstocks and products from catalytic pyrolysis.

Molecule Critical diameter (width) (Å) Ref. Maximum diameter (length) (Å) Ref. Kinetic diameter, r (Å) Ref.

Feedstocks
a-D-Glucose 8.417 [69] 8.583 [69] 8.6 [70]
b-D-Glucose 8.503 [69] 8.615 [69] 8.6 [70]
Cellulose �100 (microfibril) [71] 8.6a

Cellubiose 8.5a 8.6a

Xylitol 6.6 Eq. (3)

Oxygenate products (catalyst-to-feed 1.5:1)
Water 1.89 [58] 3.0, cluster > 6.0 [72]
Carbon monoxide 3.28 [58] 3.339 [58] 3.59 [55]
Carbon dioxide 3.189 [58] 3.339 [58] 3.996 [55]
Acetic acid 3.35 [58] 4.4 [72]
5-Hydroxymethyl furfural (HMF) 5.9 [73] 9.3 [73] 6.2 Eq. (3)

5.25 trans Calc.b 8.64 Calc.b

5.48 cis Calc.b 8.64 Calc.b

Formic acid 4.6 [73] 4.6 [73] 4.0 Eq. (1)
Hydroxylacetylaldehyde 3.88 [58] 4.8 Eq. (3)
Furfural 4.56 Calc.b 5.99 Calc.b 5.5 Eq. (2)
2-Methyl furan 5.3 Eq. (1)
Furan 4.27 [58] 5.1 Eq. (1)
4-Methyl furfural 5.9 Eq. (3)
2-Furanmethanol 5.7 Eq. (3)
Levoglucosan 6.7 Eq. (3)

Hydrocarbon products (catalyst-to-feed 19:1)
Toluene 6.7 [74] 8.7 [74] 5.85 [75]
Benzene 6.7 [76] 7.4 [76] 5.85 [75]
Indane 6.8c 6.3 Eq. (2)
Indene 5.96 [59]
Trimethylbenzene (TMB) 8.35 [76] 8.62 [76]
1,3,5-TMB 8.178 [77] 8.6 [78]
1,2,4-TMB 7.251 [77] 7.6 [79]
1,2,3-TMB 7.635 [77] 6.6 Eq. (2)
Ethyl benzene 6.7 [74] 9.2 [74] 6.0 [75], Eq. (1)
2-Ethyl toluene 6.6 Eq. (2)
3-Ethyl toluene 6.6 Eq. (2)
4-Ethyl toluene 6.6 Eq. (2)
p-Xylene 6.7 [74] 9.9 [74] 5.85 [75]
m-Xylene 7.4 [74] 9.2 [74] 6.80 [75]
o-Xylene 7.4 [74] 8.7 [74] 6.80 [75]
Naphthalene 6.8 [76] 9.1 [76] 6.2 [59], Eq. (1)
1-Methyl naphthalene 7.65 [80] 6.8 Eq. (2)
1,5-Dimethylnaphthalene 7.7 [81]
1,6-Dimethylnaphthalene 7.7 [81]
2,6-Dimethylnaphthalene 7.2 [81]
Anthracene 6.8 [76] 12.1 [76] 6.96 [59]
Pyrene 7.36 [82] 9.80 [82] 7.24 [59]
Phenanthrene 6.96 [59]

a Estimated from glucose.
b From Gaussian calculation.
c Estimated from naphthalene.
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or by processes such as secondary alkylation of the smaller
aromatics.

Naphthalene is the aromatic molecule made in the highest yield
from catalytic fast pyrolysis of glucose in the pyroprobe reactor [9].
It is known that this polyaromatic hydrocarbon has very slow dif-
fusion in ZSM-5 [9] and it might be speculated that naphthalene is
not formed within the pores. Indeed, naphthalene has a kinetic
diameter (�6.2 Å [76]) very close to the pore diameter of ZSM-5
(�6.3 Å with Norman radii adjustment [83]). However, at the ele-
vated reaction temperature (600 �C), the energetic barrier to diffu-
sion is likely to be decreased making the zeolites more flexible.
Hence, it is possible that naphthalene is formed within the pores
as well as on the surface.

