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Abstract

Hydropyrolysis of Lignin using PA/HZSM-5

Oliver D. Jan

Chair of the Supervisory Committee:
Dr. Fernando Resende

School of Environmental and Forest Sciences

The aim of this work was to study the formation of cycloalkanes from hydropyrolysis of lignin
with HZSM-5 and Pd/HZSM-5 catalysts. We observed that palladium supported on HZSM-5
catalyzed hydrogenation and deoxygenation reactions that converted phenolic compounds into
aromatic hydrocarbons and cycloalkanes. This study analyzed the effect of the catalyst-to-lignin
ratio, Hj partial pressure, and temperature on the yields of hydrocarbons with HZSM-5 and
Pd/HZSM-5. Pd/HZSM-5 produced 44% more aromatic hydrocarbons than HZSM-5 at a
catalyst-to-lignin ratio of 20:1, 650°C, and a constant H, partial pressure of 1.7 MPa. The
presence of palladium led to significant difference in yields only at 1.7 MPa H, partial pressure.
In both the in-situ and ex-situ experiments conducted, hydropyrolysis temperature played a
substantial role in the equilibrium conversion of hydrogenation reactions that led to cycloalkanes

directly from lignin.
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CHAPTER 1
INTRODUCTION

1.1 Potential of Lignin

The lignin component of biomass is a potential feedstock for the production of fuels and
chemicals. Lignin comprises nearly 15-30 wt.% of lignocellulosic biomass and is the second
most abundant source of renewable carbon on earth, behind only cellulose [1]-[3]. It is also
abundant as a waste product, with approximately 50 million tons of lignin separated annually
from pulp and paper mills around the world [4],[5]. Advancements in cellulosic ethanol
production in biorefineries will also lead to an accumulation of lignin, which must be separated
from cellulose and hemicellulose for effective hydrolysis and fermentation processes [2], [6], [7].
Lignin accounts for approximately 40% of the total energy density of lignocellulosic biomass,
making it an attractive option for fuel production [3]. Despite this potential, lignin is currently
used as a low-grade fuel to produce steam and electricity [8]. If more efficient routes for lignin
conversion were developed, it could become a sustainable and economical source of fuels and

chemicals.

A major impediment for lignin transformation to fuels and chemicals, however, is the
formation of char that occurs during thermal or chemical depolymerization of the bulk aromatic
structure. Lignin is comprised of a macromolecular assembly of phenylpropanoid aromatic rings
connected through carbon-carbon bonds and ether linkages, with the f-O-4 aryl ether bonds
being the most dominant [9]. As the structure is largely aromatic, commodity chemicals such as
toluene and p-xylene could theoretically be produced from lignin. However, these etherified

linkages readily decompose into solid residues upon thermal or chemical treatment by radical-



induced polymerization of aromatic rings [9],[10]. This agglomeration impedes molecular
diffusion and adsorption on the active sites of catalysts, eventually leading to catalyst

deactivation and clogging in reactors.

1.2 Hydropyrolysis

Thermochemical processes, such as hydropyrolysis, have been relatively unexplored for
the production of biofuels. Hydropyrolysis is a thermal degradation process in which biomass is
pyrolyzed into monomeric and oligomeric units in the presence of H,. The H, environment plays
an important role in the production of hydrocarbons from lignin. H, has been proposed as a
suitable reaction medium for reducing the amount of coke on catalytic active sites, which makes
hydropyrolysis of lignin a suitable thermochemical process to minimize coke formation on
catalytic surfaces [11]. However, the design of proper catalysts for lignin hydropyrolysis is
critical, as lignin also contains oxygen functional groups that must be removed to produce a fuel
with heating value similar to liquid fuel produced from crude oil and petroleum [1],[3].
Therefore, a catalyst that could simultaneously facilitate the removal of oxygen heteroatoms and
the addition of hydrogen atoms and simultaneously promote hydrogenation/char reduction would

be ideal.

