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The production of aromatics from glucose by catalytic fast pyrolysis occurs in two steps. First, glucose is
thermally decomposed to smaller oxygenates through retro-aldol fragmentation, Grob fragmentation and
dehydration reactions. At low temperatures (<300 �C), retro-aldol and Grob fragmentation reactions are
favored with D-glyceraldehyde, hydroxyacetone and hydroxyacetaldehyde being the primary products. At
higher temperatures (>300 �C), dehydration is favored with levoglucosan as the major product. The addi-
tion of ZSM-5 catalyst to the pyrolysis reactor lowers the temperature at which the fragmentation and
dehydration reactions occur at 206 �C and 312 �C, and at 282 �C and 369 �C, respectively. In the second
step of catalytic fast pyrolysis, the dehydrated products enter into the catalyst where they are converted
into aromatics, CO, CO2 and water. The catalytic conversion step is significantly slower than the initial
pyrolysis reaction. The aromatic product selectivity is a function of catalyst to glucose weight ratio, heat-
ing rate and reaction temperature. At 600 �C, a maximum carbon yield of 32% aromatics is realized after
240 s with catalysts to feed ratio of 19. The major competing reaction to aromatic production is the for-
mation of coke. Coke is most likely formed by polymerization of the furans on the external catalyst
surface.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Lignocellulosic biomass is being studied worldwide as a feed-
stock for renewable liquid biofuels due to its low cost and abun-
dance [1–4]. Lignocellulosic biomass is not currently used as a
liquid fuel feedstock because the economical processes for its con-
version has yet to be developed [1]. Catalytic fast pyrolysis (CFP) is
a promising method for the direct conversion of solid biomass into
gasoline range aromatic products [5–12]. CFP involves the pyroly-
sis of biomass in the presence of zeolites. In the first step of this
reaction, the solid biomass is rapidly heated (>500 �C s�1) to inter-
mediate temperatures (400–600 �C). The importance of pyrolysis
heating rate is well known [13,14]. At these high temperatures,
the biomass readily decomposes into pyrolysis vapors. These pyro-
lysis vapors then enter into the zeolite catalyst pores where they
are converted into aromatics, CO, CO2 and H2O. One advantage of
CFP is that solid biomass is directly converted into liquid aromatic
fuel in a single reactor with short residence times. Hence, conver-
sion is rapid, continuous and uncomplicated. Thus, all the reaction
chemistry occurs in one single reactor, which is advantageous
compared to gasification and fermentation technologies which all
require a number of different reactors.
ll rights reserved.
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Several researchers have used zeolite catalysts for conversion of
biomass-derived feedstocks into aromatics. This includes the early
work in the 1980s by Chen et al. [15] and Haniff and Dao [16,17] on
the conversion of carbohydrate feeds. Chen et al. [15] reported that
aqueous glucose solutions can be converted to hydrocarbons in a
fixed bed reactor operated at 510 �C. Hanniff and Dao [17] also re-
ported that glucose could be converted in a microreactor with
ZSM-5 as well as Mn-ZSM-5 and Zn-ZSM-5. However, they re-
ported low yields of hydrocarbons as polymerization of the carbo-
hydrate feed was favored at temperatures above 350 �C. In addition
to direct conversion of carbohydrates, several researches have
studied the upgrading of pyrolysis oils with zeolite catalysts [18–
23]. Horne and Williams [22] reported a threefold increase in aro-
matic yield when the pyrolysis vapors from a fluidized bed reactor
were passed over a secondary fixed bed of ZSM-5 catalyst.

More recently, high aromatic yields have been obtained from
lignocellulosic biomass in one step by introducing zeolite cata-
lysts directly into various types of pyrolysis reactors [5,7,8,
11,12]. We have recently reported that for wood and cellulose
pyrolysis with ZSM-5 in a fixed bed microreactor, about 35% to
50% of the theoretical yield for aromatics can be obtained from
wood and cellulose feeds, respectively [5]. Pattiya et al. [11] used
a similar fixed bed microreactor to study the catalytic pyrolysis of
cassava rhizome. Out of the four catalysts tested, ZSM-5, Al-
MCM-41 and Al-MSU-F and a proprietary alumina-stabilized ceria
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MI-575, ZSM-5 yielded the highest amount of aromatics in the
resulting bio-oil.

Several researchers have also performed catalytic pyrolysis in
continuous fluidized bed reactors [7,8,12]. Olazar and coworkers
[8] reported high yields of aromatics (28% of the theoretical yield)
in a canonical spouted bed reactor using ZSM-5 catalyst. Aho et al.
[12] tested several types of zeolites for the catalytic pyrolysis of
softwood in a fluidized bed reactor. They reported that b-zeolite,
mordenite, Y-zeolite and ZSM-5 all produced different product
spectra in the resulting bio-oil. The addition of ZSM-5 significantly
decreased the amount of acids and alcohols in the bio-oil, while the
amount of ketones was increased. Lappas and collaborators [7] re-
ported on the use of a laboratory-scale FCC unit for the catalytic
pyrolysis of pine wood with a commercial fluid catalytic cracking
catalyst and a commercial ZSM-5 additive. They reported that
addition of catalyst increased the yield of water, non-condensable
gases and char. The bio-oil obtained was of lower oxygen content
and therefore of better quality.

The mechanism of catalytic conversion of biomass to aromatics
over a zeolite catalyst is not fully understood, however, there is
evidence of many of the general reaction steps. CFP involves the
homogeneous thermal decomposition of the biomass to smaller
oxygenates [24–26]. These oxygenates are then dehydrated. The
dehydrated oxygenates diffuse into the zeolite catalyst pores
where they undergo a series of oligomerization, decarbonylation
and dehydration reactions to produce aromatics, CO, CO2 and
water at the active sites [27]. Isotopic studies of CFP for 13C and
12C glucose have shown that the oxygenates are all monoistopic
and the aromatics produced are a random mixture of 13C and 12C
[27]. This indicates that the aromatics are produced from a hydro-
carbon pool composed of the decomposed oxygenated compounds.
The major challenge with CFP is to avoid undesired coke formation,
which can be produced from both homogeneous and heteroge-
neous reactions [6]. The purpose of this paper is to study the com-
bined homogeneous and heterogeneous reactions that occur
during CFP of glucose on ZSM-5.

Lignocellulosic biomass is a complex natural material composed
of three components: cellulose, hemicellulose and lignin [28]. Dur-
ing pyrolysis, mono and oligosaccharides are the primary thermal
decomposition products from cellulose and hemicellulose
[29,30]. Furthermore, we have recently shown similar aromatic
yields and product selectivity are obtained for CFP of both glucose
and cellulose [5,6]. For these reasons, and in order to simplify the
analysis, glucose is chosen as a model compound to study the reac-
tions involved during CFP.

