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Abstract: Catalytic pyrolysis is a promising thermochemical conversion route for
lignocellulosic biomass that produces chemicals and fuels compatible with current,
petrochemical infrastructure. Catalytic modifications to pyrolysis bio-oils are geared
towards the elimination and substitution of oxygen and oxygen-containing functionalities
in addition to increasing the hydrogen to carbon ratio of the final products. Recent progress
has focused on both hydrodeoxygenation and hydrogenation of bio-oil using a variety of
metal catalysts and the production of aromatics from bio-o0il using cracking zeolites.
Research is currently focused on developing multi-functional catalysts used in situ that
benefit from the advantages of both hydrodeoxygenation and zeolite cracking.
Development of robust, highly selective catalysts will help achieve the goal of producing
drop-in fuels and petrochemical commodities from wood and other lignocellulosic biomass
streams. The current paper will examine these developments by means of a review of
existing literature.
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1. Introduction

Growing interest in renewable technologies has led to the development of hydroelectric, solar,
wave, geothermal, and wind power plants that can potentially displace fossil fuel based energy
production [1]. However, existing infrastructures require hydrocarbons for manufacturing goods
ranging from plastics and chemicals to fuel oil, lubricating oil, and hydraulic fluids. This has led many
to look towards biomass as the only sustainable alternative to fossil fuels capable of yielding
petroleum like products [2-6]. As is the case with all potentially disruptive technologies, though,
proper environmental mitigation and lifecycle planning must be included when considering the
production and use of biofuels [7,8]. Hydrocarbons can be produced from biomass via biological,
biochemical, and thermochemical processes as shown in Figure 1 [9].

Figure 1. Schematic of biomass conversion technologies.
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Pyrolysis is touted to be one of the most promising thermochemical technologies with the potential
to convert cheap, local, and abundant lignocellulosic biomass such as grasses and trees into a useful
form [10-13], and commercial scale plants, such as Kior in Mississippi, have begun construction and
operations. Thermal technologies include direct combustion, gasification, liquefaction, and pyrolysis,
all of which have the benefit of using lignocellulosic materials. Only pyrolysis and liquefaction produce
a liquid product, and although recent work on liquefaction has shown promising results [14-16], it is
currently a nascent technology with high capital costs due to the high pressures required. Pyrolysis has
the advantage of low capital investment and a liquid final product that can be transported and
converted via catalysis to fuels and valuable products such as food flavorings, fertilizers, resins, and
other specialty chemicals that are fully compatible with existing petroleum infrastructure. This
provides significant economic advantages over ethanol that requires parallel infrastructures.
Furthermore, all pyrolysis products can be utilized in the pyrolysis system. Gas can be burned to help
dry the incoming biomass and operate the reactor [5,17], and char and ash are promising soil
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amendments [18] and a potential C sink [19]. Chars can also be used as a fuel [20], and there is potential
to expand the resource base to include non-traditional feedstock such as lignin [21], sewage sludge,
chicken litter [22], and even salmon waste [23]. The current paper will examine the catalytic processing
necessary to transform lignocellulosic biomass into hydrocarbons using pyrolysis platforms.

2. Pyrolysis

Pyrolysis is the thermochemical decomposition of biomass at temperatures between 400 and 650 °C
in the absence of O,. The decomposition process releases volatile species, while the solid,
non-volatiles are collected as bio-char. A portion of the gas-phase volatiles condense into a black,
viscous fluid termed bio-oil [24] that has a variety of synonyms including pyrolysis oil, bio-crude oil,
bio-fuel oil, wood liquid, wood oil, liquid smoke, wood distillates, pyroligneous tar, and pyroligneous
acid [5]. Pyrolysis methods differ in their residence time, temperature, and heating rate, which in turn
greatly affect the percentages of gas, char, and liquid products in a semi-predictable manner, while the
resulting, individual chemical species remain hard to predict and quantify [5,10]. Pyrolysis methods
can be grouped into two large categories, slow and fast (or flash) pyrolysis.

Slow pyrolysis consists of slow heating rates of 0.1-1 °C/s, a residence time anywhere from hours
to minutes, and a temperature range of 400—600 °C. It has been used for centuries to produce methanol
and yields approximately equal quantities of char, gas, and liquid [5,10,25].

Fast pyrolysis is a relatively new, promising technology involving a high liquid yield achieved
through rapid heating rates of 10 to >1000 °C/s, short residence times of <2 s, temperatures of
400-650 °C, and rapid quenching of the vapors [5,6]. For a more extensive review of reactors,
processes, and their corresponding liquid products see Bridgwater et al. [6].

Bio-oil varies according to process conditions and feedstock. Most studies have focused on fast
pyrolysis oil that can be generalized as consisting of hydroxyaldehydes, hydroxyketones, carboxylic
acids, furan/pyran ring containing compounds, anhydrosugars, phenolic compounds and oligomeric
fragments of lignocellulosic polymers with some examples represented in Scheme 1. These products
stem from the original biomass composition consisting of cellulose, hemicelluloses, lignin, extractives,
lipids, proteins, simple sugars, starches, water, hydrocarbons, ash, and other compounds [5].

Scheme 1. Representative compounds of bio-oil.
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Reactions under pyrolysis conditions are complex and not fully understood due to the range of
reaction temperatures and the complex biomass composition, but they can be generally classified as a
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simultaneous mix of dehydration, depolymerization, re-polymerization, fragmentation, rearrangement,
and condensation, as represented by some examples in Scheme 2. These reactions result in a bio-oil
containing over 300 individual compounds [22,26,27]. For more extensive reviews of the elemental and
chemical composition of biomass and bio-oil see Yanik ef al. [28], Branca et al. [29], Lu et al. [13],
Valtiner et al. [30], Ralph et al. [31], Evans et al. [32], Marsman et al. [33], and Sipila et al. [34].

