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ABSTRACT: The conversion of furan (a model of cellulosic biomass)
over HZSM-S was investigated in a thermogravimetric analysis—mass
spectrometry system, in situ Fourier transform infrared analysis, and in a
continuous-flow fixed-bed reactor. Furan adsorbed as oligomers at room
temperature with a 1.73 of adsorbed furan/Al ratio. These oligomers were
polycyclic aromatic compounds that were converted to CO, CO,, aro-
matics, and olefins at temperatures from 400 to 600 °C. Aromatics (e.g,,
benzene, toluene, and naphthalene), oligomer isomers (e.g., benzofuran,
2,2-methylenebisfuran, and benzodioxane), and heavy oxygenates (C, , oligomers) were identified as intermediates formed inside
HZSM-S at different reaction temperatures. During furan conversion, graphite-type coke formed on the catalyst surface, which
caused the aromatics and olefins formation to deactivate within the first 30 min of time on-stream. We have measured the effects of
space velocity and temperature for furan conversion to help us understand the chemistry of biomass conversion inside zeolite
catalysts. The major products for furan conversion included CO, CO,, allene, C,—Cg olefins, benzene, toluene, styrene, benzofuran,
indene, and naphthalene. The aromatics (benzene and toluene) and olefins (ethylene and propylene) selectivity decreased with
increasing space velocity. Unsaturated hydrocarbons such as allene, cyclopentadiene, and aromatics selectivity increased with
increasing space velocity. The product distribution was selective to olefins and CO at high temperatures (650 °C) but was selective
to aromatics (benzene and toluene) at intermediate temperatures (450—600 °C). At low temperatures (450 °C), benzofuran and
coke contributed 60% of the carbon selectivity. Several different reactions were occurring for furan conversion over zeolites. Some
important reactions that we have identified in this study include Diels—Alder condensation (e.g., two furans form benzofuran and
water), decarbonylation (e.g., furan forms CO and allene), oligomerization (allene forms olefins and aromatics plus hydrogen), and

alkylation (e.g., furan plus olefins). The product distribution was far from thermodynamic equilibrium.
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1. INTRODUCTION

Due to its low cost and availability, lignocellulosic biomass is
receiving significant attention worldwide as a feedstock for
renewable liquid fuels.' * Lignocellulosic biomass is not cur-
rently used as a feedstock to make liquid fuels due to techno-
logical and economic challenges."* Several different processes
for obtaining biofuels from biomass are currently under
development.>® The ideal process to produce biofuels from
lignocellulosic biomass would be a single step reactor at short
residence times where solid biomass is directly converted into a
liquid fuel. Catalytic fast pyrolysis (CFP) is a promising process
that occurs in a single reactor at short residence times with solid
biomass being directly converted into gasoline-range aromatics.”*
In CFP, solid biomass is first pyrolyzed in the presence of a
zeolite catalyst. The biomass is rapidly heated (>500 °C/s) to
intermediate temperatures (400—600 °C) in the first step. The
importance of pyrolysis heating rate is well-known.'”"" The
biomass feedstock decomposes into pyrolysis vapors at these
temperatures. The pyrolysis vapors then enter the zeolite pores,
in which they are converted into aromatics, CO, CO,, H,O, and
dehydrated oxygenates (furan and furfural).”'®~"*

Biomass consists of hydrogen-deficient compounds.'”*° The
goal of biomass conversion processes is to reject oxygen as a
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combination of CO, CO,, and water and produce hydrocarbon
products that have an enriched hydrogen and lower oxygen
content. An effective hydrogen-to-carbon ratio (H/C.g) can be
used to help explain the hydrogen deficiency of biomass. The H/
Ceq is defined as eq 1, where H, C, and O are the moles of
hydrogen, carbon, and oxygen, respectively.'”*® Our research
group has shown that the product yield from zeolite conversion
of different biomass feedstocks is a function of the H/C 4 ratio,
with higher yields being obtained with feedstocks of higher H/
Ceg ratio.!

—CZO (1)

The H/C.g ratio of biomass-derived oxygenates is lower than
that of petroleum-derived feedstocks due to the high oxygen
content in biomass-derived compounds. The H/C.g ratio of
petroleum-derived feeds ranges from ~2 for highly parafinic
feeds to slightly greater than 1 for feeds with high aromatic
content. The H/C 4 ratio of biomass-derived feedstock such as
cellulose and glycerol are 0 and 0.67, respectively.

H
H/Cet =
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Zeolites offer one potential method for the conversion of
hydrogen-poor biomass into fuels and chemicals. Researchers
have used zeolites to directly convert biomass-derived carbohy-
drates into aromatics and olefins, beginning first in, the early
1980s with the work of Chen et al.**** Chen et al. fed sugars such
as glucose and xylose, over HZSM-S catalyst and produced
aromatics in low yields (<S5 wt %). Several researchers have used
zeolite catalysts for the conversion of pyrolysis oils.”* >’ Adjaye
1.2%** reported that pyrolysis oil can be upgraded to produce
hydrocarbons over HZSM-S§ catalyst in a fixed-bed microreactor
with aromatic yields up to 27 wt %. Sharma and Bakhshi®” also
used an HZSM-S fixed-bed reactor to upgrade maple wood
pyrolysis oil and obtained aromatic yields similar to those of
Adjaye et al. Gayubo et al.”® found that oxygenates, such as furan
and furfural are responsible for coke formation during the
pyrolysis oil upgrading. Recently, Corma and co-workers have
studied the conversion of sorbitol and glycerol to aromatics and
olefins over a series of different zeolite catalysts.'® They reported
that HZSM-5 was the most selective catalyst to make aromatics
and olefins. In 1988, Haniff and Dao used HZSM-S to convert
glucose, fructose, and their derivatives in which hydroxyl groups
were replaced by ether bonds.*> They found that either homo-
geneous tar or catalytic tar has high (>40%) oxygen contents.
The tar can be formed from furan-like intermediates. Increasing
the H/C.g ratio in feeds by adding methanol, or increasing
reaction temperatures can reduce tar formation and increase
aromatic yields. Horne and Williams also used HZSM-S to cata-
lytically pyrolyze woods, bio-oils, and vapors in the 1990s.>%~*°
In their study, furans and other oxygenates such as phenols were
found in the liquid products, suggesting that these furans are
important reaction intermediates during zeolite deoxygenation.
Resasco et al. have used HZSM-S catalyst to convert propanal, a
“representative biomass-derived oxygenate”, into aromatics.*' >
The conversion pathway involves aldol condensation to form
propanal dimer and trimer.>' They also demonstrated that the
addition of mesopores into HZSM-$ catalyst was able to over-
come diffusion limitation and coking reaction for propanal
conversion, which are major concerns for biomass conversion
over zeolites.>

We have previously shown that both furfural and furan were
major intermediates from CFP of glucose and cellulose at
600 °C.”"* These products can account for up to 40% of the
carbon in the oxygenated products.7’12 Furfural, furan, glucose,
and cellulose all had similar aromatic product distribution for
CFP.** This indicates that furan is most likely an important
reaction intermediate for the CFP of biomass. In addition, both
furan and furfural are thermally stable molecules that do not
decompose in the gas phase, unlike glucose or cellulose. Furan
can only be thermally decomposed into CO and allene with low
yield (<5%) at temperatures higher than 900 °C.***¢ Therefore,
furan is a good model compound and an important intermediate
for biomass conversion by CFP.

Grandmaison et al. has studied the conversion of furan and
furfural with HZSM-5 at low temperatures (<450 °C).>” Furfural
was converted into furan and condensed oxygenates such as
benzofuran; however, most of the products were polymers.
Kraushaar et al. hydrodeoxygenated furan over HZSM-S and
Pt-ZSM-S catalysts at 400 °C and low space velocity (WHSV =
0.5h™ ") with hydrogen as the carrier gas.>® With the existence of
Pt impurity, hydrogen was utilized efficiently, and the chemistry
was shifted to hydrogenation for Pt-ZSM-5 instead of
Diels—Alder condensation for HZSM-S. Furfural and furan have

H/C.gratios of 0 and 0.5, respectively, which is similar to the H/
Ceg ratio of lignocellulosic biomass. We have also performed
isotopic studies for CFP of glucose and observed that the
aromatic products contain a random distribution of carbon.*
This indicates that the reaction proceeds through a hydrocarbon
pool in which the carbon from the biomass loses its identity
within the zeolite pores.

Although many researchers have used zeolites to convert
biomass-derived feedstocks into aromatics, little is known about
the catalytic chemistry. Model compounds can help understand
this rather complicated catalytic zeolite chemistry. The objective
of this paper is to understand the catalytic chemistry that occurs
inside zeolites during CFP by using furan as a model biomass
compound. We used a continuous flow fixed-bed reactor, an
in situ FTIR, and thermogravimetric analysis (TGA) to under-
stand this reaction chemistry. Understanding this reaction chem-
istry can give us insight into how to design more effective zeolite
catalysts and reactors for the efficient utilization of our biomass
resources.

2. EXPERIMENTAL SECTION

2.1. Material. Furan (Sigma-Aldrich, liquid phase, 99+9%, bp.
31 °C) was used as a feedstock without any pretreatment. An
HZSM-$ catalyst purchased from Zeolyst (CBV 3024E, SiO,/
Ai, O3 = 30) was used as the catalyst for this study. The HZSM-$
catalyst was sieved to 425—800 xm. The catalyst was calcined at
600 °C in the flow reactor at 60 mL/min air flow (Airgas,
compressed air, dehumidified by a drierite tube) for S h prior to
all reactions. The amount of active site was assumed to be equal
to the amount of aluminum in the HZSM-S catalyst.