1.3 Thesis goals and direction

Our goal is to synthesize a suitable catalyst for this chemical transformation. Bifunctional
catalysts, comprised of supported metals on acidic zeolite catalysts, have been proposed to
facilitate hydrogenation and deoxygenation reactions [12]-[16]. This reaction mechanism,
known as hydrodeoxygenation (HDO), is an important reaction pathway for lignin valorization

into molecules such as cycloalkanes and branched aliphatic compounds commonly seen in



conventional liquid fuels. A majority of the present research has attempted HDO of model lignin
components, such as guaiacol and anisole, with bifunctional catalysts consisting of platinum and
zeolite supports [17], [18]. However, incomplete HDO was observed in this work, as the product
distribution consisted primarily of aromatic hydrocarbons and phenolic compounds. In addition,
very little work has been performed on raw lignin in general, particularly for catalytic

thermochemical processes. It seems clear that further studies on raw lignin are necessary.

Palladium is a highly active hydrogenation catalyst and the combination of palladium
with acidic zeolite catalysts has not been previously tested under H, conditions. The addition of
palladium to zeolite supports (Pd/HZSM-5) in H, may accelerate hydrogenation reactions
necessary to facilitate complete HDO of phenolic lignin into cycloalkane compounds. Pd/HZSM-
5 catalysts can be used as a model catalyst to understand hydrogenation mechanisms and allow

for the design of new, inexpensive catalysts in the future.

In the present work, we performed hydropyrolysis of lignin with and without catalysts
using a pyroprobe interfaced with a gas chromatograph/mass spectrometer (Py-GC/MS). For the
catalytic experiments, the lignin was mixed with an acidic support and a supported metal catalyst,
HZSM-5 and Pd/HZSM-5, respectively. We varied the catalyst-to-lignin ratio, H, partial
pressure, and hydropyrolysis temperature to observe the relationship of each parameter to the
yields of aromatic hydrocarbons and cycloalkanes. To the best of our knowledge, this is the first
hydropyrolysis study on natural lignin to yield cycloalkanes and the first to demonstrate

bifunctional behavior of PA/HZSM-5 for HDO reactions.
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CHAPTER 2
LITERATURE REVIEW

2.1 Current state of energy

Fossil fuels have been the dominant source of transportation energy and electrical power
generation in modern society. Global energy usage in 2006 reached 460 exajoules (1 EJ=10"%J),
of which 87% were from fossil fuel consumption of petroleum, coal, and natural gas [1]. The
United States alone consumed nearly 100 EJ, 85% of which came solely from fossil fuels,
including the average consumption of nearly 7 x 10° boe/year (boe/year = barrels of oil
equivalent/year)[1], [2]. Electricity is a vital player in the energy market, with electricity usage
taking 40% of the total energy consumption in the United States. Coal and natural gas make up
40% and 20% of the electricity usage respectively [1]. By 2050, it is expected that this energy

consumption will double with the development of technology and society as a whole [3].

This rapid consumption and reliance on fossil fuels directly represents their immediate
impact on the energy future of the United States. Unfortunately, the rate of consumption of fossil
fuels is far greater than the rate of regeneration, which will lead to an impending depletion of
these critical resources. Lifetime estimates for oil, coal, and natural gas are roughly 40, 80, and
100 years respectively [1]. It is estimated that the world’s population will increase nearly 25%
from 2010 to 2040 to more than 9 billion people, adding additional strain on limited fossil fuel

resources.

Additionally, fossil fuel consumption is the main contributor of greenhouse gases and
presents a difficult environmental problem. The United States Department of State observed that

electricity, transportation, and industry accounted for 38%, 31%, and 14% of the CO?2 generation



in the United States respectively [4]. The quantity and rate of CO2 emissions from fossil fuels is

far greater than the rate at which it can be recaptured by plants and soils, leading to an increased
rate of global warming and many other environmental problems [1], [3]. As a result of this
impending depletion of fossil fuels and the environmental impact of these materials, it is
necessary to research and develop alternative sources of energy that are efficient, sustainable,
and environmentally benign. Several energy systems, such as nuclear, wind, solar, geothermal,
and biomass have been proposed as leading candidates for alternative pathways for sustainable
energy and fuel. While a majority of these technologies will be advantageous for electricity

production, there is a vast population that require liquid fuels for transportation purposes.