Scheme 2. Representative pyrolysis reactions.
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From an applied perspective, bio-oil can be burned directly as a substitute for fuel oil in various

CH,

static applications such as boilers and furnaces [6]. However, it is not miscible with fossil fuels, but is
miscible with water up to 35%—40%. The result is that the liquid gradually “ages” as the polyphenols
polymerize, leading to a variable viscosity, ranging from 10 to 10,000 cp. It “ages” faster with
exposure to light, O,, or heat above 80 °C, leading to storage issues. The pH is relatively low due to
the presence of organic acids, further increasing corrosion and storage issues. There are suspended
solids ranging from 0.3% to 3%, which have the potential to negatively affect combustion
characteristics by plugging nozzles, and the presence of oligomeric fragments can lead to solid, tar-like
deposits on pipes and reactors [35]. Bio-oil characteristics are contrasted to petroleum crude oil in
Table 1 [22,36] to highlight areas where bio-oil needs improvements.

To overcome these issues, bio-oil must be modified chemically or ‘upgraded’ by the removal and
modification of unwanted compounds, most of which contain oxygen. Many times, the final product is
evaluated by its O/C ratio and H/C ratio, with low O/C and high H/C ratios indicating a higher quality
liquid product. These ratios are especially important if the bio-oil is to be used as a substitute for
demanding petrochemical applications such as transportation fuels that need a clean, homogenous fuel
stream [37]. To achieve these results, bio-oil can be re-volatilized in a catalytic environment, generally
referred to as catalytic upgrading, or biomass can be pyrolyzed in the presence of catalysts that affect
the desired changes before the initial condensation, generally referred to as catalytic fast pyrolysis.
Ideally, a single reactor would fulfill all process requirements and produce a quality liquid fuel from
the initial, solid biomass [38,39]. Due to its potential in a wide variety of situations, many consider
catalytic fast pyrolysis to be the most promising way to improve the final, liquid composition [5,40].
The challenge is to design catalysts that positively affect all of the over 300 volatilized, organic
compounds through various cracking and reforming reactions. This is important for biorefineries and
will help them become cost competitive with current infrastructure. Improving catalysts’ activity,
selectivity, and stability is essential for progress in the field of biomass utilization.
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Table 1. Bio-oil vs. crude oil characteristics.

Composition Bio-oil Crude Oil
Water (wt %) 15-30 0.1
pH 2.8-3.8 -
density (kg/L) 1.05-1.25 0.86
viscosity 50 °C (cP) 40-100 180
HHV (MJ/kg) 16-19 44
C (wt %) 55-65 83-86
O (wt %) 28-40 <1
H (wt %) 5-7 11-14
S (wt %) <0.05 <4
N (wt %) <0.4 <1
Ash (wt %) <0.2 0.1
H/C 0.9-1.5 1.5-2.0
0/C 0.3-0.5 ~

3. Catalytic Upgrading

3.1. Introduction

The addition of catalysts to the pyrolysis system enhances reactions that include cracking,
decarbonylation, decarboxylation, hydrocracking, hydrodeoxygenation, and hydrogenation as

summarized in Scheme 3 [22].

Scheme 3. Representative catalytic upgrading reactions.
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As shown in Scheme 3, catalytic upgrading can enhance the properties of bio-oil by removing
oxygenated compounds via H;O and CO,, reducing molecular weight, and altering chemical structures
to resemble those of petrochemical products. Interestingly, biomass has within its chemical framework
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naturally present ions that can have catalytic effects under pyrolysis reaction conditions [41], such as
reducing the bio-oil yield in favor of char and gaseous species [42]. This effect was observed with the
most abundant inorganic components of biomass, including silica, Na, K, Mg, and Ca [43]. Both the
cations and anions present were shown to have an effect on the pyrolysis products [44], while
demineralization was shown to increase the yield of anhydrosugars [45]. To study this, biomass was
stripped of its natural minerals, and these catalytic elements were then reintroduced individually using
ion exchange and sorption. The way in which these ions were reintroduced into the biomass had an
affect on the final yields with ion exchange showing a greater catalytic effect than sorbed ions [46].

Catalytic effects of inorganics found in ash have also been studied. Patwardhan et al. [47] studied
the pyrolysis of pure cellulose in the presence of switchgrass ash, a representative mix of water-soluble
salts of alkali and alkaline earth metals. It was discovered that as little as 0.5% ash resulted in a tripling
of the formic acid and quadrupling of glycoaldehyde, whereas the levoglucosan yield was halved. The
comparative yields of each chemical species were changed, but the individual species themselves were
unaffected. Most of these inorganic salts can be extracted with an acid wash, even though some
alkaline earth metals associated with organic macromolecules are resistant to extraction. It is therefore
important to take into consideration that pyrolysis is inherently a catalytic process unless pretreated,
and when studying the selectivity of additional catalysts, the catalytic effects of various naturally
occurring minerals should be evaluated.

In industrial settings, it is required that additional catalysts not found in natural plant biomass are
added in order to achieve the desired upgrading effects. However, due to the diverse mixture of species
and reactions present, bio-oil cannot currently be upgraded using a single technique. For example,
oligomeric fragments cause coking in a steam reforming process but are desirable for catalytic
cracking or hydrocracking [48,49].

Overcoming issues like these will require further development of catalysts beyond what has been
previously studied [25]. Catalysts should be highly active, selective to particular products, resistant to
deactivation, readily recycled, and cheap. Most catalysts used in the upgrading of bio-oil are
supported, meaning the metal catalyst is dispersed on a different and cheaper material such as carbon,
silica, or alumina. Supported catalysts are cost effective and can generally be used at higher
temperatures due to the dispersed metal particles’ resistance to sintering, or melting together.
Furthermore, the support itself can act as a catalyst. Different catalysts have different mechanisms for
eliminating oxygen and catalyzing other desired reactions as shown in Scheme 2 and 3. Two main
routes for upgrading have dominated the research and development fields, hydrodeoxygenation and
zeolite cracking.

