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Catalytic fast pyrolysis (CFP) is a promising technology for
the production of renewable aromatic compounds including
benzene, toluene, and xylenes (BTX) directly from solid
biomass.!!! In this single-step process, biomass including wood,
agricultural wastes, and fast-growing energy crops is fed into a
fluidized-bed reactor where the biomass first thermally
decomposes to form pyrolysis vapors. These pyrolysis
vapors then enter the zeolite catalysts, which are also inside
the fluidized-bed reactor, and are converted into the desired
aromatic compounds and olefins along with CO, CO,, H,O,
and coke.'*? The spent catalyst and coke are then sent to a
regenerator where they are burned to provide process heat.
The advantages of CFP are: 1) all the desired chemistry
occurs in one single reactor, 2) the process uses an inex-
pensive silica—alumina catalyst, and 3) fungible aromatics and
olefins are produced that fit easily into existing infrastruc-
tures. Several researchers have used zeolites to convert
pyrolysis vapors inside the pyrolysis reactor®?l as well as
outside the pyrolysis reactor.! While previous studies have
shown that aromatics can be produced from pyrolysis vapors,
they have produced low yields of the desired aromatics and
high yields of coke. Herein we show how bifunctional Ga/
ZSM-5 catalysts can be used to increase the yield of aromatics
by CFP by 40 % compared to that with the standard ZSM-5
catalyst. Ga/ZSM-5 is most likely a bifunctional catalyst
where Ga promotes both the desired decarbonylation reac-
tions and olefin aromatization while the ZSM-5 portion of the
catalyst catalyzes the remaining reactions for the production
of aromatics (e.g. oligomerization and crackings).

We have recently shown that aromatics and olefins can be
directly produced from wood by CFP.'Y) The biomass first
thermally decomposes into vapors. The cellulose and hemi-
cellulose in the biomass form anhydrosugars upon pyrolysis.®!
These anhydrosugars then undergo dehydration to form
furans.”! The furans then enter the zeolite pores where they
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undergo a series of reactions to form aromatics, olefins, coke,
CO, CO,, and H,0O. The lignin fraction of the biomass
primarily forms coke.”! The aromatic selectivity in CFP is a
function of the pore size, internal pore volume, and structure
of the zeolite.”” Our previous studies indicate that ZSM-5 has
the optimal zeolite structure to produce the highest yield of
aromatics from biomass. The previous highest carbon yield of
aromatics from wood by CFP is 14 % .04

We have used furan as a model compound for wood to
identify the key reactions occurring inside a zeolite catalyst.”
The proposed reaction pathway for furan conversion is shown
in Scheme 1. Furan initially undergoes either decarbonylation
to form allene (C;H,) and CO or Diels—Alder condensation to
form benzofuran (CgHO) and water. The allene can undergo
either oligomerization to form a series of olefins, or alkylation
with other aromatics to form heavier aromatics and ethylene.
The olefins can react with the furan to form aromatics and
water. The benzofuran can also undergo decarbonylation to
form benzene, CO, and coke. The olefins produced during
CFP can be recycled to the reactor to form more aromatics.?l
For example, co-feeding of propylene with furan increases the
production of toluene. However, co-feeding of ethylene with
furan does not change the rate of aromatic production with
ZSM-5. This suggests that it would be highly desirable to have
a catalyst that has high rates of decarbonylation and high rates
of olefin aromatization (particularly ethylene). Ga-promoted
zeolite catalysts have been shown to increase the rate of olefin
oligomerization and subsequent conversion into aromatics.”)
Furthermore, Ga-promoted catalysts have also shown to have
high rates of dehydrogenation and aromatization of alka-
nes.” ! Recently Ga-promoted zeolites have been used to
upgrade bio-oils and pyrolysis vapors.“*!!) In these studies
BTX production from biomass was promoted by using Ga/
ZSM-5 catalysts. These previous results suggest that Ga
promotion of ZSM-5 may be able to increase the rate of
aromatics production for the CFP of biomass.