In this paper, we will propose the overall reaction pathway for
the conversion of glucose to aromatics by CFP. The initial thermal
decomposition of pure glucose and glucose in the presence of
ZSM-5 will be studied with TG/DTG, ex situ FTIR and visual obser-
vation. Ex situ FTIR will also be used to determine which species
are involved in the undesired coke formation reactions. Further-
more, nitrogen adsorption will be used to determine whether these
undesired reactions occur on the surface or within the pores of the
catalyst. A pyroprobe reactor coupled to a GC/MS will primarily be
used to study how yield and selectivity for aromatics changes with
different reaction conditions as well as to study the conversion of
reaction intermediates.
2. Experimental

2.1. Pyroprobe

Fast pyrolysis experiments were conducted using a model 2000
pyroprobe analytical pyrolizer (CDS Analytical Inc.). The probe is a
computer-controlled resistively heated element that holds an
open-ended quartz tube (pictured in Fig. 1). Powdered samples 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 chromato-
graph (GC) interfaced with a Hewlett Packard model 5972A mass
spectrometer (MS). The pyrolysis interface was held at 100 �C, and
the GC injector temperature used 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 50 �C for 1 min, ramp to
200 �C at 10 �C min�1, hold at 200 �C for 15 min. Products were
quantified by injecting calibration standards into the GC/MS system.
All yields are reported in terms of molar carbon yield where the mo-
les of carbon in the product are divided by the moles of carbon in the
reactant. The aromatic selectivity reported is defined as the moles of
carbon in an aromatic species divided by the total moles of aromatic
species carbon. Similarly, the oxygenate selectivity is defined as the
moles of carbon in an oxygenated species divided by the total moles
of oxygenated species carbon.

Bulk powdered reactants were prepared by physically mixing
the glucose feed and the catalyst. For a typical run, between 8
and 15 mg of bulk reactant–catalyst mixture was added to the
reactor. Both the feed and the catalyst were sieved to less than
140 mesh before mixing. The physical mixtures of glucose were
prepared with a ZSM-5 (Si/Al = 15, WR Grace) to D-glucose (Fisher)
ratio of 19, 9, 4, 2.3 and 1.5.

For the speciation and quantification of pure glucose pyrolysis
products (which are mostly thermally unstable), an in-house-de-
signed trap was employed. The trap consists of a 25 mL Pyrex vial,
a screw-tight frame with plug-valve-controlled gas inlet and out-
let, and the pyroprobe pyrolizer. A 1=4-in. channel allows the pyrop-
robe pyrolizer to be inserted from the top of frame into the center
of vial. Prior to each trial, the vial was flushed with ultra-high pur-
ity helium at 50 mL min�1 flow rate for 10 min. After purging, the
vial is made gastight by closing the outlet and inlet valves. The trap
is then transferred in a dewar flask with a liquid nitrogen bath at
�196 �C, which allows rapid quenching of volatiles evolved during
reaction. After reaction, the condensed products on the walls of the
vial are quantitatively removed with 1 mL of methanol. The meth-
anol solution is then analyzed using a GC–MS (Shimadzu GC-2010
and QP2010S, analytes separated by Restek RTX-VMS).
2.2. Thermogravimetric analysis with mass spectrometry (TGA-MS)

Thermogravimetric analysis was performed with a Q600 TGA
system (TA Instruments). A quadruple mass spectrometer (Extorr
XT 300) was coupled via a heated line to the TGA to measure the
volatile species produced during pyrolysis. The heated transfer line
was held at 250 �C to circumvent condensation of the product va-
pors. A low electron ionization voltage of 29 eV was used to sup-
press secondary fragmentation. The total pressure of ion source
was 10�6 Torr. The ions measured for each run include 2, 16, 18,
28, 44, 78, 91 and 128 m/z. Ultra-high-purity helium (Airgas, NH)
was used as the sweeper gas with a flow rate of 100 mL min�1.
External and internal mass transfer limitations were investigated
by varying sweeper gas flow rates (from 50 to 200 mL min�1)
and particle sizes (from 40 to 325 mesh). Both of them were found
to be negligible. For a typical run, approximately 5 mg of powdered
sample was used for pure glucose pyrolysis and about 30 mg for
the glucose–ZSM-5 mixture. Prior to all trials, samples were pre-
heated to 110 �C for 30 min, under helium flow, to remove physi-
cally adsorbed water. Pyrolysis was then carried out from 50 �C
to 600 �C with a designated heating rate (0.017, 0.25 or 2.5 �C s�1).
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Fig. 1. Diagram of the pyroprobe reactor setup. On the left, a schematic cross-section of the prepared sample is pictured (not to scale). Powdered reactants and catalysts are
held with loose quartz wool packing. Pictured on the right is the resistively heated element, which holds the sample tube (2 mm � 25 mm). During reaction, product vapors
flow from the open ends of the sample tube into the GC/MS interface via a helium sweeper gas stream.

Fig. 2. Product distribution for glucose pyrolysis with 1000, 2.5 and 0.25 �C s�1

heating rates from pyroprobe reactor with liquid N2 trap. Final temperature at
600 �C with reaction time for 240 s.
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2.3. Fourier-transform infrared (FTIR)

FTIR spectra were obtained from the zeolite samples using a
Bruker Equinox 55 infrared spectrometer. The KBr method was
employed using spectroscopic grade KBr mixed with the zeolite/
glucose in a 100:5 weight ratio. An average of 50 scans at 4 cm�1

resolution was obtained for each KBr pellet. This method is as used
by Bilba and Ouensanga [31] and Sharma and coworkers [32]. KBr
pellet method was used due to the low quantity of samples pre-
pared using the pyroprobe reactor.

2.4. Elemental analysis (EA)

Carbon on the spent catalyst was quantified by elemental anal-
ysis (performed by Schwarzkopf Microanalytical Laboratory, NY).
The missing carbon can be attributed to the non-quantified ther-
mally unstable oxygenated species (which cannot be detected in
our experimental setup) and coking of the pyrolysis interface or
transfer lines.

2.5. Catalyst

ZSM-5 zeolite used for these experiments was a commercial
zeolite catalyst from WR Grace, with a silicon to aluminum ratio
equal to 15. This catalyst was calcined at 550 �C in air for 5 h prior
to the pyrolysis experiments. The catalyst and mixtures of ZSM-5/
glucose were stored in sealed vials in a desiccator in order to min-
imize the adsorption of atmospheric moisture.

2.6. Nitrogen adsorption

Nitrogen adsorption experiments were carried out at the nor-
mal boiling point of N2 (�196 �C) for the determination of micro-
pore volume (t-method) using an AUTOSORB�-1-MPC
(Quantachrome Instruments; Boynton Beach, FL) gas adsorption
system. Prior to the measurement, the samples were outgassed
at 300 �C for 24 h under vacuum. Coked catalyst samples were pre-
pared by using the catalyst after reaction at 600 �C for 240 s, mix-
ing fresh glucose at 5 wt.% and 30 wt.% and running a samples
pyrolysis treatment at 600 �C for 240 s.
3. Results

3.1. Thermal decomposition of glucose

3.1.1. Pyroprobe results
Fig. 2 shows the detailed quantification of glucose pyrolysis

with 1000, 2.5 and 0.25 �C s�1 heating rates carried out with the
in-house-designed trap. The dehydration product, levoglucosan
(LGA, 1,6-anhydro-b-D-glucopyranose, C6H10O5), was found to be
the most abundant product. Other anhydrosugars such as levoglu-
cosenone (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-anhy-
dro-b-D-glucofuranose (AGF, C6H10O5) were present in lower
amounts. Products that are likely formed from the retro-aldol con-
densation of glucose such as D-glyceraldehyde, hydroxyacetone
and hydroxyacetaldehyde were also observed. The selectivity for
coke ranges from 30% to 40% carbon. As the heating rate increases,
the LGA yield increases, while the coke yield decreases. A lower
heating rate increases the amount of dehydration reactions, with
greater DGP, LGO and coke.
3.1.2. Themogravimetric analysis with mass spectrometry (TGA-MS)
Table 1 summarizes the approximate and elemental analysis of

glucose pyrolysis products after a 2.5 �C s�1 heating rate. Around
89 wt.% of glucose can be volatilized, with 11% of fixed carbon
and trace ash. Water, CO and CO2 are the major species identified
by the TGA-MS. The CO and CO2 are formed from degradation of
the primary pyrolysis products (e.g. levoglucosan, hydroxyacetal-
dehyde), which occurs in the line leading from the TGA to the
MS. Only small amounts of these primary pyrolysis products are
observed in our TGA-MS system. These primary pyrolysis products



Table 1
Proximate and elemental analysis of glucose pyrolysis.