Fig. 6 also suggests that zeolites with pore size diameters smal-
ler than 5 Å (8MR ring zeolite, small pore) will predominantly have
surface reactions. Larger pore zeolites with pore diameters larger
than 7.2 Å (12MR ring zeolite, large pore) will allow all the oxygen-
ates to easily diffuse into the zeolite. These large pore zeolites will
primarily have pore reactions.
3.2. Catalytic fast pyrolysis of glucose

The aromatic yield is a strong function of average pore size for
the CFP of glucose as shown in Fig. 7. The yield goes through a
maximum with the average pore size of the zeolite between 5.3
and 5.5 Å. Small pore zeolites, such as ZK-5 and SAPO-34, produced
primarily oxygenated species formed from the pyrolysis of glucose,
char, CO, and CO2. These small pore zeolites are widely used for
methanol to olefin conversion [87] and their small pore sizes,
3.9–4.3 Å, do not produce aromatics. Aromatics were produced
mainly in the medium pore (10-membered-ring) zeolites, includ-
ing MCM-22, ZSM-23, SSZ-20, ZSM-11, ZSM-5, IM-5, and TNU-9.
All of these zeolites have an effective pore size of 5.2–5.9 Å. Ferrie-
rite (intersecting 8 and 10 ring pore systems) produced primarily
oxygenates with low yields of aromatic hydrocarbons. It appears
that the 8-membered ring (3.5 � 4.8 Å) pore slows down the over-
all diffusion rate and inhibits aromatics formation. SSZ-20 and
ZSM-23 (one-dimensional pore systems) produced moderate
yields of aromatic hydrocarbon with high yields of oxygenates.



Fig. 5. Correlation between kinetic diameter and molecular weight for oxygenate molecules. h: small molecules; H2O, CO and CO2, D: organic acids; formic acid and acetic
acid, and x: furan derivatives; furan, methyl furan and furfural. The solid curve is a fit using Eq. (3).

Table 4
Maximum pore diameters for different zeolites [45].

Zeolites Maximum pore diameter
(atomic radii) dA (Å)

Maximum pore diameter
(Norman radii) dN (Å)

SAPO-34 4.3 5.0
MCM-22 5.5 6.2
ZSM-5 5.5 and 5.6 6.2 and 6.3
b zeolite 6.7 and 5.6 7.4 and 6.3
Y zeolite 7.4 8.1

264 J. Jae et al. / Journal of Catalysis 279 (2011) 257–268
Molecular diffusion inside these one-dimensional pores is more
limited than multi-dimensional pores. In addition, these zeolites
have high silica to alumina ratio (90 and 160, respectively), which
can also impact the catalyst selectivity. Hence, production of the
intermediate oxygenate species could be favored. Oxygenates are
not produced in the other multi-dimensional 10 ring pore zeolites.
Fig. 6. Schematic of zeolite pore diameter (dN) compared to the kinetic diameter
Large pore zeolites including Beta zeolite, SSZ-55, and Y zeolite
produced aromatics; however, the aromatic yields were low with
coke as the major product. Thus, large pores also produce high coke
yields.

The maximum aromatic yield of 35% was obtained from ZSM-5,
a zeolite with an intersecting 10-membered ring pore system com-
posed of straight (5.3 � 5.6 Å) and sinusoidal (5.1 � 5.5 Å) chan-
nels. ZSM-11, formed of two intersecting straight channels
(5.3 � 5.4 Å), shows an aromatic yield of 25%. However, MCM-22,
TNU-9, and IM-5 show relatively low aromatic yields even though
their pore sizes, pore dimensionality, and silica to alumina ratio are
similar to ZSM-5 and ZSM-11. As shown in Table 2, these zeolites
have high mesopore volumes created by inter-crystalline spaces,
compared to ZSM-5 and ZSM-11. This suggests that these mesop-
ores act as large pores, facilitating the formation of coke.

Further insights into the differences in the reactivity of medium
pore zeolites can be obtained from the size of internal pore space
(i.e., pore intersections). As shown in Table 1, MCM-22 and
of feedstocks, and oxygenate and hydrocarbon catalytic pyrolysis products.



Fig. 7. Aromatic yields as a function of average pore diameter for different zeolites for catalytic fast pyrolysis of glucose. Reaction conditions: catalyst-to-feed weight
ratio = 19, nominal heating rate 1000 �C s�1, reaction time 240 s.
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TNU-9 have large internal pore spaces of 9.69 Å and 8.46 Å, respec-
tively, compared to that of ZSM-5 (6.36 Å) and ZSM-11 (7.72 Å).
Thus, these results suggest that, in addition to pore window size,
the steric hindrance of reacting molecules inside zeolite pores
plays a role in this reaction. This also suggests that biomass con-
version into aromatics with zeolites is a reaction where there are
both mass transfer and transition state effects within the zeolite.