The following calculations were used in this paper:

TOF of a product

rate of carbon produced in the product (mol carbon/h)

moles of active sites (mol)

(2)

TOF of furan — of furan consumed (mol carbon/h)

moles of active site (mol)

(3)

deactivation rate

carbon yield of furan (t) — carbon yield of furan (t = 0 ~ 1.5)
carbon yield of furan (t = 0 ~ 1.5) x ¢

(4)

current TOF of furan
initial TOF of furan

(5)

catalyst activity =

2.2. Catalytic Conversion of Furan in the Flow Fixed-Bed
Reactor. The catalytic reactions were carried out in a fixed-bed
quartz reactor of 1/2 in. o.d. Sieved HZSM-5 powders were held
in the reactor by a quartz frit. The reactor temperature was
measured using a thermocouple inserted on top of the catalyst
bed. Prior to reactions, the catalyst bed was calcined as described
above. After calcination, the reactor was flushed by helium
(Airgas, 99.999%) at 408 mL/min for S min and cooled down
or heated up to reaction temperatures. The helium then was
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switched to bypass the reactor, and the inlet and outlet valves of
the reactor were closed. Furan was pumped into the helium
stream by a syringe pump (Fisher, KDS100). Prior to the run, the
furan bypassed the reactor for 30 min before switching the
helium stream to go through the reactor. An air bath condenser
was used to trap the heavy products. Gas phase products were
collected by air bags. All runs were done at atmospheric pressure.
No pressure drop was detected across the catalyst bed. After
reaction, the reactor was flushed by helium at a flow rate of
408 mL/min for 45 s at the reaction temperature. The effluent
was collected by an air bag. After reactions, the spent catalyst was
regenerated at 600 °C under 60 mL/min air flow. The CO
formed during regeneration was converted to CO, by a copper
converter (copper oxide, CuO, Sigma-Aldrich) working at
240 °C. CO, was trapped by a CO, trap (Ascarite, Sigma-
Aldrich). Coke yield was obtained by weighing the weight change
of the CO, trap.

Finally, the reactor was cooled to room temperature. Con-
densed products were extracted by 10 mL of ethanol from the
condensers to obtain the liquid products. Both liquid and gas
products were identified by GC/MS (Shimadzu-2010) and
quantified by GC/FID/TCD (Shimadzu 2014 for gas samples,
and HP-7890 for liquid samples). To calibrate the GC/FID, gas-
phase standards including C,—Cg normal olefins (Scott Specialty
Gas, 1000 ppm for each olefin), furan, benzene, and toluene
(Sigma-Aldrich, they can be vaporized in airbags); and liquid-
phase standards, including xylenes, ethylbenzene, styrene, benzo-
furan, indene, and naphthalene (Sigma-Aldrich), were injected
into the GC/FID. CO and CO, were quantified by GC/TCD. A
standard CO and CO, mixture (Airgas, 14% CO and 6% CO,,
helium balance) was injected into GC/TCD to do the calibra-
tion. The sensitivity of other compounds was assumed to be
proportional to the number of carbon in similar olefins and
aromatics (e.g, allene vs propylene; methylindene vs indene). In
our study, <0.05% carbon or the products was collected in the liquid
trap. The majority of the products were in either the gas phase or
coke deposited on the catalyst. Our carbon balances closed with
90% for all runs in this paper unless otherwise mentioned.

Standard reaction conditions for furan conversion in the flow
fixed-bed reactor were 600 °C, WHSV 10.4 h™', and partial
pressure 6 Torr unless otherwise noted. In this condition, the
furan was pumped at a pumping rate of 0.58 mL/h, and the
carrier gas was controlled at 408 mL/min. The amount of catalyst
that was loaded into the reactor was typically 57 mg HZSM-5
powders.

2.3. Leaching Experiment. To determine the compounds
retained inside HZSM-S during furan conversion, we used the
method introduced by Guisnet in 1989.*° Spent catalyst was
obtained by converting furan in the flow fixed-bed reactor at
different temperatures. We dissolved spent catalyst in a 7.5 mL
20% hydrofluoric acid (HF) solution. The mixture was shaken
and allowed to stand overnight. Organics were extracted by
adding S mL dichloromethane (DCM). The organic phase
solution was subjected to GC/MS, UV—vis (HP 8452A) and
GPC (Shimadzu HPLC/UV; GPC column: Varian GPC/SEC
column, mesopore, 300 X 7.5 mm; calibration standard, linear
polystyrene) analysis to identify species forming intermediates
and coke. Prior to GPC and UV—vis analysis, samples were
diluted to 1/20 volumetric concentration by DCM. For the
UV—vis analysis, transparence mode was used. Diluted DCM
solution was placed in a quartz cuvette and was irradiated by an
UV —vis light. After passing through the cuvette, the UV—vis

light was detected by a detector. Pure DCM was used as the
standard.

2.4. Temperature-Programmed Analysis. 2.4.1. TGA—MS.
Temperature-programmed results were qualitatively obtained by
using TGA—MS and in situ FTIR instruments. Furan-saturated
HZSM-S powders were obtained by using the flow reactor
system described in Section 2.2. The calcined HZSM-$ catalyst
bed was subjected to a helium stream with 12 Torr furan for 1 h at
room temperature. The furan-saturated HZSM-S powders were
subjected to TGA and in situ FTIR analysis.

A 34 mg portion of furan-adsorbed HZSM-S powder was
placed in an alumina pan and treated in flowing helium at
100 mL/min at 50 °C for 2 h in the TGA chamber (TGA: TA
Instrument, SDT Q600) to remove weak adsorption. After pre-
treatment, the temperature was increased to 600 °C at a ramp
rate of 50 °C/min under the same helium flow. The effluent was
monitored by a mass spectroscopy where several ion fragments
were continuously recorded. The calcined HZSM-5 powders
without furan adsorbed were also subjected to the same process
as a blank run.

A separate furan adsorption—desorption experiment was
carried out in the TGA instrument. A 24 mg portion of calcined
HZSM-S was placed in the alumina pan and treated by 100 mL/
min air flow at 600 °C for 1 h in the TGA chamber. After cooling
down to 30 °C, the TGA chamber was flushed by 100 mL/min
helium flow until it was stable (to remove the air in the TGA
chamber). Adsorption measurement was carried out by introdu-
cing furan into a separate helium stream (30 mL/min) by a
syringe pump at a pumping rate of 0.2 mL/h. After 1-h adsorp-
tion, the feeding of furan was stopped, but major helium flow for
30 min was continued to remove weak adsorption. Then the
temperature was linearly increased to 600 °C (at 50 °C/min).
The effluent was also monitored by mass spectroscopy to make
sure the same products as previous runs were obtained. Finally,
the gas flow was switched to dry air, and the temperature was held
at 600 °C for 1 h to regenerate the catalyst and determine the
amount of coke. By analyzing the weight-loss curve of the
catalyst, the amount of furan adsorbed on an acid site can be
obtained.

2.4.2. In Situ FTIR. Around 15 mg of furan-saturated HZSM-§
powder was placed in a microreactor, which was fixed in the
FTIR diffraction chamber (FTIR: Bruker, Equinox S5; in situ
microreactor: Harrick, HVC-DRP). The technique is well-
known as DRIFT (diffraction-reflection infrared Fourier-trans-
form). The microreactor was purged for 10 min at 60 mL/min
helium flow to remove air and weak adsorption. After pretreat-
ment, the temperature was jumped to various temperatures
under 60 mL/min helium flow, and IR spectra were taken at
each temperature. Prior to taking the spectra, the temperature
was kept stable for S min. Each sample was subjected to 254
scans, and the resolution was 4 cm ' A separate run was done to
obtain IR spectrum of pure HZSM-5. A 30 mg portion of HZSM-
S was calcined at 600 °C for 2 h at 60 mL/min air flow in the
microreactor. The HZSM-5 IR spectrum then was taken at
600 °C after helium treatment. In these studies, KBr crystal
powder was used as background.

Another in situ FTIR analysis was performed separately. We
calcined HZSM-S in the microreactor at 600 °C (air, 60 mL/
min) and purged by helium (60 mL/min). A 60 4L portion of
furan was dosed into the helium stream and was carried into the
microreactor to produce a coked HZSM-S sample. The coked
HZSM-5 was calcined at 400 and 600 °C (air, 60 mL/min), and
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the IR spectra were taken at each temperature to understand the
thermal resistance of coke. In this run, pure, calcined HZSM-5 at
600 °C was used as the background.

2.4.3. Coke Combustion (Temperature-Programmed Oxida-
tion, TPO). To understand the coke type, we adopted the method
introduced by Gayubo.”>*' We produced spent catalyst in the
flow fixed-bed reactor and regenerated it in the TGA chamber.
The reaction conditions were the same as the standard reaction
(WHSV 104 h™', partial pressure 6 Torr, temperature was
varied). During regeneration, we increased the temperature at
a ramp rate of S °C/min to 600 °C in the air atmosphere
(100 mL/min). The temperature was kept at 600 °C for 30 min.
The weight change of each sample was recorded once the
temperature reached 50 °C.

3. RESULTS

3.1. Temperature-Programmed Analysis: TGA—MS. Furan
was adsorbed at room temperature on the HZSM-S. The catalyst
was originally white but turned red due to oligomerization of the
furan after 10-min time on-stream, as shown in Figure 1. This was
similar to the adsorption of thiophene on HZSM-5.*** Furan

Figure 1. Furan adsorption on HZSM-S catalyst at room temperature
in a fixed-bed reactor for reaction times of 0, 15, 60, 150, 300, and 600 s.
Furan partial pressure, 12 Torr; Wyzsm.s, 300 mg.

adsorption was continued for another 50 min to make sure that
furan was completely saturated on the HZSM-S powder. The
dark red, furan-saturated HZSM-5 powder was then subjected to
temperature-programmed desorption in the TGA instrument.
Figure 2 shows the products that were desorbed from this
powder. Water was mostly removed at temperatures lower than
200 °C, as shown by the first peak of weight loss. A separate run
was performed using pure HZSM-S that indicated the water
released from furan-saturated HZSM-5 was from the furan feed,
since no water was observed from the pure HZSM-S catalyst.
Some unreacted furan as well as CO, CO,, and water desorbed at
a temperature beginning around 200 °C. Aromatic and olefin
products, including ethylene, benzene, and toluene, were formed
around 500 °C. They were responsible for the weight loss at
500 °C. CO and CO, were detected throughout the entire expe-
riment, with peak maximum around 450 and 370 °C, respec-
tively. The CO and CO,, as well as water removed at 450 °C,
contributed the majority of weight loss from 350 to 450 °C.
Finally, hydrogen and naphthalene were desorbed at 600 °C,
which caused a shoulder in the weight loss curve at 600 °C.
However, since the weight loss at 600 °C was small, and due to
slow diffusion, naphthalene may form at the same temperatures
as benzene and toluene. The release of hydrogen at 600 °C can be
attributed to the formation of graphite-type coke that is a
hydrogen-deficiency product.