Proximate analysis (wt.%) Elemental analysis (wt.%)

Volatile Fixed C. Ash C H Oa

89.0 10.9 0.1 42.9 6.5 50.6

a By balance.
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can only be observed if they are quickly condensed out, as with the
liquid nitrogen trap in Section 3.1.1.

Fig. 3a and b shows the DTG and MS signals of pure glucose
pyrolysis with 0.017, 0.25 and 2.5 �C s�1 heating rates. Glucose
pyrolysis initiates at 150, 200 and 250 �C, respectively. The DTG
curves of all pyrolysis rates are composed of two major peaks.
For a heating rate of 0.017 �C s�1, the peaks are located at 198
and 290 �C, with almost equivalent intensity of the two peaks.
For 0.25 �C s�1, the first peak is at 228 �C; the second, 312 �C. For
2.5 �C s�1, the first peak is at 282 �C; the second, 369 �C. The inten-
sity of the first DTG peak diminishes as the heating rate is in-
creased. Fig. 3b shows the corresponded MS responses at a
2.5 �C s�1 heating rate. The ion fragments, including hydrogen
(m/z = 2), methane (m/z = 16), water (m/z = 18), carbon monoxide/
ethylene (m/z = 28) and carbon dioxide (m/z = 44), were recorded
with time. From the 28 m/z and 44 m/z signals, it is seen that
decarboxylation and water removal begins around 200 �C, while
decarbonylation, methane production and hydrogen production
do not initiate until above 250 �C. Water is removed during two
separate reactions, the first taking place at �300 �C and the second
at �410 �C. The water MS signal corresponds to the two separate
DTG peaks indicating both of these reactions involve the removal
of water. In Fig. 3c, the DTG curves for the pyrolysis of glucose with
ZSM-5 (19:1 catalyst to glucose wt. ratio) are shown. The DTG
responses for different heating rates show similar peaks to the
non-catalyzed pyrolysis, however, the two peaks shift to lower
Fig. 3. (a) DTG signals of glucose pyrolysis; (b) MS responses of selected ions of glucose p
(d) MS responses of selected ions of glucose pyrolysis with ZSM-5 at a 2.5 �C s�1 heatin
temperature. For the heating rates of 0.017, 0.25 and 2.5 �C s�1,
the first DTG peak shifts to 154, 171 and 206 �C, respectively. The
second DTG peaks also shift downward to 275, 282 and 312 �C
for the 0.017, 0.25 and 2.5 �C s�1 heating rates, respectively. When
glucose was pyrolyzed in the presence of ZSM-5, a third peak ap-
pears. This new peak is located at 327, 363 and 402 �C for the
0.017, 0.25 and 2.5 �C s�1 heating rates, respectively. In Fig. 3d,
the MS responses for the pyrolysis of glucose with ZSM-5 at a heat-
ing rate of 2.5 �C s�1 are shown. Compared to pure glucose pyroly-
sis, the MS signals initiate at a lower temperature (m/z = 28 at
50 �C; m/z = 18 at 100 �C). At around 350 �C, where the newly
formed third DTG peak is located, m/z = 78 (benzene) and m/z =
91 (toluene) signals are observed. The response of m/z = 28 shows
a second peak around the same temperature. The second m/z = 28
peak is most likely from ethylene. It is well documented in the lit-
erature for the methanol to hydrocarbons process with ZSM-5 cat-
alyst that ethylene is formed concurrently with benzene and
toluene [33]. Comparing both trials, almost all the MS ions in
Fig. 3d show significant higher responses and greater areas under
the MS peaks than those in Fig. 3b, except m/z = 16 (methane). This
is because for pyrolysis without catalyst, the major products are
oxygenates that are not shown in the MS response. For pyrolysis
with catalyst, the oxygenates are converted to water, CO, CO2

and aromatics. These product ions are shown in the MS response,
which leads to an increase in the total ions measured.

The two separate peaks in the DTG response for glucose pyroly-
sis imply two separate decomposition reactions. To identify the
species that are present for each peak, separate pyrolysis runs were
carried out using identical reaction conditions, however, the tem-
perature ramp was stopped at the onset of the peak of interest.
At this designated temperature, the reaction was rapidly quenched
by cooling the furnace to room temperature with cooling air. The
quenched reaction residue was then quantitatively dissolved in
methanol and analyzed by GC/MS. For low-temperature products,
the final temperatures and their corresponding heating rates were
yrolysis at a 2.5 �C s�1 heating rate; (c) DTG signals of glucose pyrolysis with ZSM-5;
g rate.



Fig. 4. Carbon yields of glucose pyrolysis with three pyrolysis rates, final temper-
atures at 180 (0.017 �C s�1), 200 (0.25 �C s�1) and 250 �C (2.5 �C s�1), respectively.
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180 �C for 0.017 �C s�1, 200 �C for 0.25 �C s�1 and 250 �C for
2.5 �C s�1. At these temperatures, the residues of all samples are
�98% of the initial sample mass. Fig. 4 shows the distribution of
the species within the methanol-dissolved residue for the three
different heating rates. The primary products observed for the
low-temperature peak were hydroxyacetaldehyde, hydroxyace-
tone and dihydroxyacetone. These products are likely from retro-
aldol and Grob fragmentation of glucose [25,26]. As shown in
Fig. 5. Comparison of glucose fast pyrolysis (a–d) and glu
Fig. 4, the unidentified carbon is quite high for the lowest heating
rate (2.5 �C s�1). This missing carbon could be attributed to other
reactions other than retro-aldol and Grob fragmentation. For the
high-temperature peak, the final temperatures were 280, 300 and
380 �C for the 0.017, 0.25 and 2.5 �C s�1 heating rate runs, respec-
tively. At these temperatures, only non-dissolvable coke remained
in the crucible.
3.1.3. Visual observations
To provide a clear view of glucose fast pyrolysis and catalytic