We prepared a series of Ga-promoted catalysts to test this
hypothesis. We synthesized the Ga catalysts by four different
methods: 1) ion-exchange (Gal/HZSM-5), 2) incipient wet-
ness (Ga2/HZSM-5), 3) modified ion-exchange (Ga3/HZSM-
5), and 4) a hydrothermal synthesis method where the Ga was
incorporated directly into the ZSM-5 framework (GaF4-
GaF7/ZSM-5). All of the zeolites we synthesized had MFI
(mordenite framework inverted) structure (see Figure S1 in
the Supporting Information). We also prepared a Ga/SiO,
catalyst by the incipient-wetness method. Ga was also added
to a commercially available spray-dried (SD) catalyst as well
(GaSD). Table S1 in the Supporting Information shows the
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Scheme 1. Reaction network of furan conversion into aromatics over ZSM-5 at 600°C.

The Ga-promoted catalysts that were
prepared by the ion-exchange and incip-
ient-wetness methods had comparable
catalytic activity (based on furan conver-
sion) to ZSM-5. The aromatics selectivity
increased from 31% for ZSM-5 up to
44% for Ga3/HZSM-5. The addition of
Ga also caused the olefin selectivity to
decrease, the CO selectivity to increase,
and the coke selectivity to decrease.
These same Ga-promoted catalysts also
had a higher benzene and naphthalene
selectivity than the unpromoted ZSM-5.
The allene selectivity increased from 5 to
20% when Ga was added to ZSM-5.
These results suggest that Ga increases
the rates of both decarbonylation (to
form allene and CO) and also olefin
aromatization (to convert more olefins
into aromatics).

The catalysts that had Ga inside the

results of the elemental analysis of all catalysts. Table 1 and  zeolite framework (GaF/ZSM-5) had a lower catalytic activity
Table 2 show the product distribution for furan conversion than ZSM-5. The GaF/ZSM-5 catalysts also had lower
over the different zeolite catalysts in a flow fixed-bed reactor, ~ aromatics selectivity and higher coke selectivity than ZSM-5
and for pinewood conversion over spray-dried catalysts in a  (with the exception of Ga6F/ZSM-5), suggesting that frame-
fluidized-bed reactor, respectively. Experimental details are =~ work Ga is undesirable for aromatics production. The Ga-

given in the Supporting Information.

framework catalysts had very high allene selectivity, espe-

cially those lacking the strong
Brgnsted acid sites provided by

Table 1: Summary of furan conversion and carbon selectivity of the products obtained by using ZSM-5  SiO,/Al,0, (Ga4F and Ga5F/ZSM-
and Ga-promoted ZSM-5 as the catalyst; reaction conditions: temperature 600 °C, weight hourly space 5). This suggested that strong
velocity (WHSV) 10.4 h™', and furan partial pressure 6 Torr.