3.2. Hydrodeoxygenation

Hydrodeoxygenation (HDO) is a hydrogenolysis process that removes oxygen from a feedstock.
Carbon-oxygen bonds are cleaved with hydrogen in the presence of a catalyst producing CO, and H,O
and partially eliminating oxygen from the final product. This type of reaction can be achieved through
sulfide/oxide and transition metal catalysts through a combination of chemisorption, proton donation,
and desorption. The catalyst reactivity relies on the number and strength of both Lewis acid and
Brensted acid sites on the catalyst/support system. Supports affect both the acidity and reactivity of the
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catalyst compound. Ideally, they should be stable and have a low affinity for carbon formation and a
high affinity for activation of oxy-compounds [22].

HDO produces a quality, energy dense, non-corrosive, naphtha-like product, which can be further
upgraded to other chemicals [25]. HDO also has the advantage of easy separation of water and benefits
to turbines from the separation of alkali metals from the hydrocarbon product when oxygen levels are
reduced to less than 2%. However, it has the major disadvantage of consuming large quantities of
high-pressure H,, 600-1000 L/kg bio-oil, thus increasing costs [41]. It is important to note, though,
that consumption is also high for some petroleum feedstocks that are difficult to hydrocrack. Just like
the petroleum industry in the past, the bio-oil industry needs further technological development.
Fortunately, feedstocks for biofuels are not fundamentally more difficult to upgrade than those in the
petroleum industry [50]. Furthermore, if HDO is emphasized as opposed to hydrogenation of the aromatic
rings, hydrogen consumption can be significantly reduced while raising the final octane rating [51].

Using current technology, hydrogen is generally co-fed into the system at a pressure of 75-300 bar.
To a certain extent, high pressure helps increase the solubility of the H, in the bio-oil and thereby
increase hydrogenation via better accessibility to the catalyst. However, even at a low pressure of
5 bar, positive results have been observed [52]. Typical residence times range from 3 to 4 h for batch
reactors. Using a Ru/C catalyst at 350 °C and 200 bar in an autoclave setup, final liquid yield was
highest for a 4 h reaction time [53]. Temperatures range from 250 to 450 °C. Coke formation generally
increases with time and temperature, as does deoxygenation [22]. From 360 to 390 °C and a 5 min to
1 h reaction time, deoxygenation was shown to increase in the presence of a cobalt molybdate catalyst
in an autoclave setup [54]. However, for HDO of wood based bio-oil over a Pd/C catalyst in a fixed
bed reactor at 140 bar, the degree of deoxygenation plateaued at 340 °C and gave way to cracking.
Furthermore, the gas yield increased three-fold and the final liquid yield decreased from 75% to 56%
when increasing the temperature from 310 to 360 °C [55]. Clearly catalyst choice and operating
conditions impact the final products. A balance must therefore be struck between residence time,
temperature, deoxygenation, gas, and coke formation.

Current research focuses on improving catalyst effectiveness and longevity. The petroleum industry
has been eliminating sulfur from petrochemicals for years using a similar hydrogenolysis process
called hydrodesulfurization (HDS). Therefore, many catalysts have already been extensively studied
by the petroleum industry for HDS. Due to the similarities between the two, much of the knowledge
about HDO has been extrapolated from previous HDS experience with cobalt/molybdenum and Ni,
Co, Mo in oxide forms on silica and alumina supports. It has been noted that the high acidity of Al,O;
supports causes unacceptable coking, and the material has furthermore been shown to sinter at high
temperatures in the presence of water and therefore deactivate [56].

Catalytic work has therefore been undertaken on both catalysts and supports. For example, research has
shown that neutral carriers such as C generally show lower coke formation than alumina supports [57].
Longevity of the catalyst and therefore low coke formation is important because catalyst functionality
including oil yield and resulting H/C ratio is directly affected by the number of recycles, even if O/C
ratios seem to be unaffected [53]. Different supports have also been shown to give different final liquid
yields and degrees of deoxygenation. For example, Ru/TiO, and Ru/C yielded more final liquid with
lower oxygen content than Ru/Al,O; in an autoclave setup at 450 °C and 350 bar of H, [58]. A
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possible mechanism for HDO of a lignin-derived compound such as guaiacol on a supported metal
catalyst is given in Scheme 4 [12,22].

Scheme 4. Possible mechanism for HDO of guaiacol.
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Several alternative approaches to more traditional catalyst development have also been explored.
Gutierrez et al. [56] found that multiple noble metals used simultaneously interacted with each other
and gave different results than simply the two separate catalyst results combined. HDO of guaiacol
was studied using zirconia-supported mono- and bi-metallic noble metal catalysts in a batch reactor at
80 bar. Rh, Pd, Pt, RhPd, RhPt, and PdPt all performed better in the hydrogenation of guaiacol at
100 °C and at 300 °C than the conventional sulfided CoMo/Al,O; catalyst which deactivated due to
carbon deposition and contaminated the product with sulfur. Rh and RhPt completely converted the
guaiacol at 100 °C to a variety of products, but deoxygenation only took place at 300 °C. The
bimetallic catalysts containing Rh gave better results than the monometallic Pt and Pd catalysts in
terms of guaiacol hydrogenation. The PdPt catalyst was less reactive than that of the separate
monometallic catalysts. This indicates that catalysts react with each other in a variety of ways when used
simultaneously, in addition to reacting with the biomass. These interactions are not fully understood.