fast pyrolysis, a series of snapshots of these experiments are shown
in Fig. 5. Both trials were carried out in the Pyrex trap with a
1000 �C s�1 heating rate and final temperature at 600 �C. Instead
of immersing collectors into the liquid nitrogen dewar, the Pyrex
vial was set on the bench top and filmed with a video camera at
room temperature. Fig. 5 shows the solid pure glucose (a) and glu-
cose–ZSM-5 mixture (e) at room temperature before reaction.
Fig. 5b and f shows snapshots at �210 �C during pyrolysis of the
glucose and glucose–ZSM-5 mixture, respectively. At 210 �C, glu-
cose transforms into a transparent liquid phase because such a
pyrolysis temperature surpasses the boiling point (�145 �C) [34].
As seen in Fig. 5f, at 210 �C, black spots (coke) are clearly visible.
At this same temperature, no coke is observed when the catalyst
is not present during pyrolysis. This indicates that coke forms at
a lower temperature when catalysts are present. At a temperature
of 600 �C (Fig. 5c and g), vapors can be seen coming from the ends
of the quartz tube. At 600 �C, the coke formation becomes more se-
vere for the glucose/ZSM-5 sample (Fig. 5g). After 5 s at the final
temperature, the residual of glucose inside the reactor turns into
coke for both cases in (Fig. 5d and h).
cose/ZSM-5 pyrolysis (e–h; glucose-to-ZSM-5 = 1:19).
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Fig. 6. IR spectra for glucose pyrolysis in the presence of ZSM-5 (catalyst to feed ratio = 1.5) at 100 �C s�1 to a final temperature of: (a) unreacted (b) 100 �C, (c) 200 �C, (d)
300 �C, (e) 400 �C, (f) 500 �C (g) and 600 �C. (I) 1200–2000 cm�1 region and (II) 2700–3100 cm�1 region. Spectra are off-set to show the bands.

Table 2
Infrared band positions (cm�1) and assignments for the fast pyrolysis of glucose with ZSM-5 (catalyst/feed ratio = 1.5) at various temperatures.

Glucose 100 �C 200 �C 300 �C 400 �C 500 �C 600 �C Assignment [36–38]

433 445 442 436 437 439 439 Si–O–Si external deformation (ZSM-5)
553 541 540 536 539 539 538 Si–O–Si internal deformation (ZSM-5)

612 611 606 D6R ring mode (ZSM-5)
621
647 641 632 699
727 730 725
775 775 774 779 782 781 786 Si–O sym stretch (ZSM-5)

790 793 Si–O sym stretch (ZSM-5)
838 834 836
914 912 912 897
996 C–O

1023 1022
1052 1046
1080 1071 1068 1068 1072 1068 1072 Si–O anti-sym stretch (ZSM-5)
1111 1094 C–O
1148 1138 Ring mode (glucose)
1202 1216 1194
1225 1217 1215 1217 1216 1216 Si–O anti-sym stretch (ZSM-5)
1295 1284
1340 1334 1328 CH bend
1379 1363 1365 1355 1352 Sym CH bend
1460 1453 1449 1453 1457 1455 Asym. CH bend

1492 1492 C@C
1631 1628 1629 1625 1618 HOH bend (adsorbed water)

1703 h 1703 1706 1706 C@O (acid carboxyl)
1869 1866 1858 1858 1854 1858

2890 2886 2887 CH aliphatic (glucose)
2914 2908 2910 2917 2917b 2917b 2922b CH aliphatic
2945 2935 2941 CH aliphatic (glucose)
3356 OH (glucose)
3412 OH (glucose)
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Fig. 7. Carbon yield as a function of reaction temperature for catalytic fast pyrolysis
of glucose with ZSM-5. Reaction conditions: catalyst to feed weight ratio = 19;
catalyst ZSM-5 (Si/Al = 15), nominal heating rate 1000 �C s�1, reaction time 240 s.
Key: j: carbon monoxide, N: aromatics, D: carbon dioxide, d: coke and h: total
carbon.
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3.1.4. FTIR results
To further investigate the thermal decomposition of glucose

in the presence of ZSM-5, ex situ FTIR was performed at var-
ious temperature steps. Glucose with ZSM-5 (catalyst: feed ra-
tio = 1.5) was pyrolyzed with a heating rate of 100 �C s�1 to
various final temperatures. Upon reaching the final reaction
temperature, the probe was quenched with room temperature
helium flow. FTIR was performed on the residues left in the
quartz reactor. Fig. 6I shows the infrared spectra (1200–
2000 cm�1 region) of the reaction mixture obtained at various
temperatures. Fig. 6II shows the C–H stretching region
(2700–4000 cm�1) of the same spectra. Ramping to a final
temperature of 100 or 200 �C does not alter the glucose com-
position significantly as the CH2 bending modes are of similar
intensity. However, it can be seen from the disappearance of
the C–H bending modes of glucose at 1340, 1379 and
1460 cm�1 (Fig. 6I) that the glucose decomposes between 200
and 300 �C. Similarly, in Fig. 6 (II), the three aliphatic C–H
modes at 2890, 2914 and 2945 cm�1 are lost between 200
and 300 �C.

From Fig. 6I, it can be seen that there is a new composition
formed at temperatures above 400 �C from the new peaks at
1492 and 1706 cm�1. At 600 �C, the presence of C@C bonds (C@C
vibrations at ca. 1500 cm�1) and carbonyl groups (C@O, ca.
1700 cm�1) are evident. Sarbak [35] studied coke formation on
HX zeolite attributes the bands at 1500 and 1589 cm�1 to presence
of naphthalenes. Band positions for these spectra in Fig. 6 are as-
signed in Table 2 [36–38].
Fig. 8. Aromatic selectivity as a function of reaction temperature for catalytic fast
pyrolysis of glucose with ZSM-5. Reaction conditions: catalyst to feed weight
ratio = 19; catalyst ZSM-5 (Si/Al = 15), nominal heating rate 1000 �C s�1, reaction
time 240 s. Key: j: toluene,N: benzene, D: xylenes and ethyl-benzene, d: methyl-
ethyl-benzene and trimethyl-benzene, h: indanes and indenes and s:
naphthalenes.
3.2. Effect of temperature on catalytic fast pyrolysis of glucose

3.2.1. Pyroprobe results
To investigate the effect of temperature on catalytic fast pyroly-

sis of glucose, final reaction temperatures of 400 �C, 500 �C, 600 �C,
700 �C and 800 �C were tested. A catalyst to feed ratio of 19:1 and
heating rate of 1000 �C s�1 were used. These reaction conditions
were previously determined to maximize the aromatic yield at
600 �C [6]. It can be seen in Fig. 7 that increasing reaction temper-
ature from 400 to 800 �C increases aromatic yield up to 30% at
600 �C. At temperatures higher than 600 �C, there is little change
in aromatic yield. Coke yield significantly decreases from 400 to
800 �C. The yield of carbon monoxide and carbon dioxide increase
slightly over the temperature range tested. Aromatic production
and coke formation vary inversely, suggesting they are competing
reactions.

Fig. 8 shows the effect of temperature on the aromatic species
selectivity. For simplicity, similar aromatic species are grouped to-
gether, for example, naphthalenes include the following: naphtha-
lene, methyl-naphthalenes and ethyl-naphthalenes. As the
temperature is increased from 400 to 800 �C, the selectivity to ben-
zene increases from 10% to 30% carbon, while the selectivity for xy-
lene and naphthalene decreases only a small amount. Changing the
reaction temperature has little effect on the selectivity for toluene
and the C9 aromatics.