Table 5 shows the carbon yield of these reactions. Tables 6 and 7
show the product distributions of aromatics and oxygenated spe-
cies, respectively. The major glucose pyrolysis product is levoglu-
cosan (LGA, 1,6-anhydro-b-D-glucopyranose, C6H10O5), which is
the dehydrated product of glucose [28]. Other anhydrosugars,
including levoglucosenone (LGO, 6,8-dioxabicyclo[3.2.1]oct-
2-en-4-one, C6H6O3), 1,4:3,6-dianhydro-b-D-glucopyranose (DGP,
C6H8O4), and 1,6-anhydro-b-d-glucofuranose (AGF, C6H10O5), are
present in lower amounts. However, as shown in Table 7, levoglu-
cosenone and furfural become the major products among the pro-
duced oxygenate species for ZK-5 and SAPO-34. This suggests that
levoglucosan is further dehydrated by surface catalyzed reaction
because these small pore zeolites do not allow any oxygenate spe-
cies to diffuse into the pore. Moreover, levoglucosan was only
dominant for ZSM-23 (SiO2/Al2O3 = 160), the high-silica catalyst.
In ZSM-23, the surface acid sites have relatively low concentration,
and this could minimize the surface catalyzed reaction. Hence, this
oxygenate distribution combined with the kinetic diameter esti-
Table 5
Carbon yields (%) for catalytic fast pyrolysis of glucose with different zeolites. Reaction con
time 240 s.

Zeolite Aromatics Oxygenates CO2

ZK-5 0.0 14.1 4.3
SAPO-34 0.0 30.0 3.2
Ferrierite 2.5 14.1 4.4
ZSM-23 12.0 12.7 4.8
MCM-22 3.6 0 10
SSZ-20 10.3 18.0 4.1
ZSM-11 25.3 0 11.0
ZSM-5 35.5 0 8.9
IM-5 17.3 0 10
TNU-9 2.3 0 5.6
b zeolite 4.3 <1 10.5
SSZ-55 2.7 <1 3.7
Y zeolite 1.6 <1 3.9

a Unidentified includes unidentified oxygenate species in GC–MS and missing carbon
mation clearly shows the role of surface reaction in catalytic fast
pyrolysis of glucose.

The gaseous products are CO and CO2 for all the catalysts, as
shown in Table 5. These gaseous product yields increased with
increasing aromatic yield. In order to produce aromatics, oxygen
for the intermediate pyrolysis products has to be removed by CO,
CO2, and water. Hence, the small pore zeolite (no aromatic produc-
tion) produced relatively low CO and CO2 yield compared to med-
ium pore and large pore zeolites. Especially, CO and CO2 yields are
remarkably high for IM-5, ZSM-11, and ZSM-5 which produce high
aromatic yield.

As shown in Table 6, the major aromatic products are naphtha-
lenes(N), toluene(T), xylenes(X), and benzene(B) for all of the cat-
alysts. The aromatic distribution was a function of zeolite type.
However, aromatic distribution was not a simple function of zeo-
lite pore. For one-dimensional zeolites such as ZSM-23, SSZ-20,
and SSZ-55, naphthalene selectivity increased with increasing the
pore size of zeolite (24.9%, 38.3%, and 47.2%). On the other hand,
the opposite trend was observed for 2 and 3 dimensional zeolites.
Large pore zeolites such as Beta and Y zeolite showed relatively
low naphthalene selectivity and high BTX selectivity compared to
medium pore zeolites even though their large pores can facilitate
the production of larger aromatic molecules. Interestingly, aro-
matic distribution of medium pore TNU-9 was similar to large pore
zeolites. This aromatic distribution results suggest that the internal
ditions: catalyst-to-feed weight ratio = 19, nominal heating rate 1000 �C s�1, reaction

CO Coke Unidentifieda Total carbon

8.7 55.1 17.8 100.0
7.7 34.7 24.4 100.0
11.6 48.0 19.4 100.0
10.5 40.8 19.2 100.0
26 63 – 102
9.7 43.1 14.8 100.0
24.9 44.7 – 106
23.3 30.4 – 98.1
28 48.5 – 103.8
15.9 66.8 9.4 90.6
7.8 67.0 10.4 89.6
14.1 83.7 – 104.2
13.4 84.9 – 103.8

.