Reduction of H, consumption has been studied using the donation of H, by a liquid with an easily
donated, acidic proton that lowers the H, pressure required. Xiong et al. [59] studied obtaining
hydrogen from formic acid over Ni, Pd, and Ru on various supports in a batch reactor at 40 bar, a
temperature of 150-230 °C, and a reaction time of 5-7 h. The catalyst supports did not make a
significant difference, but Ni and Ru outperformed Pd in final product quality. Oxygen content was
lowered while a reduction in the unsaturated components was observed, along with the conversion of
organic acids into esters. All of these reactions occurred without obvious coke formation. In another
study, Kunkes et al. [60] described a method of reforming polyol over Pt-Re/C, where reforming refers
to C-C cleavage and the corresponding production of H,, CO, and CO,. These products can be used to
de-oxygenate the remainder of the feed thus eliminating the need for co-feeding of hydrogen while
producing gasoline and diesel type hydrocarbons. Similarly, Pt elements can promote the water-gas
shift (WGS) reaction [61]. Pt/Al,O; has been studied with a model bio-oil in an autoclave at 350 °C
under 10 bar of nitrogen. The catalyst showed selectivity for producing H; in sifu, eliminating the need
for co-feeding of hydrogen [62]. Clearly, further research on catalysts and corresponding reaction
conditions modified to obtain desired products is needed. See Wildschut ez al. [58] and Elliott [51] for
more in depth work on HDO including product properties and molecular composition of HDO oils. For
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a comparison of several methods for characterizing HDO oils see Oasmaa et al. [63]. Table 2 [22]
provides a summary of the yield, product quality, and operating conditions for several catalysts
investigated for HDO. DOD (%) stands for degree of deoxygenation.

Table 2. Summary of catalysts investigated for HDO.

Catalyst T (?(I;f " Pressure (bar) DOD (%) O/C  H/C  Oil Yield (Wt %) Ref.
Co-MoS»/ALO; 350 200 81 0.8 13 26 [58]
Co-MoS»/ALO, 370 300 100 0 1.8 33 [64]
Ni-MoS»/ALO; 350 200 74 0.1 1.5 28 [58]
Ni-MoS,/ALO, 400 85 28 - - 84 [65]

Pd/C 350 200 85 0.7 1.6 65 [58]
Pd/C 340 140 64 0.1 1.5 48 [55]
Pd/Z+O, 300 80 ; 0.1 13 ; [56]
PUALOY/SIO, 400 85 45 - - 81 [65]

PYZrO, 300 80 ; 0.2 1.5 ; [56]

RW/Z1O, 300 80 - 0 1.2 - [56]

Ru/ALO; 350 200 78 0.4 12 36 [58]

Ru/C 350-400 230 73 0.1 1.5 38 [66]
Ru/C 350 200 86 0.8 15 53 [58]
Ru/TiO, 350 200 77 1 1.7 67 [58]

3.3. Catalytic Cracking with Zeolites

Zeolites are complex, three-dimensional porous structures with varying elemental compositions that
exhibit catalytic activity in up to 50% of their volume. Cracking and dehydration are the main reactions
seen. Adsorption of the oxy-compound occurs on an acid site. This is followed by either decomposition
or bimolecular monomer dehydration, as determined by pore size [22]. As with sulfide/oxide and
transition metal catalysts, the acidity of the zeolite affects the reactivity and yields, with high acidity
leading to a higher affinity for C and water formation [67]. In HZSM-5, one of the most widely used
zeolites, acidity is linked to the Si/Al ratio, with a low ratio indicating high acidity. Pore blockage from
polymerization and polycondensation reactions causes deactivation of the catalyst. Zeolites should
have correct pore size and acidic sites to promote desired reactions while minimizing carbon
formation [22]. A possible mechanism for dehydration of hydroxyl containing compounds (i.e.,
carbohydrates) on an aluminosilicate zeolite is given in Scheme 5 [22].

Zeolites produce aromatics at atmospheric pressures without H, requirements. The final product
generally has a low heating value. This is due both to its low H/C ratio and high O/C ratio as compared
to HDO oils [6,22]. Research is generally conducted at temperatures from 350 to 600 °C. For
HZSM-5, yields are in the 15% range with predictions of 23% [41]. Excessive C production and
therefore catalyst coking is a problem. In one study, coke deposition at all temperatures led to a
decrease in the catalytic activity after only 30 min time on stream [38]. Furthermore, coke has been
shown to significantly increase at temperatures above 400 °C [68]. Some coke can be burned off, but
irreversible dealumination and loss of acid sites occurs at temperatures as low as 450 °C in the presence
of water [69]. Research on the reduction of coking is important, with a variety of approaches showing
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promise. For example, the recycling of non-condensable gases into a catalytic reactor has the potential
to reduce char/coke yields while increasing oil yields [70].

Scheme 5. Aluminosilicate zeolite dehydration of model compound.
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The elemental composition of the fast pyrolysis bio-oil feedstock, as measured by its H/Cef ratio
has been determined to have a large impact on the production of olefins, aromatics, and coke.
Experiments have shown that pyrolytic bio-oil feedstocks with a ratio of at least 1.2 or higher perform
better in zeolite cracking upgrading [39]. Ten feedstocks were studied over HZSM-5. Yields of olefins
and aromatics increased while coke production decreased with increasing H/Ce¢r ratios. Catalyst life
increased as coke yield decreased. This suggests that it may be beneficial to increase the H/C.g ratio to
1.2 through hydrogenation of the bio-oil feedstock before upgrading with a zeolite catalyst.

Another method of effectively increasing the H/Cc ratio is to co-pyrolyze a hydrogen donor such
as methanol. Horne er al. [71] studied the pyrolysis of wood waste in a dual zone, fluidized bed
reactor. Pyrolysis was carried out at 550 °C. Varying amounts of methanol were also injected, and the
pyrolysis/methanol gases were passed over a fixed bed of HZSM-5 held at 500 °C. There was an
overall increase in hydrocarbon products including alkylated phenols and aromatics. The alkylated
products are thought to compete with the production of polyaromatic hydrocarbons (PAHs are
carcinogenic compounds and therefore not desirable) and therefore explain the corresponding decrease
in 3-, 4-, and 5-ring PAHs. The addition of methanol also increased water formation and decreased CO
and CO; yields, which is in keeping with findings by Chen et al. [72]. However, these observations do
not agree with a study by Evans et al. [73] that showed an increase in the CO,/H,O ratio. In all cases,
methanol had a synergistic effect on yields, and further research on co-pyrolysis seems justified.
Separation of compounds that don’t react well with the particular catalyst being used could also be
used in place of increasing the H/Cesr ratio. Gayubo ef al. [74] has proposed separating aldehydes and
phenols before upgrading over HZSM-5.