Table 3 summarizes the complete list of aromatics produced
from catalytic fast pyrolysis of glucose in the presence of ZSM-5
at 600 �C. It can be seen that the primary aromatics produced in-
clude benzene, toluene, 1,3-dimethyl-benzene, naphthalene, 1-
methyl-naphthalene and 1,5-dimethyl-naphthalene. Very large
molecules such as methyl-phenanthrene are observed only in trace
amounts. Naphthalenes are the largest molecules produced in sig-
nificant quantities, which maybe due to the size selectivity of the
zeolite catalyst. Naphthalene has a kinetic diameter of �6.0 Å
[39], which is similar to the ZSM-5 pore size of �6.2 Å (Norman ra-
dii adjusted [40]).
3.3. Effect of reaction time on catalytic fast pyrolysis of glucose

3.3.1. GC–MS-pyroprobe
To investigate the effect of reaction time on the yield of the cat-

alytic fast pyrolysis products, the carbon yield of aromatics, CO and
CO2 were measured at various total reaction times from 1 and
240 s at 600 �C. Fig. 9 shows the carbon yield as a function of reac-
tion time for the optimized reaction conditions. Initially, after 1 s of
reaction, CO and CO2 comprise the main products and increase lit-
tle throughout the reaction. After 3 s reaction, the aromatic yield is
higher than CO or CO2 and increases rapidly as the reaction pro-
ceeds. After 240 s, the aromatic yield appears to be level off at a
maximum carbon yield of 32%. Reaction times as little as 2 min
give aromatic yields in excess of 30% carbon.

The aromatic selectivity as a function of reaction time for CFP of
glucose with ZSM-5 is shown in Fig. 10. Apart from the yield of
naphthalenes and indane, the selectivity of all other aromatics de-
creases between 1 and 3 s of reaction time at 600 �C. During this
same period, the naphthalenes’ selectivity dramatically increases
from 18% to 40%. Naphthalenes are the major products between



Table 3
Carbon yields of aromatics produced from catalytic fast pyrolysis of glucose with
ZSM-5. Reaction conditions: catalyst to feed weight ratio = 19; catalyst ZSM-5 (Si/
Al = 15), nominal heating rate 1000 �C s�1, reaction temperature 600 �C, reaction time
240 s.

Aromatic component Yield (% carbon) Selectivity (% carbon)

Benzene 4.07 12.59
Toluene 7.53 23.29
Ethylbenzene 0.18 0.57
Benzene, dimethyl-(m, o or p) 3.72 11.50
Benzene, dimethyl-(m, o or p) 1.17 3.61
Benzene, (1-methylethyl-) 0.20 0.61
Benzene, 1-ethyl-3-methyl- 0.11 0.35
1,2,4-Trimethylbenzene 0.48 1.47
Benzene, 1-ethyl-3-methyl- 0.03 0.11
Indane 0.14 0.44
Indene 0.10 0.30
Indane, 1-methyl- 0.10 0.31
1H-Indene, 1-methyl 0.07 0.22
Naphthalene 4.28 13.23
Naphthalene, 1-methyl-(m,p) 4.25 13.15
Naphthalene, 1-methyl-(m,p) 2.13 6.58
Naphthalene, 1-ethyl- 0.22 0.67
Naphthalene, 1,5-dimethyl-(m,p) 1.05 3.24
Naphthalene, 1,5-dimethyl-(m,p) 0.73 2.24
Naphthalene, 1,5-dimethyl-(m,p) 0.55 1.71
Naphthalene, 1,3-dimethyl- 0.21 0.64
Naphthalene, 1,4,6-trimethyl- 0.12 0.36
Dibenzofuran 0.06 0.18
Naphthalene, 2,3,6-trimethyl- 0.05 0.15
Naphthalene, 1,4,6-trimethyl- 0.04 0.12
Naphthalene, 1,3,6-trimethyl- 0.03 0.08
Naphthalene, 1,3,6-trimethyl-

(m,p)
0.03 0.08

Fluorene 0.10 0.30
9H-fluorene, 4-methyl- 0.03 0.10
Anthracene 0.06 0.19
Phenanthrene 0.25 0.76
Anthracene, 2-methyl- 0.02 0.07
Phenanthrene, 3-methyl- 0.13 0.39
Phenanthrene, 2-methyl- 0.12 0.37
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Fig. 9. Carbon yield as a function of reaction time for catalytic fast pyrolysis of
glucose with ZSM-5. Reaction conditions: catalyst to feed weight ratio = 19; catalyst
ZSM-5 (Si/Al = 15), nominal heating rate 1000 �C s�1, reaction temperature 600 �C.
Key: j: carbon monoxide, N: aromatics and D: carbon dioxide.
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Fig. 10. Aromatic selectivity as a function of reaction time for catalytic fast
pyrolysis of glucose with ZSM-5. Reaction conditions: catalyst to feed weight
ratio = 19; catalyst ZSM-5 (Si/Al = 15), nominal heating rate 1000 �C s�1, reaction
temperature 600 �C. Key: j: toluene, N: benzene, D: xylenes, ethyl-benzene, d:
methyl-ethyl-benzene trimethyl-benzene, h: indanes and indenes and s:
naphthalenes.
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3 and 240 s, and there is little selectivity change for reaction great-
er than 3 s.
3.3.2. FTIR results
Fig. 11 shows the infrared spectra of pure glucose after pyrolysis

at 600 �C for 1 s and 120 s compared to unreacted glucose. The
peak assignments are given in Table 4 [35,38]. After 1 s reaction
time, the CH2 deformation modes of glucose are no longer present
indicating that little unreacted glucose remains. Furthermore, the
loss of the band at 1148 cm�1 shows that the 6-carbon ring mode
is not present after 1 s reaction. The new band that appears at
1703 cm�1 after 1 s is characteristic of C@O stretching vibration.
Therefore, the decomposition of glucose appears to go through a
compound with carboxyl character [35]. For C@O stretching vibra-
tions, 1703 cm�1 is in the carboxylic acid range. After even the
short time of 1 s, there is very little material left in the pyroprobe
reactor, only a residue film.

Fig. 12I and II shows the infrared spectra of glucose–ZSM-5 at a
low catalyst to feed ratio (1.5) reacted at 600 �C for various time
periods between 1 and 120 s. After 3 s reaction, the bands from
the glucose (including 1460, 2890, 2914 and 2945 cm�1) have
completely disappeared indicating the decomposition of glucose.
A longer reaction time 3 s (compared to 1 s) is required to fully
decompose the glucose, which is likely due to the larger mass of
glucose present. The infrared spectra of the sample after 3 s reac-
tion at 600 �C shows two new bands at 1571 and 1711 cm�1 along
with a broad band in the C–H stretching regions centered at
2950 cm�1. The former two bands are assigned to C@C stretch
and C@O stretch. The C@O stretch is in the characteristic wave
number region for the diketonics present in furfuryl alcohol resins
[41], while the C@C stretch may be from aromatics. A comparison
of the peaks to those of furfuryl alcohol resins is given in Table 5
[36–38,41]. Therefore, the coke present after 3 s reaction has aro-
matic and ketone characteristics. The broad band in the C–H region
indicates a broad range of organic compounds/compositions pres-
ent. With further reaction time up to 120 s, these bands decrease
until 120 s sample indicating these intermediates have been
decomposed.