In summary, at low temperatures (<400 °C), oxygen was
extracted from furan oligomers via dehydration, decarbonylation
and decarboxylation reactions to form certain intermediates
remaining on the catal;rst. These intermediates probably are
oxygenated polymers.”” At moderate temperatures (400—
600 °C), the intermediates were converted to olefins and
aromatics. More oxygen was removed at this temperature in
the form of CO and CO,. At high temperatures (600 °C), all
hydrocarbons remained inside the HZSM-S-catalyst-formed
coke, probably a graphite type that is a hydrogen deficiency
product. The weight yield of coke was 20% after our TPD
experiments. The coke contained oxygenates and graphite-type
carbons. This will be discussed later in this paper.

These results were consistent with those of Chica et
who used a flow reactor and the TPD method to analyze the
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Figure 2. Temperature-programmed desorption of furan over HZSMS. Furan was adsorped at room temperature in the flow fixed-bed reactor.
The TGA heating rate was 50 °C/s in flowing He. (a) MS intensity of hydrogen (m/z = 2), water (m/z = 18), CO (m/z=28),and CO, (m/z =44), and
time derivative of sample weight. (b) MS intensity of furan (m/z = 68), ethylene (m/z = 27), benzene (m/z = 78), toluene (m/z = 91), and naphthalene

(m/z = 128), and time derivative of sample weight.
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Figure 3. In-situ FTIR spectra of furan conversion over HZSM-$S
catalyst. Furan adsorped at room temperature in the flow fixed-bed
reactor and was subjected to in situ FTIR analysis. During the FTIR
analysis, the temperature was jumped to set points and held for 5 min at
each temperature. Scan number, 254; resolution, 4 cm ™. The micro-
reactor was continuously purged by helium at 60 mL/min.

Table 1. FTIR Peak Assignments

wavenumber
(em™) assignment
3738 v(O—H) Si0—H
3583 v(O—H) Bronsted acid sites
3153, 3125 v(C—H) C—H stretching of C=C—H
3070 v(C—H) coke, aromatic
2960 v(C—H) C—H stretching of C—C—H,
methyl group
2934 v(C—H) C—H stretching of C—C—H,

methylene group

adsorption—desorption of thiophene on HZSM-S catalyst. Thio-
phene was also adsorbed as spatially restricted oligomers on
HZSM-S with an adsorption uptake of thiophene to Al molar
ratio ~1.7. Spoto et al.** used FTIR to show that furan,
thiophene, and pyrrole were adsorbed as oligomers on HZSM-$
catalyst. In their UV—vis study, the adsorption of those com-
pounds on HZSM-S5 catalyst resulted in a red shift. The HZSM-5
color turned to red after adsorption. They also found that the
sizes of polymers formed from pyrrole, furan, and thiophene
were very similar (they claimed that no more than 3 monomers).
The reason is that those molecules have similar kinetic diameters
(~ 4.5—5.0 A), and their chain lengths are dependent on steric
constraints imposed by HZSM-5 channels.*’ In our study, we
found that furan also adsorbed as spatially restricted oligomers
with a furan-to-aluminum molar ratio of 1.73, which is very close
to the thiophene results of Chica et al. The chain length of these
furan oligomers was restricted by HZSM-S channels.

3.2. Temperature-Programmed Analysis: In Situ FTIR.
Figure 3 shows the IR spectra of furan conversion over HZSM-
S taken at different temperatures (O—H stretchinzg region).
Absorption bands are assigned as shown in Table 1.*>*~%

Furan was polymerized on the HZSM-S surface and led to the
absorption at 3200—3100 cm ™" and 2960 and 2934 cm ™" The

615
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Figure 4. In-situ FTIR spectra taken during spent HZSM-S regenera-
tion. (a) Furan (60 uL) adsorped at 600 °C (furan was carried by 60 mL/
min helium into the microreactor) and the spent catalyst was regener-
ated at 60 mL/min air flow at (b) 400 and (c) 600 °C.

3200—3100 cm ™' stretch was assi%ned to the v(C—H) of
C=C—H. The 2960 and 2934 cm ~ absorption was assigned
to the ¥(C—H) of a methyl and methylene group, respec-
tively.*>*> The absorption band at 3738 cm™ "' was assigned to
terminal silanols (SiO—H) that were weak Lewis acid sites and
were slightly perturbed by furan adsorption.*”*”** These same
peaks have been observed by Spoto et al., who studied polyfuran
adsorbed on the HZSM-$ surface.*” When the sample was heated
up, the 3200—3100 cm ' band representing v(C—H) of
C=C—H increased at temperatures lower than 300 °C and then
slightly decreased at 400 °C. These results suggest that C=C
bonds were formed at low temperatures and then decomposed or
desorbed at higher temperatures.

According to TGA—MS, the process of furan conversion may
include dehydration, decarboxylation, and decarbonylation reac-
tions. The absorption band from 3200 to 3100 cm™ ' further
decreased at 500 °C and almost disappeared at 600 °C, suggest-
ing that the rate of C=C decomposition and desportion was
faster than formation. A new absorption band at 3065 cm ™" was
found from 400 °C, which is assigned to ¥(C—H) of an aromatic-
structure coke (polycyclic aromatics, or graphite-type coke).*
The absorption band at 2960 cm™ " (methyl group) formed at
room temperature, decreased at 400 °C and disappeared at
600 °C; however, the peak at 2934 cm ™" (methylene group)
was more stable but still showed low intensity (not completely
disappeared) at 600 °C. This suggested that there were no
terminal methyl or methylene groups at 600 °C. This can be
attributed to the formation of graphite-type coke in which all
carbons were not terminal methyl or methylene carbons. According
to TGA—MS, the earlier decrease in the methyl group can be
attributed to the formation of olefins or other products that were
removed from surface. Moreover, the significant decrease in
methylene groups from 500 to 600 °C was caused by the
dehydrogenation reactions that formed graphite-type coke. As
for the decrease in v(C—H) of C=C—H at 3153 and 3125 cm ™"
at 400 °C, it can be explained by the formation of highly
conjugated double bonds (graphite-type coke) and being red-
shifted to 3070 cm ™. The Brensted acid site at 3590 cm™ " was
restored a little bit, probably due to desorption of products.

In a separate run, the HZSM-S at 600 °C in the helium
atmosphere was taken as the baseline. After introducing 60 #L of
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Figure S. Furan conversion over HZSM-$ as a function of time on-stream (reaction conditions: temperature, 600 °C; furan partial pressure, 6 Torr; and

space velocity, 10.4 h™").

furan in this condition, as shown in Figure 4, there are two peaks
at 3736 and 3592 cm ™', which were assigned to terminal silanols
and Bronsted acid sites, respectively. The coke at 3060 cm ™' can
be removed only via regeneration in air at 600 °C. This was
further evidence that the coke was a graphite-type which can only
be removed by calcination at temperatures higher than
550 °C.*>* Similar to Figure 3, the Bronsted acid sites were
restored slightly, which led to a slight restoration of the negative
peak at 3592 cm ™! due to regeneration (see the subtraction b — a
and ¢ — a).

3.3. Catalyst Deactivation As a Function of Time on-
Stream. Furan conversion was carried out using a fixed-bed
reactor described in Section 2.2. During the reaction, the catalyst
deactivated due to coke deposition on the catalyst surface. Figure 5
shows the evolution with time on-stream of the reaction rate and
carbon yields of the selected products, including benzene,
toluene, ethylene, propylene, and CO. These species plus coke
contributed to 90% of the products. The other quantified
products are shown in Table 2. We obtained >90% carbon
balance and calculated the coke yield by assuming all unidentified
carbons were coke. The catalyst continuously lost activity as the
amount of coke increased on the catalyst surface. After 30-min
time on-stream, the catalyst was nearly completely deactivated,
with only furan being observed in the gas phase. However, the
catalyst was still converting the furan into coke even after 2-h
time on-stream. The furan conversion and coke accumulation
were stable after 30-min on-stream. Table 2 also shows the
normalized deactivation rate of the catalyst as defined by eq 4.
The deactivation rate was initially very fast and gradually
decreased, as the coke level increased. The rate of coke accumu-
lation also decreased with time on-stream. However, the selec-
tivity to coke increases with time on-stream. The carbon yield of
most products was relatively stable during the first 3-min time
on-stream, demonstrating that a pseudo-steady state can be
obtained by testing the catalysts for short time period; however,
the catalyst deactivated very rapidly and only coke was observed
after 30 min time on-stream.

3.4. Effect of Space Velocity. We studied the effect of space
velocity on the product distribution, as shown in Table 3. The
WHSV was varied by adding different amounts of HZSM-5
catalyst to the reactor system. All data were collected at a short

616

time on-stream (4.5 min), at which point, on the basis of the
product formation, no significant catalyst deactivation was ob-
served. The furan conversion was varied from 0.28 to 0.97 by
changing the WHSV from 21.86 to 1.95 h™". Carbon monoxide
had the highest carbon selectivity of any product, with a selec-
tivity from 11 to 18%. This suggests that the primary pathway for
oxygen removal from furan was by decarbonylation. If all the
oxygen is removed by decarbonylation, then the CO selectivity
should be 25%. This suggests that other pathways also existed for
oxygen removal. Other oxygenated products observed include
CO,, benzofuran, methylfuran, and also furylethylene. We also
observed H,O from the TGA—MS experiments, suggesting that
dehydration was a pathway to remove oxygen, as well. We did not
analyze for water in the products from the fixed-bed reactor. The
selectivity of CO + CO, was only 12% at low furan conversion,
suggesting some of the oxygen was present within the zeolite
framework as unidentified oxygenates or as H,O. The CO + CO,
selectivity increased from 11.6 to 21.0% as the furan conversion
increased from 28 to 97%, suggesting that the majority of the
oxygen was removed as either CO or CO, at the higher conversion.