Existing biofuels in the current market are termed “first generation” due to the conversion
of corn, soybeans, and sugar cane, i.e, consumable agricultural crops, into bioethanol and
biodiesel [5]. However, these feedstocks compete directly with the food industry and pose ethical
questions in using food as a source of energy. However, lignocellulosic biomass (”second
generation biofuels™) is widely abundant and does not compete with the food industry, making

them a viable option for liquid fuel production.



2.2 Lignocellulosic biomass and second generation biofuels

Lignocellulosic biomass is an attractive resource for the production of alternative
transportation fuels as a result of its abundance and relatively low price. The United States
Department of Agriculture and Oakridge National Laboratory estimates that the United States
can produce a sustainable 1.3 billion metric tons of dry biomass per year, which is approximately
3.8 x 10° boe/year [2]. This target is more than half of the current consumption by the United

States (7 x 10° boe/year).

“Second generation” biofuels are derived from nonedible, lignocellulosic feedstocks
(corn stover, sugarcane bagasse, wheatstraw), wastes (paper, manure, lignin residues), and
energy crops (miscanthus, willow, switchgrass, hybrid poplar) [3]. These feedstocks are mostly
composed of three different compounds: cellulose, hemicellulose, and lignin, each differing
significantly from one another in terms of structure, composition, and prevalence in

softwoods/hardwoods and agricultural crops.

Cellulose is a polymer of glycosidically linked glucose units that can reach polymer chain
lengths of 10,000-15,000 glucopyranose units [2]. Hemicellulose is an amorphous polymer that
is composed of a random distribution of five-carbon (xylose, arabinose) and six-carbon sugars
(glucose, galactose, and mannose). Both cellulose and hemicellulose make up nearly 60-90 wt%

of biomass and are valuable feedstocks for fermentation to ethanol processes [2].

Lignin is found dispersed between cellulose and hemicellulose, providing protection and

rigidity against decay, biological degradation, and climate [6]. It is also known colloquially as



the “glue” that holds cellulose and hemicellulose together. Lignin makes up nearly 15-30 wt% of
biomass and, behind cellulose, it is the second most abundant source of renewable carbon on
earth [2], [6], [7]. Although a definite polymeric structure of lignin has yet to be determined,
approximate analyses indicate that lignin is composed of units of p-hydroxylphenol (H), guaiacyl
(G), and syringyl (S), with each existing in differing proportions depending on the lignocellulose
source [5], [8]. Their chemical structures are shown in Figure 2-1. They each differ by the

number of methoxy groups adjacent to the hydroxyl group.

CHOH  CHOH CHOH

OCH, CH, OCH,

Figure 2-1. Lignin monomers: coumaryl alcohol, coniferyl alcohol, and syringyl alcohol

2.3 Fast pyrolysis of lignin

Thermochemical routes, such as pyrolysis, have been suggested as an economical process
to convert waste lignin into a liquid product that is known as “bio-oil”. Fast pyrolysis is the
thermochemical decomposition of biomass in the absence of oxygen at 400-600°C and short
residence times that produces a viscous, corrosive liquid that contains many oxygenated

compounds. In order for bio-oil to be comparable to fossil fuel-derived oil, it must be upgraded



even further to remove excess oxygen to improve its heating value and miscibility with existing

fuels [2].