Table 6
Aromatic product selectivity for catalytic fast pyrolysis of glucose with different zeolites. Reaction conditions: catalyst-to-feed weight ratio 19, nominal heating rate 1000 �C s�1,
reaction time 240 s. Abbreviations: Ben. = benzene, Tol. = toluene, E-Ben. = ethyl-benzene, Xyl. = xylenes, M,E-Ben. = methyl-ethyl-benzene, Tm-Ben. = trimethylbenzene,
Ph. = phenols, Ind. = indanes, Nap. = naphthalenes. Others include ethyl-dimethyl-benzene and methyl-propenyl-benzene.

Catalyst Aromatic selectivity (%)

Ben. Tol. E-Ben. Xyl. M,E-Benz. Ph. Ind. Naph. Others
Tm-Benz.

ZK-5 – – – – – – – –
SAPO-34 – – – – – – – –
Ferrierite 3.1 18.4 8.2 0.0 14.2 4.6 51.6 0.0
ZSM-23 10.6 25.8 19.3 6.2 3.8 6.9 24.9 2.4
MCM-22 29.4 25.2 10.2 0.0 0.0 0.0 35.1 0.0
SSZ-20 7.3 23.1 16.8 5.4 1.3 8.0 38.3 0.0
ZSM -11 14.2 27.1 17.3 1.5 2.5 4.4 32.6 0.4
ZSM-5 12.8 18.5 12.9 2.6 0.1 2.2 50.7 0.3
IM-5 17.4 25.4 11.4 3.2 0.4 0.7 41.5 0.0
TNU-9 31.9 40.0 11.1 0.0 0.0 0.0 16.9 0.0
b zeolite 30.9 34.7 13.4 0.9 0.0 0.0 20.1 0.0
SSZ-55 13.3 27.9 9.1 1.2 1.3 0.0 47.2 0.0
Y zeolite 20.6 31.0 12.5 1.6 5.3 0.0 29.1 0.0

Table 7
Oxygenated product selectivity for catalytic fast pyrolysis of glucose with different zeolites. Reaction conditions: catalyst-to-feed weight ratio 19, nominal heating rate
1000 �C s�1, reaction time 240 s.

Oxygenate selectivity (%) Catalyst

ZK-5 SAPO-34 Ferrierite ZSM-23 SSZ-20

Acetic acid 0.0 1.5 0.0 20.4 8.1
4-Methyl-2,3-dihydrofuran 10.1 12.3 9.6 8.5 12.3
Furfural 40.0 23.7 30.6 5.0 13.1
5-Methyl furfural 3.0 4.1 2.0 0.0 0.0
2-Furanmethanol 1.7 2.8 1.4 0.9 1.9
Furancarboxylic acid, methyl ester 1.6 2.6 1.1 0.0 2.5
5-Methyl-2(5H)-furanone 0.6 0.7 0.8 0.0 1.0
5-Hydroxymethyl furfural 1.5 11.5 0.0 0.0 0.0
Isomaltol 0.7 1.3 0.0 0.0 0.7
Ethanone, 1-(2-furanyl)- 1.2 1.6 0.0 0.0 0.0
2-Hydroxymethylene-tetrahydrofuran-3-one 2.5 2.8 1.1 0.0 3.0
1,4:3,6-Dianhydro-alpha-D-glucopyranose 5.8 12.6 10.1 9.0 8.9
1,6-Anhydro-beta-D-glucopyranose (Levoglucosan) 5.0 0.0 0.0 22.9 0.0
Levoglucosenone 26.3 22.5 43.2 33.7 48.4
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pore architecture of zeolite plays a significant role on the reaction
chemistry.

3.3. Aromatic yields as a function of constraint index

The constraint index (CI) is a widely used concept to investigate
the shape selectivity of zeolites [88]. It is defined as the ratio of the
Fig. 8. Aromatic yields versu
observed cracking rate constants of n-hexane to 3-methylpentane;
a higher CI value thus indicates a larger steric hindrance and a low-
er CI value indicates the absence of steric hindrance. Fig. 8 shows
the aromatic yield as a function of constraint index. It was found
that the medium pore zeolites with moderate CI values produce
high aromatic yield. IM-5 and TNU-9 have low CI values of 1.8
and 1.0–2.0 compared to the 6.9 of ZSM-5. Hence, a low CI index
s the constraint index.
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(less steric hindrance) is not preferable for aromatic formation.
Notably, ZSM-23 and SSZ-20, CI values of 10.6 and 6.9, respectively,
show higher aromatic yields than the zeolites with low CI values
(except IM-5). It is also remarkable that TNU-9 and MCM-22 pro-
duced significant amounts of coke (66.8% and 63%) along with aro-
matics, behaving like large pore zeolites. This can be explained by
the presence of the cages inside the zeolite pores (i.e., the effect of
pore intersections). MCM-22 and TNU-9 have large cylindrical pore
intersections (7.1 Å) and large cavities accessible through 10 ring
pore window, respectively [40]. Thus, we believe that these cages
inside the zeolite channels can provide the space needed for coke
formation. Carpenter et al. [89] also showed that the presence of
a large cage can contribute to the low CI values and fast deactiva-
tion of the zeolite by providing more void space.
3.4. Design of zeolite catalysts for conversion of biomass-derived
oxygenates into aromatics