On the basis of carbon selectivity, we classified all identified
products into product or intermediate. The “product” was the
species whose selectivity increased with increasing furan conver-
sion. The “products” were the final stable products. The “inter-
mediate” was the species whose selectivity decreased with
increasing furan conversion. CO, CO,, benzene, toluene, xy-
lenes, ethylene, and propylene were final products, since their
selectivity increased with furan conversion. The carbon selec-
tivity of these products decreased according to the following
order: CO > ethylene ~ benzene ~ toluene > propyelene > CO,
~ xylenes.

Intermediates that were identified in order of decreasing
selectivity include coke >> indene > naphthalene ~ cyclopenta-
diene > styrene ~ benzofuran > allene ~ methylfuran ~
methylindene > methylnaphthalene ~ indane > ethylbenzene
~ hexatriene ~ hexadienyne~ furylethylene ~ methylstyrene ~
dihydronapthlane. The coke selectivity decreased with increasing
furan conversion. The “coke” may include compounds retained
inside HZSM-S pores, including intermediates such as benzofur-
an and indene. These results were consistent with results of
TGA—MS in which furan adsorbed as oligomers on HZSM-S.
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Table 2. Carbon Yield (%), Deactivation Rate, Catalyst Activity, and wt % of Coke on Catalyst As a Function of Time on-Stream”

time on-stream (min)

0—-0.5 2:5—3
furan 23.40 47.97
CcO 7.00 5.78
Co, 124 0.39
C,H, (ethylene) 3.54 2.79
C;3Hs (propylene) 2.74 247
C, olefins 0.37 0.34
Cg¢Hg (benzene) 4.62 5.19
C,Hj (toluene) 3.55 3.40
CgH,, (ethylbenzene) 0.21 0.44
CgH, (xylenes) 0.71 0.81
CgsHj (styrene) 0.76 0.48
CgHgO (benzofuran) 0.14 0.13
CoHg (indene) 0.65 0.49
C,oHg (naphthalene) 0.41 0.17
C3H, (allene) 0.31 0.33
CsHg (cyclopentadiene) 0.60 124
CsHeO (methylfuran) 0.07 0.38
Cg¢Hjy (hexatrienes) 0.19 0.11
CgHy (hexadienyne) 0.05 0.10
CsHeO (furylethylene) 0.00 0.06
CoH,, (trimethylbenzene) 0.05 0.06
CoH, (methylstyrene) 0.06 0.08
CoH;( (Indane) 0.09 0.09
C1oH, (methylindene) 0.24 0.13
CoH,¢ (dihydronaphthalene) 0.00 0.00
C,1H, (methylnaphthalene) 0.13 0.15
coke (est) 48.88 26.44
CO + CO, 8.24 6.17
olefins 7.79 7.37
aromatics 11.62 11.61
deactivation rate (eq 4) 126.0
catalyst activity (eq S) 0.68
total coke on catalyst
(wt coke/wt cat.) 298 11.02

&5=9 27.5—28 59.5—60 119.5—120
68.42 81.74 85.50 78.73
3.44 0.00 0.00 0.00
0.10 0.00 0.00 0.00
124 0.23 0.09 0.00
1.75 0.15 0.03 0.00
0.47 0.03 0.00 0.00
3.98 0.12 0.05 0.00
2.18 0.14 0.08 0.00
0.25 0.06 0.00 0.00
0.21 0.09 0.00 0.00
0.19 0.05 0.00 0.00
0.08 0.03 0.02 0.00
0.26 0.09 0.07 0.03
0.09 0.08 0.07 0.00
0.39 0.21 0.10 0.00
0.76 0.04 0.00 0.00
0.42 0.0 0.02 0.00
0.08 0.00 0.00 0.00
0.08 0.04 0.00 0.00
0.02 0.00 0.00 0.00
0.06 0.12 0.00 0.05
0.03 0.00 0.00 0.00
0.05 0.00 0.00 0.00
0.09 0.06 0.00 0.00
0.00 0.00 0.00 0.00
0.02 0.02 0.02 0.00
15.36 16.65 13.95 21.20
3.53 0.00 0.00 0.00
4.76 0.70 0.22 0.00
7.48 0.85 0.31 0.08
512 23.4 S.S —9.5
0.41 0.24 0.19 0.28
22.25 60.77 115.11 269.96

“Reaction conditions: temperature, 600 °C; furan partial pressure, 6 Torr; and WHSV, 10.4 h '

This suggests that the type of coke that is formed inside the
zeolite changed with furan conversion. The indane and indenes
were most likely interconverted through a dehydrogenation
reaction. The indenes were converted into aromatics, olefins,
and coke, as will be shown later in this paper. Benzofuran was
formed by Diels—Alder reaction of two furan molecules. Benzo-
furan was further converted into CO, aromatics, and coke, as will
be shown later in this paper.’” Naphthalene and methylnaphth-
lene most likely formed coke and hydrogen.

In Table 3, we also grouped the products into CO + CO,,
olefins (including ethylene, propylene, C, olefins, allene, cyclo-
pentadiene, hexatriene, and hexadienyne) and aromatics (includ-
ing benzene, toluene, ethylbenzene, xylene, styrene, benzofuran,
indene, naphthalene, methylstyrene, indane, dihydronaphthalene,
and methylnaphthalene). The carbon selectivity of aromatics did

not change with increasing furan conversion. However, the CO +
CO, and olefins increased with increasing furan conversion. This
further suggests that the “coke” was larger hydrocarbons that were
trapped inside the zeolite at low conversion.

3.5. Effect of Temperature. Table 4 shows the product
selectivity for furan conversion as a function of temperature. At
450 °C, benzofuran was the primary product observed.”” The
carbon selectivity to benzofuran decreased from 17.7 to 1.7% as
the temperature increased from 450 to 650 °C. As the tempera-
ture increased, the major products became CO, ethylene, ben-
zene, propylene and toluene. At the higher temperature, the
selectivity to highly reactive species, including C, olefins, allene,
cyclopentaidene, and hexadienyne increased. The selectivity of
xylenes, ethylbenzene, methylfuran, furylethylene, and methy-
lindene slightly decreased with increasing temperature. Carbon
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Table 3. Carbon Product Selectivity As a Function of Space
Velocity”

WHSV (h™1) 21.86 1035 195
furan conversion 0.28 0.48 0.97
carbon deposited on active sites (mol/mol)  8.97 6.27 1.77
carbon yield of coke (%) 1491 1444 21.56
products carbon selectivity (%) role
CcO 11.46 13.91 17.72  product
CO, 0.17 1.13 330  product
C,H, (ethylene) 6.00 740  11.10  product
C3Hg (propylene) 4.99 6.71 7.96  product
C, olefins 0.73 0.83 0.79  intermediate
CgHyg (benzene) 7.10 803  11.60  product
C,Hj (toluene) 6.38 732 10.69  product
CgH, (ethylbenzene) 0.40 0.37 0.11  intermediate
CgH, (xylenes) 1.43 1.35 2.72  product
CgHj (styrene) 2.68 2.53 1.42  intermediate
CgHeO (benzofuran) 2.19 1.84 0.25  intermediate
CoHj (indene) 5.19 4.13 233 intermediate
C,oHg (naphthalene) 331 2.16 1.14  intermediate
C5H, (allene) 1.39 0.88 0.16 intermediate
CsHs (cyclopentadiene) 3.12 2.71 0.50  intermediate
CsHeO (methylfuran) 1.55 0.86 0.00 intermediate
CgHg (hexatrienes) 0.47 0.32 0.00 intermediate
CgHy (hexadienyne) 0.39 0.26 0.00 intermediate
CsHeO (furylethylene) 0.26 0.16 0.00 intermediate
CoH,;, (trimethylbenzene) 0.00 0.02 0.00  unknown
CoH o (methylstyrene) 0.37 0.32 0.14  intermediate
CoHj (Indane) 0.57 0.49 020  intermediate
CyoH,o (methylindene) 1.59 1.36 0.43  intermediate

C,oH,o (dihydronaphthalene) 0.12 0.18 0.00  intermediate
Cy1H, (methylnaphthalene) 0.77 0.94 0.37  intermediate

coke 37.39 33.80 27.05  intermediate
CO + CO, 11.64 15.04 21.03
olefins 17.08 19.11 20.50
aromatics 32.09 31.01 3142

“ Reaction conditions: 600 °C; furan partial pressure, 6 Torr.

dioxide was observed only at temperatures of 600 and 650 °C.
The styrene selectivity went through a slight maximum of 2.5%
carbon selectivity at 600 °C. The indene selectivity varied
between 3.0 and 4.1% with temperature. The naphthalene
selectivity varied between 1.2 and 3.0% with no systematic trend.
The coke selectivity decreased with increasing temperature. The
olefins and CO + CO, selectivity increased with increasing
temperature. The selectivity of olefins was less than aromatics at
450—600 °C, but was comparable to aromatics at 650 °C. This
indicates that olefins were favorable at high temperatures, but
aromatics were favorable at intermediate temperatures. Similar to
the WHSV effect, more olefins, CO, and CO, were extracted
from the retained intermediates at high furan conversion.