Lignin has the highest specific energy density out of lignocellulose when comparing the
oxygen to carbon (O/C) ratios of lignin to that of cellulose on a Van Krevelen diagram in Figure
2-2 [5], [6], [9]. However, even with this tremendous potential, lignin has not been pursued as a
feedstock for biofuels production due to its complex array of interunit linkages, char formation,
as well as poor product selectivity [1], [2], [6], [9]- As a result of its complex structure, lignin is
treated as a waste product that is usually separated and burned off through a recovery boiler to be

converted into electricity [2], [6], [8].

crude oil

2.0

1.5

HIC

1.0

0.5

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
o/C

Figure 2-2. Van Krevelen diagram with differing H/C ratios as a function of O/C ratio for a
variety of feedstocks

10



2.4  Zeolite catalysis

The catalytic pyrolysis of lignin has been analyzed using acidic zeolites for
deoxygenation reactions to remove unwanted oxygen. Zeolites are defined as microporous
crystalline solids, normally linked by SiO4 and AlO4 tetrahedra bonded through common
oxygen atoms in a lattice framework [10], [11]. They are critical catalytic materials due to their
high surface area, thermal resistance, solid-state acidity, adsorption capability, and steric

selectivity as a result of their network of micropores (<2 nm OD) and mesopores (2-50 nm OD)
[10], [12]-[16]. Zeolites can be converted into acidic solids by exchanging protons (H+) into the

framework to balance the AI3" and Si%" charges. Therefore, the acidity is proportional to the
aluminum content of the zeolite, which makes zeolites tunable to specific applications depending

on their synthesis.

HZSM-5 is an industrial zeolite catalyst that features a small pore size diameter
compared to other zeolites such as Y zeolites and Zeolite beta. HZSM-5 has been previously
studied to be the best catalyst for upgrading bio-oil as it produced the highest volume of liquid
products and had low coke deposition through ex-situ catalytic upgrading [10], [17]. Ex-situ
upgrading occurs when pyrolysis vapors are swept into a secondary unit for upgrading. However,
mass transfer limitations exist due to the small pore size, allowing for the possibility for low
catalytic efficency. As a result, increasing pore accessibility can lead to higher mass transfer of
reactant molecules to the highly dense active sites, thereby increasing the catalytic potential of

these materials [10].
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2.5 Bifunctional catalysis

Bifunctional heterogeneous catalysts refer to the assembly consisting of the support and

the supported metal when both participate in a reaction [18]. Pt/Al203 is a common bifunctional

catalyst in the petroleum industry in which the platinum metal facilitates hydrogenation reactions
while the acidic alumina support performs isomerization/cracking reactions. The benefits of
having this type of catalyst include having fewer unit operations (fewer catalytic reactors) and
higher selectivity of certain products. Also, the introduction of metal nanoparticles
as “nanocatalysts” also has unique benefits such as a much higher surface to volume ratio
compared to a bulk metal. This translates to having a larger fraction of active sites exposed on

the surface, potentially leading to higher catalytic activity compared to their bulkier analogs [19].

However, one of the problems with using bifunctional catalysts is the coke formation that
slowly deactivates the catalyst over time, gradually reducing its effectiveness. Another issue with
these catalysts is sintering at higher temperatures. Sintering is the agglomeration of particles into
more thermodynamically favorable clusters of metal [3], [7], [12]. However, a way to prevent
sintering and aggregation is to “anchor” the catalysts within void spaces of zeolites, metal oxides,
and other support frameworks [19]. It is hypothesized that a synergistic relationship can exist
between these types of supported bifunctional catalysts in which the metal and the support
exhibit enhanced reactivity [7], [10], [14], [19]-[22]. Several of these studies show that the
physical and chemical properties of the support and the metal contribute to overall improved
catalytic performance that can reduce char formation [19]. An optimized structure of platinum

supported on HZSM-5 is portrayed in Figure 2-3 [22].
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Figure 2-3. Visual representation of Pt atoms (pink) supported on HZSM-5; oxygen=red,
aluminum=Ilavender, silicon=teal