Temperature was found to have an impact on product composition with high temperatures
producing more light gases. Cheng [38] studied furan conversion to aromatics and olefins using
HZSM-5. Products included CO, CO,, allene, C,-Cs olefins, benzene, toluene, styrene, benzofuran,
indene, and naphthalene. Varying temperatures favored different final products. At 450 °C, benzofuran
and coke formed. At 500-600 °C, aromatics formed. At 650 °C, olefins were produced along with CO
and aromatics.

H,O also plays a role in chemical conversions. The conversion of anisole was studied in a quartz
tube reactor over HZSM-5 at 400 °C [75]. The presence of controlled quantities of water in the feed
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was discovered to have a positive effect on catalytic activity. Interestingly, in this study, the
deactivation rate of the zeolite was unrelated to the addition of water. Furthermore, H, was shown to
have a positive effect on reducing coke formation, which is affirmed by other studies [76]. This is
especially true when a metal function is present [77].

Other zeolites have been studied in comparison to HZSM-5 with mixed results. In one study using a
fixed bed micro-reactor operating at 1 bar, 3.6 weight hourly space velocity (WHSV), and
330410 °C, HZSM-5 was found to yield more hydrocarbons than HY, H-mordenite, silicalite, and
other silica-alumina zeolites. HZSM-5 and H-mordenite also showed higher selectivity for aromatics
than aliphatics while the other catalysts produced the opposite effect [78]. However, other zeolites do
have some advantages. In a similar study, silicalite produced the least coke. Silica-alumina best
converted the non-volatile fraction of the bio-oil. HZSM-5 produced the most yield in the gasoline
boiling point range while HY and H-mordenite produced less yield and in the kerosene boiling point
range [79]. In another study, catalytic pyrolysis of pinewood over zeolites HBeta-25, HY-12,
HZSM-5-23, and HMOR-20 was conducted in a fluidized bed reactor at 450 °C [80]. Quartz sand was
used for non-catalytic pyrolysis. Oil from each bed was chemically characterized and compared.
Overall, ketones and phenols were produced. HZSM-5 produced more ketones and less alcohols and
acids than other catalysts. It also produced more liquid, similar in quantity to the quartz bed but
containing more water. Mordenite and quartz produced almost no PAHs. One major advantage noted is
that the catalysts were regenerated successfully.

There is also the potential to use biomass in a traditional petroleum fluid catalytic
cracker (FCC) [81,82]. Corma et al. [83] studied the cracking of glycerol and sorbitol using various
FCC catalysts co-fed with vacuum gasoil (a product corresponding to an Arabian Light petroleum
product). This work suggests that biomass and petroleum derived oil streams can be co-fed in an
industrial, petroleum catalytic reactor producing a desirable final product. Samolada et al. [40] also
studied co-feeding of hydrotreated bio-oil in a traditional FCC reactor with promising results. For
more extensive information on zeolite upgrading see Lappas et al [84], Williams et al. [85],
Murata et al. [86], and Jae et al. [87]. Table 3 provides a summary of the operating conditions and
products for several catalysts that have been investigated for zeolite cracking.

3.4. Catalyst Development

Synthesis of catalysts from renewable materials is an attractive area of active research due to the
cost of mining and synthesizing catalysts. Lin et al. [92] studied the successful synthesis of ZSM-5 and
ZSM-48 from the ashes of gasified biomass containing 70%—-87% amorphous silica. The resulting
zeolites showed high silica contents and high crystallinity (>99%). Muradov et al. [93] studied the
catalytic effects of duckweed derived biochar in the reforming of CH4-CO, at 800 °C. Untreated
biochar showed low activity and rapidly deactivated. CO, treated biochar showed higher activity but
also deactivated due to carbon deposits from the decomposition of CH4. However, activated carbon has
been shown previously in this paper to be an effective support for noble metals, and therefore biomass
derived, activated carbon seems promising. Future research in this area is needed, as a self-sustaining
system for energy production that includes catalysts would be ideal.
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Table 3. Summary of catalysts investigated for zeolite cracking.
Catalyst Temp. (°C) Feedstock Catalyst Effects Ref.
Decreasing the SiO,/AL,0; ratio from 200/1 to 25/1 and
increasing the catalyst-to-lignin ratio from 1:1 to 20:1
HZSM-5 with Kraft decreased the oxygenates and increased the aromatics.
varying Si/AL,O;  500-764 Lignin Aromatics yield increased from 500 to 650 °C and then [88]
ratios decreased at higher temperatures. Under optimal reaction
conditions, the aromatic yields were 2.0% (EHI 0.08) and
5.2% (EHI 0.35).
HZSM-5, ) ) )
. H-USY had the largest pore size and lowest Si/Al ratio (7)
Na/ZSMS5, Alkaline T o
650 L and had the best liquid yield of 75% and aromatic yield of [89]
HBeta, and lignin
HUSY 40%.
ZSM-5, ZSM-5, AI/MCM-41, AI-MSU-F type, Criterion-534,
Al/MCM-41, alumina-stabilized ceria-MI-575, Cu,Cr,0s, and
Al-MSU-F, ZnO, biomass-derived ash were selective to the reduction of most
Z10,, CeO,, oxygenated lignin derivatives. ZSM-5, Criterion-534, and
Cu,Cr,0s, Al-MSU-F catalysts enhanced the formation of aromatic
Criterion-534, 500 Cassava hydrocarbons and phenols. No single catalyst was found to [90]
alumina- rhizome reduce all carbonyl products but ZSM-5, Criterion-534 and
stabilized ceria- MI-575 could reduce most of the carbonyl products that
MI-575, slate, contained hydroxyl groups. ZSM-5, Criterion-534,
char and ashes AI/MCM-41, AlI-MSU-F, copper chromite, char and ashes
derived from increased acetic, formic, and lactic acid. MI-575 did not
char and biomass increase acids.
Dolomite 500-800 thaslls(T olive Dolomite increased cracking and gas production. [91]
HZSM-5,
AI/MCM-41, HZSM-5 was the most effective catalyst for the production
Al-MSU-F, and of aromatic hydrocarbons, phenols, and acetic acid and the
alumina- Cassava reduction of oxygenated lignin-derived compounds and
stabilized ceria 500 thizome carbonyls containing side chain hydroxyl groups. Only [81]