3.4. Effect of ZSM-5 to glucose ratio

3.4.1. GC–MS-pyroprobe
Previously, we have showed that high catalyst to feed ratios

(>18) are required in order to maximize the aromatic yield from
glucose during catalytic fast pyrolysis [5]. Fig. 13 shows the effect
of catalyst to glucose ratio on the carbon yield of products at the
optimal reaction conditions. Using a catalyst to feed ratio 19 pro-
duces the highest aromatic yield and lowest coke yield. The yield
of partially deoxygenated species decreases from 15% to �0% with
increasing catalyst to feed ratio from 1.5 to 19. The oxygenates in-
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Fig. 11. FTIR spectra of pure glucose (a) unreacted and pyrolyzed at 600 �C for (b) 1 s and (c) 120 s. (I, region 400–2000 cm�1 and II, CH and OH stretching region 2700–
4000 cm�1).

Table 4
Infrared band positions (cm�1) and assignments for the fast pyrolysis of glucose at
600 �C.

Glucose 1 s 120 s Assignment [35,38]

433 Framework mode (glucose)
553 Framework mode (glucose)
621 C–C, C–O stretch (glucose)
647 C–C, C–O stretch (glucose)
727 C–C, C–O stretch (glucose)
775 CH deformation (glucose)

797 787 CH deformation
838 CH2CH deformation (glucose)

873
914 C–OH and CH deformation (glucose)
996

1023 1021 1027 C–OH deformation (glucose)
1052 CH deformation (glucose)
1080 CH, COH deformation (glucose)
1111 CH, COH bend (glucose)
1148 Ring mode (glucose)
1202 C–O (glucose)
1225 1257 CH2 (glucose)
1295 1374 1374 CH2 bend, C–OH (glucose)
1340 CH bending (glucose)
1379 CH bending (glucose)
1460 1443 CH2 bend, COH (glucose)

1620 1621 HOH bend (adsorbed water)
1703 C@O stretch (carboxylic)

2890 2841 CH stretch (glucose)
2914 2910 2910 CH stretch (glucose)
2945 2951 2957 CH stretch (glucose)
3356 OH stretch (glucose)
3412 OH stretch (glucose)
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cludes the following: furan, 2-methyl-furan, furfural, 4-methyl-
furfural, furan-2-methanol, hydroxyacetaldehyde and acetic acid.
Trace amounts of anhydrosugars were also observed. The distribu-
tion of the partially deoxygenated species as a function of catalyst
to glucose ratio for catalytic fast pyrolysis is shown in Fig. 14.
The aromatic selectivity is not a strong function of the catalyst
to glucose ratio as shown in Fig. 15. Increasing the catalyst to feed
ratio slightly increases the selectivity for toluene, xylenes and
ethyl-benzene, while slightly decreasing the selectivity for ben-
zene, methyl-ethyl-benzene, trimethyl-benzene, indanes and
naphthalenes. The largest change in selectivity is for the decrease
in indanes and indenes from 12% to 4% and the increase in toluene
from 13% to 22%.
3.5. Conversion of oxygenated intermediates by catalytic fast pyrolysis

Using low (1.5) catalyst to feed ratio, mainly furan-based oxy-
genates are produced (Section 3.4.1). The partially deoxygenated
species detected are likely intermediates in the formation of aro-
matics, since at low catalyst to feed ratios, the high quantities of
oxygenates leave the reactor before they can react further to form
aromatics. Using these oxygenates as feedstocks at the same reac-
tion conditions as glucose CFP may shed light on the heteroge-
neous chemistry in glucose conversion to aromatics. The
oxygenated intermediates; acetic acid, furan, furfural and
methyl-furan were chosen as feedstocks for this study. These rep-
resent the dominant products observed at low (1.5) catalyst to feed
ratios.
3.5.1. GC–MS-pyroprobe
Fig. 16 shows the products yields of catalytic pyrolysis of acetic

acid, furan, furfural, methyl-furan and furfuryl alcohol. A catalyst
to feed ratio of 19, 240 s reaction time and 600 �C final reaction
temperature were used in this set of experiments. As shown in
Fig. 16, the oxygenates form a range of aromatics, CO and CO2. Ace-
tic acid produces mainly CO2 through decarboxylation, however,
almost all of the remaining carbon goes to aromatics (�30% carbon
yield). In the case of furan-based feedstocks, it is shown in Figs. 16
and 17 that similar yields (between 35% and 50%) and selectivity of
aromatics were produced from furfural, furfuryl alcohol, furan and
2-methyl-furan. The yields of gases were also similar for the furans
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Fig. 12. Infrared spectra of (a) pure glucose and glucose with ZSM-5 (catalyst: feed ratio = 1.5) and reacted at 600 �C for various times (b) unreacted (c) 1 s, (d) 3 s, (e) 5 s and
(f) 120 s. (I) 400–2000 cm�1 region and (II) CH stretching region (2700–3100 cm�1) .

Table 5
Infrared band positions (cm�1) and assignments for the fast pyrolysis of glucose with ZSM-5 (catalyst/feed ratio = 1.5) at various temperatures compared to polyfurfuryl alcohol.

Glucose Polyfurfuryl
alcohol on
HY zeolite
[41]

Assignment Polyfurfuryl
alcohol
on HY zeolite
heated
to 673 K [41]

Assignment Glucose
on ZSM-5
heated to
600 �C
for 1 s

Glucose on
ZSM-5
heated at
600 �C
for 3 s

Glucose on
ZSM-5
heated at
600 �C
for 120 s

Assignment
[36–38]

1225 1216 Si–O anti-sym stretch
(ZSM-5)

1295 1284
1340 CH bend
1379 1375 CH bend 1350 C@C carbon 1381 Sym CH bend
1460 1422 CH bend Asym. CH bend

1487 Oligomeric C@C 1492 C@C
1575 Oligomeric C@C 1571 1589
1628 HOH bend and carbon

C@C
1630 C@C carbon 1618 HOH bend (adsorbed

water)
1710 Diketonic C@O 1706 1711 C@O (carbonyl)
�2500 1858

2890 2885 2912 CH (glucose)
2914 2924 C–H 2922b 2912 CH
2945 2962 2971 CH (glucose)

3120 C–H
3356 OH (glucose)
3412 OH (glucose)
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with the exception being the increased amount of decarbonylation
with the furfural feed.

3.6. Effect of coke on catalytic activity

3.6.1. GC–MS-pyroprobe
To investigate the effect of coke on the activity of ZSM-5 for the

conversion of glucose, the spent catalyst was recycled and pyro-
lyzed again with fresh glucose. As shown in Fig. 18, the aromatic
yield does not decrease with the repeated use of coked ZSM-5,
indicating that the active sites of ZSM-5 remain despite the coke
on the catalyst phase. In fact, the aromatic yield slightly increases
with subsequent cycles. It appears that the coke deposited on the
catalyst has the active form, which can be an intermediate for aro-
matic production. The aromatic selectivity observed for the coked
catalyst after 1 and 2 times reuse is shown in Fig. 19. There is a
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Fig. 13. Effect of catalyst to glucose ratio for catalytic fast pyrolysis. Reaction
conditions: nominal heating rate 1000 �C s�1, final reaction temperature 600 �C,
reaction time 240 s. Carbon yield as a function of catalyst to glucose ratio. Key: j:
carbon monoxide, N: aromatics, D: carbon dioxide, h: partially deoxygenated
species and d: coke.
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small decrease in the selectivity for benzene and toluene and a
small increase in indanes and naphthalenes with increasing coke
content. The ethyl benzenes and methyl, ethyl benzenes are unaf-
fected by the increase in coke level.