Bio-oils derived from lignin are not suitable for use as liquid fuel mainly because of the
high oxygen content present in the liquid. It is of great interest to optimize deoxygenation and
hydrogenation reactions through a bifunctional route that can utilize the deoxygenation
capability of a support and the hydrogenation ability of a metal in a bifunctional manner. This
reaction mechanism is known as hydrodeoxygenation and is shown in Figure 2-4 with the
hydrodeoxygenation of 4-methylphenol [23]. Deoxygenation (DDO) and hydrogenation (HYD)
have differing rates, and different catalysts will promote DDO or HYD as a primary reaction
depending on the nature of the metal and the support [10]. It has been observed that noble metals

favor HYD whereas sulfided catalysts preferentially undergo DDO reactions [23], [24].
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Figure 2-4. Reaction network of HDO on 4-methylphenol with competitive deoxygenation and
hydrogenation reactions [23]

In addition to facilitating multiple reactions, an ideal bifunctional catalyst should still be
able to exhibit a high turnover frequency (TOF) and the capability to maintain this activity after

repeated trials.

The remainder of this paper focuses on published work regarding the use of bifunctional
catalysts in upgrading lignin pyrolysis products. The analysis will focus on correlating product
distribution with the type of metal, type of support, partial pressure of hydrogen, and temperature
among others. A majority of the publications relating to lignin conversion focus on model
compounds such as phenol and guaiacol in mostly batch catalytic systems. Some authors explore

downstream upgrading of idealized pyrolysis vapors and bio-oil through fixed bed reactors.

2.6  Zeolites and monofunctional platinum

The catalytic behavior of zeolitic supports has garnered attention due to their solid acidity
and size-restrictive pores. The Gates group at UC Davis analyzed eugenol conversion in HY

zeolite. Eugenol was chosen because it matched closely to the structure of coniferyl alcohol
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commonly found in natural lignin. Eugenol also provides three useful functional groups: a

hydroxyl (-OH), methoxyl (-OCH3), and an allyl (-CH2-CH=CH2), as shown in Figure 2-5.

OCHj
OH

Figure 2-5. Chemical structure of eugenol

It was observed that, at 300°C and 20 psi, the major products were cis/trans-
isoeugenol enantiomers through isomerization reactions [8]. These results may indicate
unfavorable adsorption of the phenolic ring onto the Brensted acid sites due to the sterically
hindering alkenyl group. The authors also hypothesized that deallylation was a major reaction
class due to the formation of guaiacol. Isomerization and deallylation occurred independent of
hydrogen partial pressure, which indicated that hydrogen transfer reactions occurred primarily

due to Brensted acid interactions [8].

The Resasco group at the University of Oklahoma studied the effects of passing
vaporized anisole (methoxybenzene) over HZSM-5 and HBeta catalysts to study the reaction
pathways of the methoxy (-OCH3) group during lignin pyrolysis [13], [14]. It was observed that
the major reaction pathways of both zeolites were transalkylation reactions occurring from
hydrogenolysis of the methoxy group, resulting in phenol, cresols, and xylenols. The authors
hypothesize that the Bronsted acid sites in the two zeolites are responsible for these reactions.

Additionally, the two catalysts shared minor pathways forming phenol and methylanisoles from
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disproportionation reactions.

The authors mention that both HZSM-5 and HBeta were not effective deoxygenation
catalysts largely due to the potential steric hindrance between anisole and the pore size of the
zeolite. However, these structures did account for shape selectivity of methylanisoles, where p-

methylanisole accounted for the majority isomer produced over HZSM-5 [13].

Along with the HBeta work done in [14], Zhu et al. experimented using platinum
supported on SiO7 to understand the behavior of anisole over platinum. To prove that the silica
support was inactive, it was observed that only 2% conversion occurred over the support at

maximum temperature (400°C) and space-time (4 hr). At lower W/F ratios with Pt/SiO2,

(catalyst weight/organic feed mass flow rate), demethylation reactions were the primary reaction
as observed by the evolution of methane [14]. At increasing W/F, benzene and cyclohexane
began to form, eventually reaching complete HDO at around 4 hours. Under the reaction
conditions tested (400°C at atmospheric pressure), HDO was the dominant reaction pathway,
representing that platinum is a valuable catalyst for HDO, dehydrogenation, and hydrogenation

reactions in the presence of Ho.