3.6. Conversion of Benzofuran and Indene. Benzofuran and
indene were identified as two important intermediates. We also
fed them into the flow fixed-bed reactor (benzofuran, 99%;
indene, 98%; both from Sigma-Aldrich). Their vapor pressures
are quite low, making it impossible to feed by a syringe pump. We

Table 4. Carbon Product Selectivity As a Function of Reac-
tion Temperature”

reaction temp (°C)

450 500 600 650
furan conversion 0.22 0.32 0.48 0.60
CcO 6.7 11.5 13.9 17.9
CO, 0.0 0.0 1.1 1.1
C,H, (ethylene) 39 43 74 114
C;3Hs (propylene) 2.3 3.8 6.7 7.9
C, olefins 0.1 0.5 0.8 14
CgHg (benzene) 3.6 4.9 8.0 9.4
C,Hj (toluene) 4.2 S4 7.3 6.6
CgH) (ethylbenzene) 0.7 0.6 0.4 0.2
CgH, o (xylenes) 1.5 1.3 1.3 0.9
CgHj (styrene) 0.8 12 2.5 1.9
CgHO (benzofuran) 17.7 44 1.8 1.7
CoHj (indene) 34 3.0 4.1 3.0
C,oHg (naphthalene) 1.8 3.0 22 1.2
C;H, (allene) 0.0 0.1 0.9 2.0
CsHs (cyclopentadiene) 0.1 0.6 2.7 3.7
CsHeO (methylfuran) 1.4 13 0.9 0.5
CgHg (hexatrienes) 0.0 0.4 0.3 0.1
CgHp (hexadienyne) 0.0 0.0 0.3 0.3
CeHeO (furylethylene) 0.3 0.3 0.2 0.1
CoH,;, (trimethylbenzene) 0.0 0.1 0.0 0.0
CoH o (methylstyrene) 0.2 0.2 0.3 0.6
CoHj (Indane) 1.1 1.6 0.5 0.2
CoH,o (methylindene) 2.0 1.3 1.4 0.8
C,0H,o (dihydronaphthalene) 0.0 0.0 0.2 0.1
Cy1Hyo (methylnaphthalene) 0.7 0.5 0.9 0.4
coke 47.4 49.7 33.8 26.9
CO + CO, 6.7 11.5 15.0 19.0
olefins 6.4 9.7 19.1 26.7
aromatics 37.7 27.3 31.0 26.8

“Reaction conditions: WHSV, 10.4 h™%; furan partial pressure, 6 Torr.

fed these reactants using a helium carrier gas (408 mL/min)
through a bubbler containing benzofuran or indene. The reaction
temperature was 600 °C for each run. Table S shows the carbon
selectivity of products obtained from benzofuran and indene
conversion. The major products from benzofuran conversion
were CO, benzene, toluene, and coke. These products accounted
for 91% of the products. Benzene was the primary aromatic being
produced in 41% carbon selectivity. Only trace amounts of
olefins were observed (<0.5% for C, and Cj olefins, and 0%
for the others). Small amounts of furan (2.0% carbon selectivity)
were observed. Other products that were formed in small
concentrations (less than 3% carbon selectivity) include indene >
styrene > naphthalene > xylenes > methylindene > methylnaphtha-
lene > ethylbenzene. These results indicate that olefins did not form
from benzofuran, but were formed from a separate pathway. This
also suggests that during furan conversion, olefins and aromatics
formed by different reaction pathways. If all the oxygen is removed
by decarbonylation, then the CO selectivity should be 12.5%. In our
study, we obtained 87% of this value (Table 5, 10.87 of 12.5). This
suggests that benzofuran underwent decarbonylation reactions.
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Table S. Carbon Selectivity (%) of Products Obtained by
Using Benzofuran or Indene As the Feedstock”

products benzofuran indene
CO 10.87 0.00
C,H, (ethylene) 0.45 5.01
C3Hs (propylene) 0.42 1.25
C,H,0 (furan) 1.99 0.00
Cg¢Hg (benzene) 41.01 16.81
C,Hg (toluene) 13.87 9.71
CgHj (ethylbenzene) 0.13 1.42
CgHj (xylenes) 0.64 1.04
CgHj (styrene) 1.52 423
CoHj (indene) 2.81 X
C,oHg (naphthalene) 0.80 4.10
C;H, (allene) 0.00 0.86
CoH,, (indane) 0.00 2.76
CioH,o (methylindene) 0.35 1.62
Cy1Hyo (methylnaphthalene) 0.17 0.00
coke 24.98 5121
CO + CO, 10.87 0.00
olefins 0.86 7.11
aromatics 61.30 41.68

“ Reaction conditions: temperature, 600 °C; helium carrier gas, 408 mL/
min; Wyzsm.s, 57 mg; feedstocks were fed by a bubbler.

Indene produced coke (51% carbon selectivity), aromatics
(42% carbon selectivity), and olefins (7% carbon selectivity).
Benzene, toluene, and styrene were the primary aromatics
produced from indene. Ethylene was the primary olefin produced
from indene. It produced only ethylene and did not produce any
of the higher olefins. It should be pointed out that the ratio of the
moles of benzene to moles of ethylene was 1.1. This suggests that
ethylene and benzene are made from a common intermediate
(possibly by dealkylation of styrene). Trace quantities of indane
and methylindene were formed, most likely from hydrogenation
and alkylation of indene, respectively. Other products that were
observed include ethylbenzene, xylenes, naphthalene, and allene.
High yields of coke were observed (>50% coke selectivity),
indicating that indene was a coke precursor.

3.7. Identification of Products Inside the Zeolite during
Furan Conversion. As described in Section 2.3, we extracted
compounds retained inside HZSM-S during furan conversion
using HF and DCM. The products were obtained by running the
flow fixed-bed reactor at various temperatures (25—600 °C) at a
space velocity (WHSV) of 2.36 h™ . The furan partial pressure
was 6 Torr. After 4 min time on-stream, the reactor was
quenched to room temperature, followed by the leaching process
mentioned in Section 2.3. The 1/20 volumetrically diluted
solutions were clear and showed various colors. The solutions
after leaching of the zeolite were yellowish for the 500 and 600 °C
samples and black for all other samples. The compounds
identified by GC/MS are shown in Table 6 with their structures
drawn as compounds 1—26 in Table 7. Most of these com-
pounds were oxygenates with conjugated double bonds. How-
ever, they contributed to only less than 5% of the overall carbon
that was in the zeolite. Volatile organics were lost during the
process. In addition, most of the retained compounds were high
molecular weight, which cannot be detected using GC. Figure 6

shows the GPC results of the leached solution, showing that the
molecular weight of the retained compounds can be as high as
10° (this is explained later in this paper). The concentration of
species observed by GPC decreased with increasing temperature,
especially for the heavy compounds (short retention time). The
negative peak at a M,, of 100 g/mol was caused by DCM, which is
shown in Figure 7, where pure DCM has a negative peak at the
retention time equal to 100 g/mol.

As shown in Figure 8, when increasing temperature, the
identified M,, distribution moved from high M,, to low M,
(excluding the negative peak area from the DCM solvent). One
explanation for this phenomena is that the retained compounds
polymerized with increasing temperature (probably in polycyclic
aromatic structures), and we were not able to analyze these
polymers, since they cannot be dissolved in DCM. We did see a
lot of blackish particles suspended and aggregated in both HF
and DCM phases at elevated temperatures, which we were not
able to analyze with any technique. At 300 and 400 °C, the furan
polymers began to decompose, and oxygen was removed as CO
and CO,. Those retained compounds formed products and
unknown intermediates that were insoluble in DCM due to their
structure and high molecular weight. At 500 and 600 °C, the
furan polymers were converted into gaseous products with only
small amounts of soluble products detected in the DCM, as
shown in Figure 6. These retained compounds at these tempera-
tures were graphite-type coke that were insoluble in DCM.

Among the retained compounds shown in Tables 6 and 7,
furan showed high selectivity at room temperature (42%) and
gradually decreased (9.2%) as the reaction temperature in-
creased, as shown in Table 6. Furan and the other oxygenates
made up to 80% of the identified carbon by GC/MS at most
temperatures. This indicates that the oxygenates were the major
species inside the zeolite catalyst. Deoxygenated aromatics
(benzene, toluene, naphthalene, and methylnaphthalene) were
formed inside the HZSM-S, usually at temperatures higher than
400 °C. They were observed only in trace quantities at tempera-
tures below 400 °C. Benzene and toluene were final products that
have been shown in previous results. Benzofuran and dibenzo-
furan (19) were formed via Diels—Alder condensation. Benzo-
dioxane (13) and 2,2-methylenebisfuran (6) showed the highest
selectivity at 300 and 100 °C, respectively. To understand the
formation of these compounds will be a future work.

The number of retained carbon per aluminum site was also
calculated as shown in Table 6. It decreased with increasing
temperature, indicating that less mass was trapped inside HZSM-
S at higher temperatures. In addition to compounds retained
inside HZSM-S, we found that there were tars condensed at the
outlet of the quartz reactor after reactions at 400—600 °C. Their
composition was identified by GC/MS and is shown in Table 6
(compounds 11, 14, 19, and 27—31). Most of them were
deoxygenated and were polycyclic aromatics. Their formation
was probably due to crackings from heavy intermediates or
continued alkylation or dealkylation from aromatics.

The UV —vis spectra of the DCM solutions from leaching of
the zeolite—furan mixtures are shown in Figure 9. UV—vis is a
good technique to identify conjugated double bonds.***° At
room temperature, strong absorption bands were observed at
around 234, 274, and 364 nm. These bands were formed from
compounds that have no more than six conjugated double bonds,
indicating that they were smaller in size than furan trimers.>
A red shift toward more delocalized conjugated double bonds
was observed as the temperature of the furan—zeolite mixture
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Table 6. Carbon Selectivity of Retained Compounds Obtained from HF Leaching Experiment”

species  CH,0  CHO  CHs CHg CHO  CoHg0,
no. 1 2 3 4 S 6
RT 422 0.9 0.0 0.0 8.1 2.0
100 2.3 0.1 0.0 0.0 11.2 14.0
200 33 2.3 0.0 0.0 14.7 1.6
300 6.8 2.5 0.4 0.4 4.8 33
400 0.1 0.2 0.5 0.0 0.9 2.5
500 7.3 14.6 20.0 10.9 2.6 0.0
600 9.2 48.4 20.2 6.0 0.0 0.0
species  CgHgO, C; Hyp CiH; 00O, CgHsO  CpH,0, CpHzO
no. 13 14 15 16 17 18
RT 0.0 0.1 3.3 0.0 0.8 0.0
100 0.0 0.1 23.3 0.0 4.5 0.0
200 9.7 0.9 0.0 0.0 54 4.0
300 50.3 0.6 0.0 43 0.0 0.0
400 3.9 1.7 0.0 1.6 0.0 0.0
500 0.0 7.8 0.0 0.0 0.0 0.0
600 0.0 3.1 0.0 0.0 0.0 0.0
species C1sH;405 C1,H 5,05 H/C.g % identified C
no. 25 26
RT 14.0 27.2 0.4 5.22
100 32.8 7.8 0.4 4.60
200 0.0 0.0 0.4 0.73
300 0.0 0.0 0.5 2.57
400 0.0 0.0 0.4 2.09
500 0.0 0.0 0.8 0.23
600 0.0 0.0 1.1 0.48