3.6.2. N2 adsorption of ZSM-5 before and after reaction
Coke is the major product in the conversion of glucose over

ZSM-5. The yield of coke is 33% at a catalyst to feed ratio of 19
(600 �C for 240 s) and increases with decreasing catalyst concen-
tration. To ascertain whether the coke is deposited on the outer
surface of the catalyst particles and/or within the pores of ZSM-5,
nitrogen adsorption was performed on ZSM-5 before reaction, after
reaction at 19:1 catalyst to feed ratio and after reaction at 1.5:1
catalyst to feed ratio. Fig. 20 shows the high resolution adsorption
isotherm of fresh and coked ZSM-5. The pore volumes calculated
Fig. 14. Distribution of partially deoxygenated species as a function of catalyst to glu
1000 �C s�1, final reaction temperature 600 �C, reaction time 240 s. Key: catalyst:glucose
(dark grey), catalyst:glucose ratio = 1.5 (black). The species quantified include: (H.A.) hy
furan, (4-M-Furf) 4-methylfurfural, (Fur-2-MeoH) furan-2-methanol.
from isotherms are summarized in Table 6. It can be seen that,
compared to fresh ZSM-5, the amount of adsorbed nitrogen (micro-
pore volume) decreases from 0.12 to 0.067 cm3g�1 as the coke level
increases from zero to 0.7 wt.% carbon, indicating that some coke is
deposited inside the zeolite pores. Further, increasing the amount
of coke from 0.7 to 5 wt.% does not significantly reduce the micro-
pore volume, which suggests further coking may take place outside
of the pores on the catalyst surface.

4. Discussion

4.1. Glucose pyrolysis

Fig. 21 shows the reaction pathways that occur during catalytic
fast pyrolysis of glucose. As we discovered in this study, there are
two pathways for the thermal decomposition of glucose. Both
pathways occur very rapidly with complete glucose decomposition
in about one second at 600 �C. At low temperatures, glucose
decomposes via retro-aldol and Grob fragmentation reactions to
form small oxygenates such as hydroxyacetaldehyde, hydroxyace-
tone, dihydroxyacetone and D-glyceraldehyde. Other researchers
have also shown that these small oxygenates are formed from
pyrolysis of carbohydrates [25,26,42].

At high temperatures, dehydration of glucose is favored. First,
glucose is dehydrated to anhydrosugars with levoglucosan as the
major product. These anhydrosugars are further dehydrated to fur-
ans such as furfural, furfuryl alcohol, furan and 2-methyl-furan.
Both of these decomposition pathways can occur either homoge-
neously or on acid sites of ZSM-5. From the FTIR results (Fig. 6),
there are carboxylic acids present during decomposition, which
could homogeneously catalyze dehydration. In the literature, it
has been shown that furfuryl aldehyde, furfuryl alcohol and 5-
hydroxymethyl furfural are prominent dehydration products from
the fast pyrolysis of glucose, cellulose and hemicellulose [24,42]. In
addition, Lourvanij and Rorrer [43] reported that aqueous glucose
can be dehydrated with acidic zeolites to yield 5-hydroxymethyl-
furfural.
cose ratio for catalytic fast pyrolysis. Reaction conditions: nominal heating rate
ratio = 9 (white), catalyst:glucose ratio = 4 (light grey), catalyst:glucose ratio = 2.3

droxyacetylaldehyde, (A.A.) acetic acid, (Fur.) furan, (Furf) furfural, (M-Fur) methyl
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Fig. 15. Distribution of aromatic species as a function of catalyst to glucose ratio for
catalytic fast pyrolysis. Reaction conditions: nominal heating rate 1000 �C s�1, final
reaction temperature 600 �C, reaction time 240 s. Key: j: toluene, N: benzene, D:
xylenes, ethyl-benzene, d: methyl-ethyl-benzene trimethyl-benzene, h: indanes
and indenes and s: naphthalenes.

Fig. 16. Distribution of product yields as a function of intermediate compounds
reacted using catalytic fast pyrolysis. Reaction conditions: nominal heating rate
1000 �C s�1, final reaction temperature 600 �C, reaction time 240 s. Key: aromatics
(white), carbon monoxide (light grey), carbon dioxide (dark grey), and coke (black).
Abbreviations for the intermediate species are: acetic acid (A.A.), furan (Fur.),
furfural (Furf.), 2-methyl furan (2-M-Fur.) and furan 2-methanol (Fur-2-MeOH).

Fig. 17. Selectivity of conversion of intermediate compounds reacted using
catalytic fast pyrolysis. Reaction conditions: nominal heating rate 1000 �C s�1, final
reaction temperature 600 �C, reaction time 240 s. Key: benzene (white), toluene
(light grey), xylene and ethyl-benzene (dark grey), methyl-ethyl-benzene and
trimethyl-benzene (black), indanes and indenes (diagonal lines), and Naphthalenes
(horizontal lines). Abbreviations for the intermediate species are: acetic acid (A.A.),
furan (Fur.), furfural (Furf.), 2-methyl furan (2-M-Fur.) and furan 2-methanol (Fur-
2-MeOH).

Fig. 18. Product yields in the conversion of glucose with spent catalysts at 600 �C
and a catalyst to feed ratio of 19. Key: aromatics (white), carbon monoxide (light
grey), and carbon dioxide (dark grey).

Fig. 19. Selectivity of conversion of glucose with spent catalysts at 600 �C and a
catalyst to feed ratio of 19. Key: Fresh ZSM-5 (white), 1 time coked ZSM-5 (light
grey), and 2 times coked ZSM-5 (dark grey).
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Williams and Besler [44] also showed that glucose has two ther-
mal decomposition peaks between 200 and 400 �C using thermo-
gravimetric analysis. However, these workers concluded that
glucose decomposes to a polymeric intermediate, which then
undergoes secondary degradation. Hence, two transitions are ob-
served in the DTG at �260 and 360 �C (for a heating rate of
40 �C min�1). Further, Ramos-Sanchez et al. [45] reported the
TGA in air of sugars including glucose. Glucose showed an onset
temperature in the TGA at 192 �C with two weight losses at 227
and 321 �C.

When ZSM-5 is added to the reactor, the temperatures at which
the thermal decomposition reactions occur are lowered. From the
visual observations, it can be seen that coke can be formed at
low temperatures (<210 �C) from the retro-aldol/Grob fragmenta-
tion products as well as at high temperatures from the dehydration
products. However, coke formation is more favorable at low tem-
perature since for pure glucose pyrolysis (Fig. 2) as well as catalytic
fast pyrolysis of glucose [6] coke yield is higher at low heating
rates.
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Fig. 20. High resolution adsorption isotherms (N2 at �196 �C) of fresh ZSM-5 and
coked ZSM-5 at the catalyst to feed weight ratio of 19 and 2.3.

Table 6
Micropore volume and carbon content for the fresh and coked ZSM-5.