The results in this paper can be used to design new zeolite
catalyst for the conversion of biomass-derived oxygenates into aro-
matics. The reaction for the conversion of biomass-derived mole-
cules into aromatics is a shape selective reaction where the
shape selectivity effect is caused by both mass transfer effects,
linked to the pore window size of zeolite, and transition state ef-
fects, related to the internal void space of zeolites. The external
surface acid sites also contribute to the dehydration of pyrolysis
products to smaller oxygentates and production of larger aromatic
molecules which are less valuable products. Based on our results,
ZSM-5 is the optimal zeolite structure having the ideal pore size
and internal pore space for biomass conversion. ZSM-5 can be fur-
ther modified to improve its catalytic properties. The mass transfer
effects can be varied by changing the crystallite size of ZSM-5.
Small crystallite size of ZSM-5 might be beneficial by enhancing
diffusion of molecules within the catalyst and creating high surface
area for access of molecules into acid sites [90]. Alternatively, re-
cent advances in hierarchical zeolite synthesis allows us to intro-
duce mesoporosity into ZSM-5 framework [91–94]. Carefully
designed mesoporous ZSM-5 might have benefits of enhanced
mass transfer and transformation of bulky molecules through the
mesoporosity. It has been reported that the mesoporous ZSM-5
exhibited the enhanced catalytic activity for upgrading of pyrolysis
vapors to aromatics [95,96]. Transition state effect can be adjusted
by incorporating different types of sites preferentially within the
ZSM-5. These sites located inside ZSM-5 pores can provide new ac-
tive sites for reaction (e.g. hydrogenation) and enhanced steric hin-
drance. In addition, the surface acid sites of ZSM-5 can be tuned to
decrease the secondary reaction on the catalyst surface. Decreasing
the exterior surface acidity by dealumination or silylating agent
treatment might reduce the formation of the undesired larger aro-
matic molecules. As suggested in this paper, the catalytic proper-
ties of ZSM-5 can be optimized in many ways. Proper tuning of
each parameter can offer highly selective zeolite catalysts for the
conversion of biomass-derived oxygenates into aromatics.
4. Conclusions

We studied the influence of zeolite pore size and shape selectiv-
ity on the conversion of glucose to aromatics by catalytic fast pyro-
lysis. We first estimated the kinetic diameters for the reactants and
products to determine whether the reactions occur inside the
pores or at external surface sites for the different zeolite catalysts.
This analysis showed that the majority of the aromatic products
and the reactants can fit inside the zeolite pores of most of the
medium and large pore zeolites. However, in some of the smaller
pore zeolites, the polycyclic aromatics may form by secondary
reactions on the catalyst surface, either directly or via reaction of
the smaller aromatics. Zeolites having a wide range of pore size
and shape (small pore ZK-5, SAPO-34, medium pore Ferrierite,
ZSM-23, MCM-22, SSZ-20, ZSM-11, ZSM-5, IM-5, TNU-9, and large
pore SSZ-55, Beta zeolite, Y zeolite) were tested in a pyroprobe
reactor for the conversion of glucose to aromatics. The aromatic
yield was a function of the pore size of the zeolite catalyst. Small
pore zeolites did not produce any aromatics with oxygenated prod-
ucts (from pyrolysis of glucose), CO, CO2 and coke as the major
products. Aromatic yields were highest in the medium pore zeo-
lites with pore sizes in the range of 5.2–5.9 Å. High coke yield,
low aromatic yields, and low oxygenate yields were observed with
large pore zeolites, suggesting that the large pores facilitate the
formation of coke. In addition to pore window size, internal pore
space and steric hindrance play a determining role for aromatic
production. Medium pore zeolites with moderate internal pore
space and steric hindrance (ZSM-5 and ZSM-11) have the highest
aromatic yield and the least amount of coke.
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