CeHsO  CoHsO  CyHpO,  GHsO  CiHg  CioH 00
7 8 9 10 11 12
0.0 0.0 12 0.0 0.0 0.0
0.0 0.1 0.5 0.0 0.1 0.0
0.0 13 0.0 0.0 0.7 20.0
34 1.0 0.0 L1 0.9 4.6
1.1 2.0 0.0 2.8 3.6 2.5
0.0 0.0 0.0 0.0 29.7 0.0
0.0 0.0 0.0 0.0 13.1 0.0
CIZHSO C111_114O CIOHSO CIZHIOOZ CllHIOO C10H802
19 20 21 22 23 24
0.0 0.0 0.0 0.0 0.0 0.4
0.0 0.0 0.0 24 0.0 0.7
16.8 0.0 0.0 193 0.0 0.0
37 7.7 4.2 0.0 0.0 0.0
0.9 23 414 0.0 32.0 0.0
0.0 0.0 72 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0

umol of C/g. cat.

1876
1488
223
605
353
33
49

“Spent catalyst was obtained from furan conversion over HZSM-5 in the flow fixed-bed reactor. Reaction conditions: WHSV, 2.36 h™'; furan partial

pressure, 6 Torr; reaction time, 4 min (see also Table 7).

increased from RT to 300 °C which was evidence that the
conjugated double bonds grew with increasing temperature
inside HZSM-S. The number of conjugated double bonds at
300 °C was much greater than six (close to infinity).**° The
spectra intensity decreased dramatically at 400 °C. This can be
explained by the observation that most compounds were con-
verted to gas phase products and insoluble products at this
temperature. However, compounds having conjugated double
bonds still existed in the DCM solutions and resulted in
absorption under UV—vis irradiation. At 500 and 600 °C, the
intensity was low, since the produced graphite-type coke was
insoluble in DCM. In Table 7, we also found that almost all
retained compounds identified by GC/MS have conjugated
double bonds. However, although conjugated double bonds
were identified by UV—vis and GC/MS, it is not possible to
infer correct structures of those compounds.

In addition to condensed phase products, gas phase products
were collected in air bags and analyzed by GC/FID. As shown in
Figure 10, furan conversion went through a minimum at 400 °C
and then increased with increasing temperature. The decrease
before 400 °C could be attributed to the blocking of zeolite pores
by furan polymers. At 400 °C, gas phase products such as CO,
aromatics, and olefins were formed, but the reaction rate was low.
At 500 and 600 °C, the reaction routes were shifted to the
formation of gas phase products. Compounds that did not diffuse
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out formed graphite-type coke. The gas phase products distribu-
tion is consistent with TGA—MS and in situ FTIR where
products can be formed only at temperatures higher than
400 °C. The slightly restored signal in FTIR representing a
Bronsted acid site was attributed to the formation of gas phase
products.

It was not possible to identify all retained compounds in the
leaching experiments. Most compounds were volatile or insolu-
ble in DCM. In addition, we lost some mass during the HF
dissolution process due to the increasing temperature caused by
heat of dissolution (exothermic process). The acidic circum-
stances also caused the polymerization of intermediates. In
another test, we added 1 mL pf furan into S mL of HF and
HCI. Then we used S mL of DCM to extract organic compounds,
and the organic samples were subjected to GPC analysis. Figure 7
shows that furan polymerized in HF and HCL. It is interesting
that the furan polymers also showed two different M,, distribu-
tions in the strong acid solution (HCl). We repeated the
leaching/GPC experiment described in Sections 2.3 and 3.7 by
using nonporous silica/alumina as a catalyst. The reactions were
run at RT and 300 °C. As shown in Figure 7, the furan was again
polymerized and had two major M,, regions. Figure 7 suggests
that the existence of compounds that have M,, ~10° probably
was due to the limitation of the GPC column (the limitation of
the M,, for the GPC column is 104), since no matter how we
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Table 7. Structures of Identified Retained Compounds (see also Table 6)
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Figure 6. Molecular weight distribution of species inside HZSM-5 during furan conversion at various temperatures. Reaction conditions: WHSV,

236h7" ; furan partial pressure, 6 Torr; reaction time, 4 min.

polymerized furan, it showed M,, ~10° after ~10*. We con-
cluded that furan formed polymers that have M,, (>10*) beyond
the limitation of the GPC column.

3.8. Coke Combustion. Figure 11 shows the TPO curves
obtained in the combustion of the coke deposited on the catalyst
after reactions at different temperatures (25, 300, 400, and
600 °C). Deconvolution of each curve is shown in Table 8 using
four different curves with peak temperatures of 523—560,
433—489, 218, and 50 °C. In Table 8, the oxygenated coke
means heavy oxygenates retained inside zeolites (e.g, furan
polymers). The peaks at temperatures from 523 to 560 °C most
likely represented graphitic coke consisting of large polycyclic

25,4
aromatics.”>* The lower-temperature coke was hydrocarbon

species trapped inside the zeolite or on the pores that probably
contained oxygen. As the reaction temperature increased, the
TPO curves were shifted to a higher temperature. However, the
high-temperature coke formed even when furan was adsorbed at
room temperature. This coke contributed almost 50% of the
entire coke at room temperature. It was surprising that the
graphite-type coke formed at 25 °C, since no CO or CO, were
observed in the gas phase. At 600 °C, more than 90% coke was
graphite-type coke. As shown in Table 8 the highest-temperature
deconvolution peak gradually shifted from 523 to 560 °C, and its
area ratio increased as the reaction temperature increased. An
area ratio drop at 400 °C (0.62 at 300 °C but 0.48 at 400 °C) was
found, which was consistent with TGA—MS; FTIR; and the
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leaching experiment (Figure 10), in which retained oxygenates
were decomposed and the gas phase products were produced at
400 °C. The TPO results were evidence that furan formed very
heavy oxygenates retained inside HZSM-S, even when furan
adsorbed at room temperature.

4. DISCUSSION

4.1. Thermodynamic Consideration. Naphthalene, benzene,
toluene, and xylenes produced from furan are highly thermo-
dynamically favored products. This is apparent in Table 9
(reactions 7, 3, 4, and S, respectively), which shows the Gibbs
free energies for stoichiometric reactions to convert furan into
monocylic and polycyclic aromatics.®' The data in Table 9 show
that there is a significant driving force for furan to form both
aromatics and olefins at temperatures of 450—600 °C. The
aromatics are more thermodynamically favored compared with
the olefins. However, the distributions of the products obtained
in this study were selective to benzene, toluene, and light olefins.
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Table 10 shows that the molar carbon ratios of (benzene -+
toluene) to (ethylene + propylene) were 0.83—1.28 in all
reaction conditions. The thermodynamic calculations also show
that toluene is more favorable than benzene. However, more
benzene than toluene was produced for furan conversion over
HZSM-S.

ASPEN software was also used to calculate the thermody-
namic product distribution of furan at different temperatures, as
shown in Table 10. We used the built-in thermodynamic data
from ASPEN and the Peng-Robbinson EOS to do these calcula-
tions. Table 10 shows that the product distribution was far from
thermodynamic equilibrium. For example, experimental data
showed that the benzene/toluene ratios were close to 1, benzene
was always more than naphthalene (benzene/naphthalene >1),
and the ethylene/propylene ratio was only a little bit higher than
1. However, simulation results showed that benzene/toluene
and ethylene/propylene ratios for all temperatures were much
greater than 1, and naphthalene was more thermodynamic
favorable than benzene (benzene/naphthalene <1). The ther-
modynamic values for the (B + T)/(E 4 P) ratio were hundreds
of times greater than the experimental results.

One of the most thermodynamically stable compounds from
our thermodynamic calculations was naphthalene, which con-
tributed <3.5% carbon selectivity throughout our experiments
(except when indene was the feed). Only trace quantities of
products larger than naphthalene, such as anthracene, were
identified in our study (Table 7). An explanation for the lack
of detectable heavy hydrocarbons is that it was the pore size of
the catalyst that restricted the products that were produced inside
HZSM-S. The GPC result showed that some of the oxygenated
intermediates can have a M,, up to 10*. Once products heavier
than naphthalene formed, they did not diffuse out of the channels
because of slow diffusion. The TPO curves and FTIR spectra also
showed that graphite-type coke existed inside the HZSM-5
catalyst, especially when the reaction temperature was higher
than 400 °C. This space confinement leads the reaction far from
thermodynamic equilibrium.

4.2. Diffusion Limitation. It is believed that diffusion of
molecules in zeolites plays a central role in reactions and separa-
tions.”> To elucidate the diffusion in the study, we calculated the
Weisz Modulus as shown in eq 6. All the parameters except
effective diffusivity, D,, were obtained directly from the experi-
ment. Previous researchers have studied the diffusivity of ben-
zene and methylbenzenes in zeolites whose results we used to
estimate D..> "% We could find little information on the diffu-
sion of furan. Therefore, we estimated our diffusion rate as that of
benzene and ethylene in HZSM-S. This is probably a valid
assumption, since the kinetic diameter of furan is similar to
benzene but greater than ethylene.