Catalyst Micro
pore
volume
(cm3 g�1)a

Carbon
content
(ICP analysis)
(wt.%)b

ZSM-5 (Si/Al = 15) 0.120 –
Coked ZSM-5 (from 5 wt.% glucose at 600 �C,

reacted 1�)
0.067 0.69

Coked ZSM-5 (from 30 wt.% glucose at 600 �C) 0.049 5

a Calculated based on the t-method.
b From ICP analysis. Calculation assumes organic component is primarily carbon.
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4.2. Chemistry of glucose conversion to aromatics

In this study, we showed that oxygenates produced from the
thermal decomposition of glucose are intermediates in the conver-
sion of glucose to aromatics. Furan, furfural, methyl-furan and fur-
furyl alcohol as well as acetic acid are all converted to aromatics
with similar selectivity under the same pyrolysis conditions
(600 �C for 240 s). The pathway for conversion of the intermediate
oxygenates to aromatics is shown in Fig. 21. From the FTIR and
pyroprobe reaction time results (Figs. 9, 11 and 12), it can be seen
that the formation of aromatics is the slow step in the reaction
pathway. Glucose decomposes quickly in less than one second,
while aromatic formation takes 2 min. To form aromatics, oxygen-
ates diffuse into the ZSM-5 pores and through a series of decarb-
onylation, decarboxylation, dehydration and oligomerization
reactions to form aromatics. It has been proposed that, for the con-
version of methanol to aromatics with ZSM-5, the reaction pro-
ceeds through a common intermediate or ‘‘hydrocarbon pool”
within the zeolite framework [33,46–48]. The methanol enters this
hydrocarbon pool where it reacts with other hydrocarbons to form
aromatics and olefins. The exact nature of this hydrocarbon pool
has been the subject of much debate [47], but it is thought that
the active species inside the hydrocarbon pool is a polymethylben-
zene [33,46,48]. Recently, we have shown through isotopic labeling
studies that similar hydrocarbon pool chemistry occurs during glu-
cose conversion to aromatics over ZSM-5 [27].
The aromatic product selectivity (Fig. 10) shifts from monocy-
clic aromatics to naphthalenes with increasing reaction time indi-
cating that naphthalenes are probably formed from monocyclic
aromatics in second series reaction. Monocyclic aromatics from
the hydrocarbon pool can either leave the reactor as products or
further react with another oxygenate to form polycyclic aromatics
[27].

The major competing reaction to the formation of aromatics is
the formation of coke. It is likely that during CFP of glucose the
intermediate furans polymerize to form resins, which further
decompose to form coke on the catalyst. The acid-catalyzed dehy-
dration polymerization of furfuryl alcohol has been well docu-
mented in the literature [41,49,50]. The FTIR reaction time data
(Fig. 12, Table 5) shows at 3 s carbonyl species (band at
1711 cm�1) are present. Various groups have identified 1710–
1715 cm�1 as the characteristic band of the diketonic carbonyl
present in furfuryl alcohol resins [41,49,50].

These furan resins are probably coke precursors as the band at
1711 cm�1 is no longer present at long reaction times. Bertarione
et al. [41] reported that the furfuryl alcohol resin is decomposed
on the acidic zeolite HY when heated to 400 �C to form amorphous
carbon. Our FTIR results also show that unsaturated carbon is pres-
ent at long reaction times (bands at 1492, 1571 and 1589 cm�1).

When compared to fresh catalyst, the coked catalyst pore vol-
ume is decreased significantly; however, with increasing coke lev-
els, there is no additional change in the pore volume. This initial
decrease in pore volume is likely due to the formation of the
hydrocarbon pool within the zeolite framework. Once the hydro-
carbon pool is formed, additional carbon is deposited on the sur-
face not within the pores. Several researchers studying the
conversion of methanol to hydrocarbons (MTH) over ZSM-5 have
reported that catalyst deactivation occurs from highly unsaturated
coke on the external surface of the catalyst and not from large spe-
cies within the pores [33,51,52]. In contrast, larger caged zeolites
such as HY and b-zeolite are mainly deactivated by the formation
of polyaromatic species within the pore systems [46,53]. The re-
sults herein suggest that the primary coking mechanism is the for-
mation of oxygenated resins on the surface of the catalyst which
ultimately decompose to unsaturated coke. However, from the re-
sults shown in Figs. 18 and 19 the level of coke on the catalyst is
not sufficiently high enough to cause deactivation as the aromatic
yield increases with increasing coke level. Aho et al. have shown
for the pyrolysis of pine wood in the presence of ZSM-5 that further
increasing the coke level on the catalyst to 16.3 wt.% leads to a sig-
nificant decrease in catalytic activity [12].

4.3. Design of improved reactors for catalytic fast pyrolysis

There are several important parameters involved in maximizing
the yield of aromatics from the catalytic fast pyrolysis of oxygen-
ates over ZSM-5. High heating rates must be obtained to decrease
the amount of time spent at low temperatures. At low tempera-
tures, the primary product formed is coke. In addition, as shown
in Fig. 6, moderately high reaction temperatures are required to
minimize coke formation. However, the aromatic yield does not
significantly increase above 600 �C, and more energy would be re-
quired for heating, hence a reaction temperature of 600 �C is the
optimum. Reactor temperature can also be used to adjust the selec-
tivity for various aromatics as shown in Fig. 7. Lastly, the concen-
tration of oxygenates in the reactor should be low to reduce
coking reactions. In addition to reducing coke, it is desirable to re-
duce the amount of naphthalene produced as it is of less value than
the monocyclic aromatics. This can be achieved with increasing
reactor temperature. Over the range from 500 to 600 �C, the selec-
tivity to naphthalene decreases from �50% to �40%. Over the same
temperature range, the selectivity for benzene increases from 10%
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to 20%. Decreasing the concentration of glucose in the reactor has
little effect on undesirable naphthalene formation, however,
decreasing the concentration of glucose suppresses the formation
of other larger aromatics such as indanes and indenes.

5. Conclusions

The catalytic fast pyrolysis of glucose involves two steps. The
first step involves the rapid thermal decomposition of glucose. Glu-
cose can decompose through two different pathways. At low tem-
perature, glucose is decomposed to small oxygenates through
retro-aldol condensation reactions. At high temperatures, glucose
is dehydrated to form anhydrosugars and furans. Both decomposi-
tion pathways can occur homogeneously or on catalyst active sites.
Addition of ZSM-5 to the reactor lowers the temperature at which
both the decomposition reactions occur. The second step in CFP is
the formation of aromatics within the pores of the zeolite. This
reaction step is far slower than the preceding thermal decomposi-
tion reactions. The oxygenates produced from thermal decomposi-
tion are likely the intermediates in the formation of aromatics as
furans and acetic acid produce similar aromatic products under
the same pyrolysis conditions (600 �C for 240 s). The selectivity
for the aromatic products is correlated to temperature and catalyst
to feed ratio. The main competing reaction with aromatic produc-
tion is the formation of unsaturated coke on the surface of the cat-
alyst. Coke is formed through intermediate furan polymers, which
ultimately decompose to unsaturated coke. To achieve maximum
aromatic yields, pyrolysis should proceed with rapid decomposi-
tion of glucose to oxygenates to react with the catalyst. The con-
centration of oxygenates should remain low to avoid formation
of coke and less desirable polycyclic aromatics.
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