Brgnsted acid sites are required

Catalyst ZSM-5 Gal/ Ga2/ Ga3/ Ga4F  Ga5F/ Ga6F/ Ga7F/ Ga/ for allene conversion into olefins
HZSM-5 HZSM-5 HZSM-5 /ZSM-5 ZSM-5 ZSM-5 ZSM-5 SiO, and the subsequent aromatization.
Furan conversion [%] 48 53 50 47 28 15 28 33 14 The high benzene selectivity could
Overall selectivity [%] be attributed to allene dimerization
aromatics 310 378 39.7 435 283 230 355 248 178 catalyzed by Ga  species
Somics + oefins So1 559 537 s 4ss  4rs 4 a1 ae (Schemel.
aromatics + olefins . . . B . B . . . .
co 139 1638 16.8 17.2 149 130 161 186 93 The.C%US?DZEaUHym:had very
co, 1117 2.0 18 0.7 00 05 10 46 low actity for furan conversion
coke 338 269 27.1 23.8 383 437 289 386 399 andformed large amounts of coke.
oxygenates 1.0 0.6 0.5 0.5 0.4 0.4 1.1 0.7 0.7 It also had very high allene and CO
Aromatics selectivity [%] selectivity. The aromatics the Ga/
benzene 259 388 35.6 33.7 454 405 381 538 165  SiO, catalyst produced were pri-
to:“e”e[a] zig 2;? 117; ]?; 1;1 ]?g 1216 ]17: ]gg marily indenes and naphthalenes.
xylenes . . . . . . . . . ..
benzofuran 59 40 32 3.4 73 16 55 45 133 neBTXsclectivitywaslow (17,12,
indenes" 193 104 16 115 151 190 138 107 192 Aand 3%, respectively) with Ga/
naphthalenes!? 106 13.6 235 28.1 6.4 94 148 60 308 SiO,
alkylbenzenes! 1.2 0.6 0.4 0.3 0.5 03 0.6 0.5 0.3 A spray-dried Ga-promoted
styrenes[e] 9.2 8.3 6.4 6.3 6.8 4.4 8.5 5.0 5.2 catalyst was prepared and also
Olefin selectivity [%] tested for the CFP of pinewood
ethy'elne ;55‘17 ;‘;j ‘2“;2 ;ig ]f; 1?2 ?‘;; ‘2‘;3 m sawdust in a bubbling fluidized-bed
propylene . . . . . . . . . .
allene 46 158 167 202 531 603 306 239 sop reactor (Table2). The addition of
C, olefins 43 50 49 5.2 74 103 58 42 72 Ga increased the aromatics yield
C, olefins 14.2 9.5 8.2 7.8 8.0 5.1 9.4 6.7 61 from 15 to 23%. These results
Cq olefins 3.1 2.3 23 23 15 2.8 2.6 1.6 3.4  confirm that the Ga-promoted cat-

[a] Xylenes include p-, m-, and o-xylenes. [b] Indenes include indene, methylindenes, and indane.

alyst is able to convert not only

[] Naphthalenes include naphthalene and methylnaphthalene. [d] Alkylbenzenes include ethylbenzene ~model compounds but real wood

and trimethylbenzene. [e] Styrenes include styrene and methylstyrenes.
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Table 2: Summary of the conversion of pinewood sawdust with SD and
GaSD catalysts.”

Catalyst ZSM-5 GaSD ZSM-5 GaSDh
T/°C 550 550 600 600
Overall carbon yield [%]
aromatics 15.4 23.2 11.5 17.5
olefins 7. 8.9 8.8 6.6
methane 2.0 1.5 2.0 2.8
CO, 7.7 5.4 4.7 4.5
Cco 20.3 171 249 17.2
coke 421 333 34.0 37.6
total 94.7 89.4 85.8 86.3
Aromatic carbon selectivity [%]
benzene 12.4 19.6 25.6 33.0
toluene 31.2 343 37.8 33.7
xylenes 22.4 18.9 16.9 10.2
ethylbenzene 1.6 2.7 1.4 0.8
styrene 2.5 2.4 1.1 0.6
phenol 4.8 5.2 4.0 2.0
benzofuran 6.2 1.8 1.6 3.2
indene 0.9 1.2 0.9 0.1
naphthalenes 18.2 14.0 10.7 0.6
Olefin carbon selectivity [%]
ethylene 343 42.5 42.4 43.7
propylene 51.9 49.1 44.4 41.7
C, olefins 13.7 8.3 13.2 7.6
Aromatics+ olefin carbon yield /theor. aromatics + olefin carbon yield [%]
293 42.7 23.8 325

[a] Reactions were run at 550 and 600°C, WHSV 0.35 h™', and gas flow
rate 1000 mLmin~'. Reaction time was 30 min.