Catalysts can either be mixed with the biomass prior to pyrolysis or separated as to only interact

with the gaseous reactants. It was discovered that separation of the catalyst and biomass was more
effective for the conversion to desirable products [82]. This study involved a catalyst containing Fe
and Cr in their oxide forms, chromite (FeCr,O4) in the combined active phase. It showed promising
results in terms of limited water production. Chromite produces hydrogen from water and carbon
monoxide in the WGS reaction. The catalyst therefore consumes water produced from deoxygenation
through the WGS reaction while producing large quantities of hydrogen. Chromite also showed
selectivity in converting the heavy phenolic compounds to phenol and light phenolics.
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3.4.1. Multistage Catalysis

Some work has been conducted on combining the benefits of HDO and cracking in one process
using multiple stages. Early work by Gagnon et al. [94] showed that a catalytic pretreatment consisting
of mild hydrogenation of wood-derived, vacuum pyrolysis oils at 80-140 °C and 41-103 bar over a
ruthenium catalyst prevented coking and polymerization in the following HDO runs at a standard
temperature of 325 °C and 172 bar. Subsequent studies showed that a non-catalytic, hydrothermal
pretreatment followed by catalytic pyrolysis showed an increase in final liquid yield [4]. In
combination, these studies lead to the conclusion that a pretreatment step can have positive effects on
subsequent HDO runs and should be considered an option in future research.

Vispute et al. [11] combined pretreatment, HDO, and catalytic cracking. The first step involved
hydrogenation at 125 °C over a Ru/C catalyst, with no coking or reactor plugging observed. The
second stage involved further hydrogenation at 325 °C over a Pt/C catalyst. Finally, olefins and
aromatics such as benzene, toluene, xylene, ethylene, propylene, and butylene were produced over a
HZSM-5 zeolite catalyst, the first five of which are important building blocks for the chemical
industry. Coke yield was very low due to the previous hydrogenation steps. As the H/C. ratio increases,
the thermal stability of the bio-oil improves, reducing coke formation. Furthermore, an increase in the
hydrogen content promotes H,O production and therefore a higher yield of hydrocarbons in the
products, as less carbon is lost to CO and CO, during deoxygenation. Finally, using this reactor
configuration allows the catalysts to be regenerated in the fluidized bed reactor of the zeolite
upgrading stage. Optimization of each step is required and will depend on the cost of hydrogen and
therefore the optimal amount of hydrogenation. Wang et al. [95] studied a similar process with the
order of each stage reversed. The final product from HDO of catalytic pyrolysis derived bio-oil and
HDO of untreated bio-oil were compared. The former showed higher degrees of deoxygenation. These
studies all demonstrate that a deoxygenated feedstock significantly improves downstream processing,
regardless of the method of deoxygenation in the initial stage. It is therefore critical to find the optimal
combination of stages and reactions that will lead to the highest quality product at the lowest
possible cost.

3.4.2. Multifunctional Catalysts

Research on the use of cracking and HDO catalysts used simultaneously or combined to form one
multifunctional catalyst has shown promising results. Specifically, zeolites doped with metal catalysts
have drawn attention, both for the potential product streams generated and because this line of research
sheds light on the mechanisms of cracking and reforming which are still not well understood. Ideally,
doped zeolites can be integrated into the pyrolysis equipment, catalyzing the production of the desired
products in situ during the initial quenching, thus creating a one-step solids-to-liquids unit which benefits
both the quality of the liquid yield and the economic potential of commercial applications [96]. Some
research on in situ catalytic upgrading has been undertaken including a study using molecular beam
mass spectrometry, a quartz micro reactor, and a HZSM-5 catalyst [73]. Techniques such as this allow
real time analysis and rapid screening of a variety of catalysts, operating conditions, and biomass
streams at minimal expense.
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French et al. [37] studied catalytic pyrolysis of biomass in a tubular quartz micro reactor using a
molecular-beam mass spectrometer. Approximately 10 mg of biomass covered with 50-100 mg of
catalyst was pyrolyzed at 400—600 °C. Aspen wood, Avicel PH-105 cellulose, and straw lignin were
tested in combination with 10 commercial zeolites including HZSM-5, and 22 laboratory-prepared
ZSM-5 catalysts with Co, Fe, Ni, Ce, Ga, Cu, and Na substituted for the aluminum and hydrogen
components. Four laboratory X and Y zeolites and four different silica and alumina materials were also
tested. Ni, Co, Fe, and Ga showed the highest yield of hydrocarbons at 16%. Unfortunately,
semi-continuous operation caused partial deactivation of the ZSM-5 catalyst after only 4 min. A
similar study was conducted on the cracking of naphtha over Fe/HZSM-5 [97]. Yields of light olefins
increased with temperature and a moderate WHSV maximized light olefins as expected. However, the
interaction of zeolite and transition metal caused increased olefins yields only up to 6% Fe loading,
with further loading catalyzing the production of aromatics. Results such as these clearly indicate the
need for further catalyst development. It is also important to note that the way in which a catalyst such
as Fe/HZSM-5 is prepared can also have an effect on its reactivity [98]. For more information on fast
pyrolysis and upgrading see Butler ef al. [99].

While catalytic development work continues to occur, there has only been scattered research on
multifunctional and novel catalysts. The research spans a wide range of catalyst combinations,
temperatures, and feedstocks in an effort to develop fundamental knowledge on the catalytic effects,
processes, and conditions. The resulting body of literature, summarized on Table 4, with regards to
multifuncional catalysts is built using information from studies using agronomic, algae and woody
biomass feedstocks, as well as fundamental studies utilizing model compounds, including those
present in biomass, and upgraded bio-oil products. Provided in Table 4 is a summary of the current
research on novel and multifunctional catalysts showing operating conditions and resulting products.