M, = L? (ﬂ21> (%) (6)

Ruthven and Kaul*® reported the diffusivity of benzene in NaX
zeolite (~7.4 A in pore size) to be on the order of 10~ "' m?*/s
at room temperature. In their studies, p-xylene and naphthalene
were also found to have similar diffusivities but were ~1 order
smaller than benzene. Similar results were obtained by Ulrich
et al at 378 K*° Song et al® used frequency-response
(FR) method to obtain the diffusivity of benzene in silicalite
(~5.1—5.7 A in pore size), on the order of 10~ "* m*/s, which
was reasonable according to the smaller pore size than NaX. The
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Figure 9. UV—vis spectra of DCM solutions obtained from leaching experiment. For reaction conditions, see Figure 6.

diffusivity of molecules in HZSM-5 (~5.5 A in pore size) is
usually a little bit smaller than in silicalite, but it is the same at
high temperatures.53 For example, Petryk et al.>* modeled the
diffusivity of benzene in HZSM-S at room temperature and
obtained a value of 107 "2—10""* m?/s, which was similar to
silicalite. Accordingly, we approximately estimated the D, of
benzene in HZSM-S to be on the order of 10~ *—10""* m?/s;
however, diffusivity increases with increasing temperature. The
diffusion data obtained by Wu et al.>” showed that the diffusivities
of benzene and p-xylene in silicalite were on the order of
10~'*—10""%, and their temperature dependencies were expres-
sed as Arrhenius relationships. This means that at high tempera-
ture, the diffusivity is not sensitive to the change of temperature.
Similar results were obtained by Snurr et al., who used transition-
state theory to model the benzene diffusion in silicalite.*® The
temperature-dependency of diffusivity was also found in HZSM-S.
Hansen et al.>> used Maxwell—Stefan equations and adsorbed
solution theory to model the diftusivities of ethylene and benzene
in HZSM-5 and obtained the order of 10" and 10~ "3, respecti-
vely, at the temperatures 603—703 K.

Here, we used the Arrhenius equation and the data from
Hansen to estimate the D, of benzene in HZSM-5 at 873 K
(600 °C). The values we obtained were about 4.8 x 10 '* and
12 x 107" m?/s for benzene and ethylene, respectively. By
substituting into eq 6, we obtained M,,’s that were on the order of
107, suggesting that we had a strong diffusion limitation during
reactions. That resulted in the effectiveness (1/M,,) of the
reaction being close to 0.

Our TPD-MS and in situ FTIR study was probably also in
the pore diffusion limited regime according to Gorte et al.*"%>
However, in our leaching experiment, we found that only when
running the reactor at temperatures higher than 400 °C can we see
the products (olefins and aromatics, Figure 10). Plus, the UV—vis
and GPC spectra (Figures 9 and 6, respectively) showed signifi-
cant decrease at 400 °C and were attributed to the forma-
tion of gas phase products. TPO curves also showed a decrease
at 400 °C, suggesting that less mass was accumulated at 400 °C.
Moreover, as shown in Figure 3, the in situ FTIR results showed
that the OH stretching bands at 3153 and 3125 cm™ ' started to
decrease at 400 °C. They were all inconsistent with TGA—MS and
were evidence that the aromatics and olefins can only be produced
at temperatures higher than 400 °C. At lower temperatures, furan
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Figure 10. Carbon yield of selected gas phase products obtained from
leaching experiment. Furan adsorbed at different temperatures, includ-
ing room temperature and 100, 200, 300, 400, 500, and 600 °C. Other
reaction conditions: WHSV, 2.36 h™!; furan partial pressure, 6 Torr;
reaction time, 4 min.

was simply polymerized and was condensed on the HZSM-$
active sites.

4.3. Reaction Mechanism. Many different reactions were
occurring for furan conversion inside zeolites. Key reactions that
occurred inside the zeolite include Diels—Alder condensation,
dehydration, decarbonylation, oligomerization, alkylation, and
crackings. In Table 11, we report some of the proposed stoichio-
metric reactions that occur for furan conversion over HZSM-5.
The reactants, intermediates, and products will also be proton-
ated on the HZSM-S surface.

Furan is a good Diels—Alder condensation source.> Diels—
Alder condensation of furan forms benzofuran and water as
reaction 1 in Table 11. High selectivity of benzofuran was obser-
ved at low temperatures for furan. The benzofuran can undergo
further Diels— Alder reactions with furan to form dibenzofuran and
potentially even larger oligomers, which could eventually lead to
coke formation (reaction 2). It is likely that the internal pore size of
HZSMS limits the size of molecules that can form by Diels—Alder
reactions. Benzofuran formed lots of CO on HZSMS, indicating
that the rate of decarbonylation was high. We suggest that
benzofuran undergoes decarbonylation reactions to form benzene,
CO, and coke (Table 5), as shown in reaction 3 in Table 11. No
olefins were observed from benzofuran.
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Figure 11. Effect of reaction temperature on the TPO curve for the combustion of the coke deposited on the catalyst. Black, TGA curves; gray,
deconvolution curves. Reaction conditions: WHSV = 10.4 h™'; furan partial pressure, 6 Torr; temperature = 25, 300, 400, and 600 °C.

Furan itself can undergo decarbonylation to form allene and
CO (reaction 4), which is thermodynamically favorable at
600 °C (Table 9). The first step in the decarbonylation is
probably a ring-opening step in which the C—O—C bond is
broken on a Brensted acid site. The unimolecular opening of
the furan ring has been reported during furan pyrolgrsis without
catalyst at temperatures higher than 900 °C.***° Similar to
furan, thiophene also undergoes ring-opening over the HZSM-
S catalyst to form olefins.*® Allene undergoes intraconversion
between allene and methylacetylene (reaction 4).*>> Dehydro-
genation of allene to form other olefins can be difficult (Table 9,
reaction 10); however, it is an olefin precursor due to its very
high reactivity with the existence of acid sites.””** It has been
reported that methylacetylene shows a reaction mechanism
similar to propylene over HZSM-$ catalyst where the chain-
growth, hydrogen transfer, and crackings on grotonated inter-
mediates (carbenium ions) are involved.** ¢

In Table 11, we suggest some reactions involving allene to
produce olefins, including chain growth, cracking, dehydrogena-
tion, and hydrogen transfer (reactions S—11). Due to the space
confinement imposed by HZSM-S channels, chain growth of
those reactive intermediates leads to cyclization reactions and
formation of cyclopentadiene, benzene, and toluene.®” Table 9
shows that it is thermodynamically favorable for allene to

Table 8. Deconvolution of TPO Curves in Figure 11

reaction temp (°C) peak (°C) ratio coke type
25 523 0.46 graphite-type
433 0.34 oxygenated coke
318 0.07 oxygenated coke
S0 0.12 water or weak adsorption
300 534 0.62 graphite-type
434 0.01 oxygenated coke
334 0.37 oxygenated coke
400 538 0.48 graphite-type
472 0.52 oxygenated coke
600 560 091 graphite-type
489 0.09 oxygenated coke

undergo chain-growth crackings to form other olefins (Table 9,
reaction 11) and to react with reactive compounds such as furan
and styrene (reaction 12 and 14, respectively).

In this study, we have identified that olefins, especially C;,—Cq
olefins, were intermediates (Table 3). Our results suggested that
furan reacted with olefins and formed aromatics and water, as
shown in reactions 12—16. In Table 11, furan reacts with
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Table 9. Gibbs Free Energy for Furan Conversion into
Various Products, Calculated from Data in Ref 51

AG

temp (kJ/

reaction (°C) mol)
1 C,H,0 (furan) — C,H, + CO + C 600 —269
500 —246

450 —234

2 2C,H,0 — C3Hg + 2CO + H, + 3C 600  —380
500 —351

450 —336

3 2C,H,0 — CgHg +2CO + H, 600  —304
500 —276

450 —262

4 3C4H,0 — C;Hg + 3CO + 2H, + 2C 600  —528
500 —486

450 —465

s 3C,H,0— CgHjyo +3CO + C +H, 600  —464
500 —434

450 —418

6  3C,H,0— CoHg + 3CO 600  —419
500 —=377

450 —35§

7 3C4H,0 — CjoHg + 4CO + 4H, + 2C 600 —615
500 —565

450 —539

8 C,H,0—4C + H,O0 + H, 600 —280
500 —270

450 —266

9 C,H,0 — CO + C3H, (allene) 600 —40
500 —22

450 —13

10 2C3H, — C3H, (propylene) + H, + 3C 600 -2
500 10

450 15

11 C;3H, + C3Hg — C,H, + C4Hg (Cy olefins) 600 —40
500 —41

450 —42

12 CsH, + C4,H,0 — C¢Hg (benzene) + CO 600 —264
+ H, 500 —254

450 —250

13 C,H,0 + C3Hg — C,Hg (toluene) + H,O 600 —158
500 —160

450 —161

14 CgHg + C3H, — CoHj (indene) + C,H, 600 —91
500 —96

450 —98

propylene, butyldiene, cyclopentadiene, hexadienyne, and hexa-
triene and forms toluene, styrene, indene, naphthalene, and
methylindene, respectively. The reaction between furan and
propylene to form toluene is found to be thermodynamically
favorable (Table 9, reaction 13) and has been studied elsewhere.®
Under the entire reaction conditions used in this study, ~55% of
the C, olefins were butadiene. In addition, two different hexa-
trienes were formed that had a 1:1 carbon ratio. Assume that one

of them helps methylindene formation; thus, the carbon selec-
tivity of olefins decreased as propylene > cyclopentadiene >
butyldiene > hexadienyne > hexatriene in most reaction condi-
tions. Looking at reactions 12—16, the olefin selectivity can be
used to explain why the aromatic selectivity decreased as toluene >
indene > styrene > naphthalene > methylindene. Only reactions at
450 and 500 °C did not follow this rule. For the reaction at WHSV
1.95 h™', although hexadienyne showed higher selectivity than
butyldiene, naphthalene showed higher selectivity than styrene,
which means it did not break the rule.