we have previously demonstrated, it is possible to convert the
olefins into aromatics by recycling the olefins to the reac-
tor.'Y! Assuming that the olefins are converted into aromatics,
then the total aromatics yield would be 32 % carbon. Thus 55
gallons of aromatics can be produced from one ton of wood by
CFP using the Ga catalyst. On an energy basis, 41 % of the
energy of the wood is converted into fungible products that fit
into existing petrochemical or fuels markets. The other 59 %
of the wood’s energy can be used to provide process heat for
CFP. In competing technologies like gasification followed by
Fischer-Tropsch synthesis (FTS), and production of ethanol
from cellulose by hydrolysis/fermentation, 20 and 49 % of the
energy of the biomass feed is converted into diesel fuel and
ethanol, respectively."”? These technologies are significantly
more complicated than the single-step process of CFP, and
therefore requiring higher capital costs. Aromatics are more
valuable than diesel fuel or ethanol because they can be used
as octane enhancers or as petrochemicals.!"”

The Ga-promoted ZSMS catalyst was tested for 28
reaction-regeneration cycles. No significant deactivation was
observed during the testing of this catalyst, indicating that the
minerals in the biomass do not poison this catalyst. In the
temperature-programmed desorption of ammonia (NH;-
TPD; Figure S2) we found that after 28 reaction-regeneration
cycles, the acidity corresponding to weak acid (250 °C) slightly
decreased and the acidity corresponding to strong acid (400-
600°C) increased. No major change was observed, suggesting
that the active sites on GaSD were stable during the 28
reaction-regeneration cycles.
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The CFP of wood is not as selective towards aromatics as
the CFP of furan (Tables 1 and 2). As we have previously
demonstrated, the yield of aromatics for CFP of maple wood
decreases with the increasing content of the lignin in the
maple wood.!! The lignin in the wood primarily produces
coke on the catalyst surface.! Thus one possible reason for
the difference between the aromatics yield from wood and
from furan is the lignin present in the wood.

We studied the temperature-programmed desorption of
ammonia and of isopropylamine (NH;-TPD and IPA-TPD)
for the ZSM-5 and Ga-promoted catalysts (Ga2 and Ga3/
HZSM-5; Figure S3 in the Supporting Information). Table S2
shows the acid density of the three zeolites where the total
and Brgnsted acid densities were calculated from the NH;-
TPD and IPA-TPD experiments, respectively. The ratio of
Brgnsted to total acid densities decreased with the increase of
Ga content. There is no peak shift in NH; and IPA desorption
between catalysts, suggesting that some protons were
replaced by Ga species and the remaining protons were not
affected.

These results suggest that Ga species replaced protons in
the ZSM-5 catalysts and that the catalysts show a bifunctional
character. Furan decarbonylation and olefin aromatization
are promoted by Ga species. However, in the absence of
strong Brgnsted acid sites, the furan conversion and the
aromatics selectivity were low. Furan TPD on ZSM-5 and Ga-
promoted ZSM-5 (Figure S4) shows that the temperature at
which the products were formed with the promoted and
unpromoted catalysts was similar. This suggests that Ga
modification did not change the overall reaction mechanism.
Another possibility for the catalyst improvements observed is
that the Ga species decreases the strength of the acid sites
causing less coke formation during CFP. While we cannot
discount this hypothesis, we think it is more plausible that this
catalyst is bifunctional. We have tested CFP with ZSM5
catalysts having different SiO,/Al,O; ratios and observed that
the optimal value for CFP was 30.1*! Adjusting the Si0,/Al,0,
ratio can also be used to modify the strength of the acid sites
of the catalyst. Since the Ga-promoted ZSM-5 already has the
optimal SiO,/Al,O; ratio we believe that the effect with Ga is
more than just to adjust the acid strength of the catalyst.
These results suggest that there is a complex interplay
between the Ga species and the Brgnsted acid sites that
promotes aromatics formation.

Our results show that the addition of Ga to ZSM-5 can
increase the rate of aromatics production during CFP. This
catalyst appears to be a bifunctional catalyst where the Ga
species increase the rate of decarbonylation and olefin
aromatization, whereas the zeolite catalyzes other reactions
such as oligomerization. Our results suggest that new types of
bifunctional catalysts can be developed for more selectively
converting our biomass resources into useable fuels and
chemicals.
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