Table 4. Summary of results from current work on HDO, zeolite, multifunctional, and
novel catalysts.

Catalyst Temp. (°C)  Feedstock Catalyst Effects Ref.

Pt/HZSM-5 increased isomerization and

Pt/HZSM-5 and . hydrogenation, increased gas yields, increased C4
400-500 Canola Oil ) ) o [100]
HZSM-5 iso/n-hydrocarbon ratio, and lowered organic liquid
product (OLP) yield. Steam decreased the OLP yield.

Na,CO; lowered the initial degradation temperature.

Pretreatment 300-450 Chlorella Catalyst also increased gas yield and decreased liquid [101]
with Na,CO; algae yield. Resulting bio-oil had higher heating value, more

aromatics, and lower acidity.

Enhanced charring and dehydration and promoted
Corn cob, fir

ZnCl, d production of furfural (FF) and acetic acid (AA). Corn
wood, .
impregnated in 250-500 b d cob gave most FF (8%) at 340 °C with 15% ZnCl, and  [102]
agasse, an i .
biomass . & a yield of 4% AA compared to a non-catalytic yield of
rice husk

FF 0.49%.
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Table 4. Cont.

Catalyst Temp. (°C)  Feedstock Catalyst Effects Ref.
Increasing the amount of catalyst decreased the oil
MgO at 5%, yield and increased the gas and char yields. MgO
10%, 15%, and increased the oil quality by reducing oxygen levels
550 Cotton seed . [103]
20% of raw from 9.56% to 4.90% and converting almost all of the
material long chain alkanes and alkenes to lower molecular
weight hydrocarbons in the diesel range.
Empty palm
Boric Oxide oil fruit Promoted deoxygenation, eliminated 50%—80% of the
mixed with 400 bunch and hydroxyl and methoxy groups, increased both water [104]
biomass oil palm and char yields, and decreased gas yields.
fronds
AI/MCM-41,
AI/MCM-41, AI/MCM-48, and Meso-MFI produced
AI/MCM-48, i
more phenolics and reduced more oxygenates than
HZSM-5, Meso- .
MEFL Pt/ HZSM-5. HZSM-5 and Meso-MF]I produced aromatics
HZS,M 5 450 Miscanthus  due to their acidic sites. Meso-MFI zeolite, which has [105]
both mesopores and high acidity, performed the best
(0.5%), . o
overall. Pt enhanced deoxygenation and aromatization
Pt/Meso-MFI .
in both cases.
(0.5%)
Meso-MFI and
. Meso-MFI reduced oxygenates by 38%.
Pt/Meso-MFI Waste rice
. 500 Pt/Meso-MFI reduced oxygenates by 49%. Both [106]
(0.5%, ion husk . .
converted heavy phenols to light phenols and aromatics.
exchanged)
Pt/Hbeta catalyzed both methyl transfer and
hydrodeoxygenation at significantly higher rates than
the monofunctional catalysts. Formed benzene,
Pt/Hbeta, ) .
i 400 Anisole toluene, and xylenes with lower hydrogen [107]
Pt/SiO,, Hbeta . .. ..
consumption and a significant reduction in carbon
losses. The rate of deactivation and coke deposition
were moderately reduced.
Ga/HZSM-5 catalyzed decarbonylation, producing
Benzaldehy = benzene and CO in the absence of H,. In the presence
Ga/HZSM-5 400-550 ) . . [108]
de of H,, it catalyzed toluene production. Addition of
water increased benzene and reduced toluene.
1.5% Zn/H-ZSM-5 produced slightly more aromatics
Zn/HZSM-5 (~5%) than 0.5% Zn/HZSM-5. Zn/HZSM-5 catalysts
300-500 Furfural ) ) [109]
(0.5 and 1.5%) yielded more aromatics and olefins and less furan and
coke than HZSM-5.
Increased oxygenated compounds and CO while
Ce/HZSM-5 600 Glucose . [110]
reducing coke.
Hybrid Hybrid Pt/HZSM-5 catalyst showed lower
Pt/HZSM-5 Pyrolysis metal-support interaction but a higher catalytic
, 350-450 ) . . [111]
(mixture) and gasoline activity. PYHZSM-5 increased C,.,-alkanes and
Pt/HZSM-5 decreased methane and hydrogen requirements.
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Catalyst Temp. (°C)  Feedstock Catalyst Effects Ref.
It/HY showed better metal dispersion, acidity,
. hydrogen adsorption, and metal surface exposure than
Pd/HY, Pt/HY, Pyrolysis ] .
. 350-450 ; Pt/HY or Pd/HY. Ni/HY catalyzed less hydrogenation  [112]
Ir/HY, N/HY gasoline
than the other three. Hydrogen pressure helped
stabilize the catalysts.
(10%) Pd/C,
(30%) Pd/C, Various phenols such as guaiacol, pyrocatechol, and
Pd(OH),/C, Various resorcinol were formed from lignin. Model compounds
Pd(OAc),, Pd- lignin types ~ were hydrodeoxygenated, demethylated, and
PEPPSI-iPr and 300 and lignin demethoxylated. Percentage yields were better than [113]
Pd/Lindlar with model many other HDO techniques. Activity of catalysts was
Nafion SAC-13 compounds in the following order; Pd(OAc), < Pd-PEPPSI-IPr <
used in every Pd(OH),/C < 10% Pd/C < Pd-Lindlar.
run.
Bio-oil from ) L .
pi 90% conversion of the bio-oil in the feed with a
inus
Ni/HZSM-5 . selectivity for aromatics of 0.4 (benzene, toluene,
450 insignis with o ) [114]
(1%) 0% xylenes (BTX) selectivity of 0.25). Rapid coke
° deposition was observed.
methanol
Ni/ALL, O3,
Ni/CeO,, and Initial degradation at lower temp. All reduced tar. 30%
Ni/AL,O5-CeO, Ni/CeO, catalyst yielded least amount of tar and least
) ] 800 Cellulose ) . [115]
with varying CO. 30% Ni/Al,O3 produced maximum amount of H,
percentages of (43.5 vol % at 800 °C, 15 min residence time).
nickel.
Depending on preparation, Ga/HZSM-5 increased the
) rate of aromatics production. Ga seemed to increase
Furan with ) L
) the rate of decarbonylation and olefin aromatization,
Ga/HZSM-5 600 pinewood . [116]
dust whereas HZSM-5 catalyzed other reactions such as
sawdus
oligomerization. 41% of the energy in the wood was
converted into usable products.
HZSM-5 almost completely decomposed the aliphatic
C-O bonds and carbonyl groups and eliminated 80% of
. the methoxy groups. It showed more deoxygenation
N1C123 HZSM_S; . . . . . . . .
NUZSM-5 700 Kraft Lignin  than Ni/ZSM-5. NiCl, reduced liquid yield while [117]
1 -
increasing the molecular weight and increasing the gas
yield. It produced more aromatic carbons and less
aliphatic carbons.
Lignocel yielded more hydrocarbons and Miscanthus
. more phenols. All catalysts produced more phenols. A
AlI/MCM-41, Lignocel . o . .
low Si/Al ratio increased product yields and improved
Cu-AI/MCM-41, from beech » o
500 final composition. Fe and Cu containing catalysts [118]
Fe-Al/MCM-41, wood and
. produced the most phenols. The presence of AI/MCM-41
Zn-AI/MCM-41 Miscanthus