Alkylation reactions also likely occur during furan conversion.
The alkylation reactions are thermodynamically favorable
(Table 9, reaction 14). Alkylation reactions have been suggested
in the hydrocarbon pool mechanism for biomass model com-
pounds reacting on zeolites.*>*”~7° For example, benzene can be
alkylated by ethylene to form ethylbenzene and styrene (if
followed by dehydrogenation) on HZSM-5.”" Chica et al. pro-
posed a mechanism for thiophene conversion over HZSM-S in
which benzothiophene is produced via thiophene alkylation with
reactive intermediates (ring-opened thiophene).* Haw et al. also
suggested that during MTO process, alkylation by methanol
probably causes chain growth of intermediates.”” Methylacetylene
can also be polymerized over zeolites (Y, beta, and HZSM-S) to
form methylbenzenes.® Propylene is also oligomerized to form
aromatics over HZSM-S catalyst, where adsorbed olefins can
undergo Diels—Alder condensation to form cycle olefins and
aromatics.”>” In this study, we suggest toluene is continuously
alkylated by methylacetylene to form styrene, indene, and naphtha-
lene (reactions 17—19). Benzene can also be alkylated with
propylene to form toluene and xylenes (reactions 20 and 21).
More alkylated product, trimethylbenzene, was occasionally ob-
served in our experimental conditions.

In addition, alkylation on propylene leads to chain growth and
cyclization (reactions 22—24). Ethylene has been considered
produced during the formation of aromatics and is involved in
mechanisms different from other olefins.”* In Table 10, we calcu-
lated the molar ratio of ethylene to different aromatics (benzene +
toluene + xylenes + styrene + indene + naphthalene) at different
reaction conditions. The ratios are close to unity, except for
reactions at high WHSV (21.86 h™") and high temperature
(650 °C). This indicates that the formation of aromatics accom-
panies the production of ethylene. In the study of propylene
recycle, we found that propylene cofeed helped formation of
alkylated benzenes.® This indicates that alkylation is a possible
route to form aromatics. To identify correct reactions about
aromatics formation will be a future work.

An HZSM-S cage that has a hydrocarbon pool and acidic active
site inside is viewed as a “supramolecular structure.” It plays an
important role during reaction.”” Biomass feedstocks can be
converted to either intermediates that contribute to the hydro-
carbon pool or reactants that provide hydrocarbons to react with
the produced hydrocarbon pool and form products. However,
the requirement to keep the hydrocarbon pool active is that the
feedstock itself should be hydrogen-rich, since the hydrocarbon
pool is essentially hydrogen-poor; otherwise, the hydrocarbon
pools will grow to form heavy hydrocarbons and coke and block
the zeolite channel. During furan conversion, for example, the
hydrogen-poor intermediate, methylacetylene, is very easily
polymerized to form coke.®*%

In addition, furan itself can be condensed on the HZSM-5
surface via the mechanism similar to benzofuran formation and,
finally, form coke. Although the blocked cages still are active for
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Table 10. Experimentally Observed and Thermodynamically Calculated Carbon Molar Ratios of Various Products”

(B + T)/(E + P), E/(BTXSIN),
WHSV (h ) temp (°C)  furan conversion carbon ratio (B/T), carbon ratio B/N, carbon ratio molratio
WHSYV effect 1.95 600 0.97 1.17 1.09 10.16 1.28
10.34 600 0.48 1.09 1.1 3.72 1.04
21.86 600 0.28 0.83 1.43 7.74 1.73
Exp Cal Exp Cal Exp Cal
temp effect 10.34 450 0.22 1.27 537 0.86 23 1.95 0.26 0.95
10.34 500 0.32 1.28 399 0.92 40 1.65 0.23 0.85
10.34 600 0.48 1.09 247 1.1 98 3.72 0.18 1.04
10.34 650 0.6 0.83 203 1.43 143 7.74 0.16 1.73

“ P, propylene; E, ethylene; B, benzene; T, toluene; E, ethylene; X, xylenes; S, styrene; I, indene; N, naphthalene; Exp, experimentally observed ratio; Cal,
thermodynamically calculated ratio. Furan partial pressure: 6 Torr for each run.

Table 11. Suggested Reaction Pathways of Furan Conversion over HZSM-$ at 600 °C

reactions no.
Diels—Alder Condensation
2C,H,40 (furan) — CgHeO (benzofuran) + H,O
C4H40 + CgHgO — C1,HgO + H,O — — — « .. — coke or heavy oxygenates 2
Decarbonylation of Benzofuran and Furan
CgHqO — CO + CgHg (benzene) + C (coke)
C,H,0 — CO + C3H, (allene) = C3H, (methylacetylene)
Allene (Methylacetylene) Reactions
2C3H, — C4Hg — C3Hg (propylene) + H, + 3C S
2C3H, — C4Hg — CsHg (cyclopentadiene) + H, + C 6
2CsH, — Ce¢Hg — CeHg + H, 7
2C3H, — C4Hg (hexatrienes) — CgHg (hexadienyne) + H, — CgHg (benzene, by cyclization) 8
3C3H, — CoH,, — C;Hj (toluene) + C,H, (ethylene) 9
C3H, + CsHg — CgH, o — Cg¢Hg (benzene) + C,H, 10
CsH, + CyHg — CgHyo — CoH, + C4Hg (C, olefins) 11
Furan—Olefins Reaction
C4H,0 + C3Hg — C,H,,0 — C,Hj (toluene) + H,O 12
C4H,0 + C,H, (butyldiene) — CgH,;,0 — CgHg (styrene) + H,O 13
C4H,0 + CsHg (cyclopentadiene) — CoH,00 — CoHg (indene) + H,O 14
C4H,0 + C4Hg (hexadienyne) — C,oH,00 — C,oHg (naphthalene) + H,O 15
C4H,0 + C4Hg (hexatriene) — C,oH,;,0 — C;oH,o (methylindene) + H,O 16
Alkylations

C,Hg + C3H, — CoH,, — CgHjg (styrene) + C,H, 17
CgHg + C3H, — Cy H,, — CoHg (indene) + C,H, 18
CyHg + C3H, — C,H,, — CjoHg (naphthalene) + C,H, 19
CeHg + C3Hg — CoHy, — CoHg + CoH, 20
C,Hg + C3Hg — CoH 4 — CgH,p (xylenes) + C,H, 21
2C3Hg — C¢H;, — C4Hg (C, olefins) + C,H, 22
C4Hg + C3Hg — C,H,, — C,H, + CsHo (Cs olefins) — CsHg + 2H, (cyclization) 23
CsHjo + C3Hg — CgH s — C,H, + CgH,, — C¢Hg + 3H, (cyclization) 24

consuming the biomass-derived feedstock (Figure S, stability
test), the only product they produce is coke.””””® Methanol is a
hydrogen-rich feedstock (H/C,gratio is 2) compared with furan
(H/C.g ratio is 0.5), and thus, the lives of their hydrocarbon
pools are much different from each other. The hydrocarbon pool
produced during methanol conversion can last for several hours,
since the feedstock, methanol, is essentially a hydrogen-rich

compound.®””” However, in this study, the HZSM-$ deactivated
very rapidly (Figure S). Therefore, the composition of the
hydrocarbon pool produced from furan is considered different
from that produced from methanol. The TPO results also
indicated the hydrogen-poor features on furan. For example,
for methanol conversion over HZSM-S at 450 °C, the TPO
curve showed a peak representing catalytic coke at around
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510—520 °C;*' however, furan conversion over HZSM-§
showed the peak at 538 and 560 °C for reactions at 400 and
600 °C, respectively. The higher oxidation temperatures imply
more hydrogen-poor characteristics.

5. CONCLUSION

Conversion of furan to aromatics and olefins over HZSM-5
catalyst has been studied. Temperature-programmed analysis
(TGA—MS and in situ FTIR) showed that at room temperature,
furan formed oligomers on HZSM-5. The furan adsorption
uptake was 1.73 moles of furan per mole of Al site. As the
oligomers were heated, they underwent a series of reactions,
including Diels—Alder condensation, dehydration, decarbonyla-
tion, decarboxylation, alkylation, etc., to produce aromatics and
olefins at temperatures higher than 400 °C. Graphite-type coke
formed during furan conversion. Oxygen was majorly removed
via dehydration, decarbonylation, and decarboxylation.

A continuous flow fixed-bed reactor with a HZSM-§ packed
bed inside was used to elucidate the chemistry of furan conver-
sion. Coke rapidly formed on the catalyst surface, leading to a
decrease in the overall catalytic activity. Carbon monoxide,
ethylene, propylene, benzene, and toluene were final products,
since their selectivity increased with increasing furan conversion.
However, their carbon yield decreased rapidly with time on-
stream due to coke deposition. At high furan conversion (0.97),
most oxygen was removed by decarbonylation (18% of 25%
maximum selectivity). At 450 °C, benzofuran and coke were
major products that contributed 60% carbon selectivity. At
intermediate temperatures (500—600 °C), the product distribu-
tion was selective to aromatics, especially to benzene and toluene.
However, at 650 °C, the carbon selectivity of olefins was
comparable to aromatics. Olefins were produced mainly from
furan instead of benzofuran or other polyring aromatics, which
were identified as important intermediates. The leaching experi-
ment showed that furan can form polymers with M,, ~ 10*, but
those polymers decomposed and formed products and coke at
400 °C, which was consistent with TGA—MS. Oxygenated
aromatics with conjugated double bonds were identified as
compounds retained inside HZSM-S. TPO results showed that
furan formed a polyring aromatic structure when adsorbed on the
HZSM-S surface. The type of coke that formed on the catalyst
surface was a function of the reaction temperature, with more
graphitic-like coke forming at higher reaction temperatures.

The benzene/toluene and (B + T)/(E + P) ratios were close
to 1 at all reaction conditions, which was much smaller than their
thermodynamic calculated ratios. We proposed a mechanism in
which the furan molecules diffuse into HZSM-$ channels and are
converted to intermediates such as allene by decarbonylation and
benzofuran by Diels—Alder condensation. Olefins are produced
via oligomerizaiton and crackings of furan, allene, and olefins
themselves. Aromatics are produced via alkylation, cyclization,
and reactions between olefins and furan. Ethylene is a leaving
group when producing aromatics and olefins or is extracted from
coke. Oxygen was removed as water, CO, and CO, throughout
the reaction. A strong pore diffusion limitation was found by
Weisz modulus calculation. We concluded that the reaction was
far from thermodynamic equilibrium due to space confinement
imposed from HZSM-S channels. This paper shows that zeolite
catalysts can be used to convert hydrogen-poor biomass re-
sources into aromatics and olefins.
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