reduced oxygenated compounds. Cu/MCM-41
promoted the largest increase of H, in the gas yield.
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Table 4. Cont.

Catalyst Temp. (°C)  Feedstock Catalyst Effects Ref.

A significant decrease in non-volatile fraction and

31 catalysts . e . .
slight decrease in bio-oil yield were obtained with ZnO

mixed with ) . . L
) Pine (reduced the proportion of heavy fraction in the bio-oil
biomass. 500 . . . o [119]
sawdust with a limited decrease in its yield), CuO (exhibited
Included ZnO, . . . . .
the highest yields in semi-volatile compounds), Fe,O;,
CUO, F 6203. . . ..
and mixed oxide catalysts containing Cu and Co.
HFer-20, Iron modified zeolites increased coke and methyl
Fe/HFer-20, substituted phenols, decreased methoxy substituted
HY-12, Fe/HY- 400450 Pine wood phenols, and didn't affect the CO to CO, ratio. Beta [120]
12, HBeta-25, zeolite was the most active in deoxygenation. All
Fe/HBeta-25 zeolites increased levoglucosan.
K,CO; was more active producing no saccharides,
aldehydes, or alcohols and substantially reducing the
K2C03 or

. . formation of acids, furans, and guaiacols. The yields of
Ca(OH), mixed 700 Pine wood . [121]
] ] alkanes and phenols were increased. Ca(OH), reduced
with biomass . L .
char, increased liquid, and increased alcohols,

opposing the results from K,CO;.

ZnO showed no activity. CaO reduced heavy products

including phenols and anhydrosugars and increased
MgO, CaO,

. Poplar formation of cyclopentanones, hydrocarbons, and light
TIOZ, F6203, 600 . . [13]
i Wood products including acetaldehyde, 2-butanone, and
NiO, and ZnO .
methanol. CaO also reduced acids. Other catalysts
were not as effective. Fe,O; produced PAHSs.
Ni/C mixed with Produced bio-oil with high content of phenols but low
. 350 Pubescens . ] [122]
biomass contents of acetic acid, furfural, and water.

4. Conclusions

The world currently consumes large quantities of non-renewable hydrocarbons at an ever-increasing
rate. The reserves of fossil fuels are limited, and there are many other problems associated with their
consumption. Biomass has the potential to be a renewable source of hydrocarbons, which could
replace a significant percentage of the world’s fossil fuels in a variety of applications. Currently,
several biological and chemical routes utilize biomass as a source of chemicals and fuels. However,
thermochemical routes can use a wider variety of feedstock, allowing them to utilize non-food based,
lignocellulosic material. Specifically, pyrolysis is touted to be an affective process to convert solid
biomass to a liquid product in high yields. However, the composition of bio-oil is such that it cannot
currently be used in the existing fossil fuel infrastructure for demanding applications, such as
transportation fuels. Catalytic upgrading is touted to be a promising method for converting bio-oil into
higher quality fuels and chemicals. However, many challenges must still be addressed.

The inherent complexity of bio-oil makes finding a single, comprehensive upgrading method
difficult. This is due both to the lack of understanding in relation to specific compounds and the
difficulty in controlling multiple reactions occurring all at once. The oil is difficult to transport,
combust, store, or upgrade. Better catalysts could help solve these problems, but most catalytic
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materials are currently expensive and easily deactivated. Furthermore, HDO requires large quantities
of H; at high pressures and zeolite cracking leads to rapid catalyst deactivation and low quality fuel.
Finally, scaling any of these technologies up to the size of a biorefinery will prove challenging.
Therefore, future research in several areas is required to move the field forward.

Understanding the reaction mechanisms and complex compounds of pyrolysis and bio-oil will
certainly progress technological development. Elucidation of the effects of both indigenous catalysts
and other added catalysts is also critical for the future of the biofuels and biochemicals industry, along
with the effects of biomass impurities on catalyst activity. Both hydrodeoxygenation and zeolite
cracking have been studied under a variety of different reaction and catalytic conditions. However,
more research on both methods is paramount with a specific focus on combining the best of both into
one catalytic fast pyrolysis unit, either single or multi stage. Efforts to reduce pressure and temperature
should be undertaken. Research should also include novel approaches to both methods such as
co-pyrolyzation with a hydrogen donor. Rapid screening using a micro reactor as described in this
paper could be very effective. Work on multifunctional catalysts such as HZSM-5 doped with noble
metal catalysts is also a promising area for further study, along with multiple catalysts used
simultaneously. Finally, optimization of industrial scale facilities should be undertaken. This review
has summarized the current work in this field in the hopes of providing a base of knowledge for further
multifunctional catalyst work.
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