However, the authors expect that the Cgomaic-OH bond does not undergo direct
hydrogenolysis due to its immense bond strength compared to the Cgjiphaiic-OH bond (84 kJ/mol
difference). The difference between the two situations is due to the electron delocalization of
oxygen lone pairs into the m orbitals of the phenolic ring. It is hypothesized that there is partial
hydrogenation near the Cgyromaic-OH bond, resulting in decreased delocalization and subsequent

dehydration to form benzene and water.

Additionally, in terms of stability testing between HBeta and Pt/SiO2 for coke formation,
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HBeta formed the highest degree of coke mainly due to its acidity and ability for methyl transfer
reactions. This will be revisited in the following section when discussing a bifunctional Pt/HBeta

catalyst that the authors tested.

2.7 Bifunctional catalysis: Platinum group metals supported on zeolites

Lignin bio-oil upgrading via platinum group metals (PGM) supported on zeolites have
shown unique chemical transformations. Zhu et al., synthesized a bifunctional catalyst consisting
of platinum particles supported on HBeta and observed a synergistic relationship that provided
several enhancements over using each catalyst separately in anisole upgrading [14]. Several of
these improvements came in the form of kinetically-driven reactions: transalkylation and HDO
reaction rates improved by a notable increase in the rate of demethoxylation which may indicate
an improved overall rate of Bronsted acid catalyzed methylation reactions. Enhanced stability
and moderate reduction of coke formation were some of the other notable improvements of the

bifunctional catalyst over the monofunctional HBeta and Pt/SiO2 catalysts [14].

Another benefit of improved transalkylation is the minimization of carbon loss as
methanol through demethylation [13], [14]. Instead, the methyl groups were retained and
participated in transalkylation reactions within the bifunctional Pt/HBeta catalyst. The authors
note that decreasing the metal content from 1.0% Pt to 0.2% Pt showed a marked increase in the
formation of toluene, xylenes, and Cy aromatics, suggesting that the product distribution can be

altered by varying the metal/acid balance [14].

In addition to anisole, similar experiments were performed with phenol, cresols, guaiacol,
and eugenol over Pt/Zeolite-Beta by Horacek et al. The authors also varied the Si/Al ratio of the

zeolite support to determine the effects of Breonsted acidity on conversion [25]. Mild reaction
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conditions compared to previous tests, with temperatures at 180°C and hydrogen pressure set to 5
MPa, points to this reaction as more of a downstream upgrading process rather than as an in-situ
catalytic fast pyrolysis unit operation. It was observed that substituted phenolics, such as cresols
(methylphenols), guaiacol (methoxyphenol), and eugenol (4-allyl-2-methoxyphenol) showed
increasingly lower selectivity to combined hydrogenation and deoxygenation reactions as a result
of limited access to platinum active sites [25]. This bulkiness factor has occurred for the case of
eugenol in HY zeolite as previous mentioned [8]. However, in the case of phenol and cresol, a
higher Si/Al ratio (20-22 versus 10-12) through dealumination resulted in higher rates of
conversion. The authors speculate that this is due to the increased mass transfer of phenol and

cresol in the pore structure [25].

It is interesting to note that the hydrogenation, hydrogenolysis reactions of methoxy
groups on anisole reviewed earlier did not occur with guaiacol [14]. Horacek et al. hypothesized
that this discrepancy is due to the presence of another substituent on the aromatic ring which
hinders the adsorption on active sites on Brensted acid sites and platinum sites. This has also

been previously explored with eugenol and its bulky alkenyl functional group [8], [25].

Platinum supported on USY-zeolite used for the hydrogenation of benzene showed
higher turnover numbers than traditional supports such as titania and alumina [26]. The authors
explain that this phenomena might be related to platinum forming clusters inside the zeolite cage
instead of having high dispersity throughout the structure. Interactions between these clusters
and strong Brensted acid sites of the zeolite form electron deficient platinum atoms, leading to

enhanced hydrogenation and improved sulfur tolerance [26].

2.8 Bifunctional catalysis: Platinum group metals on other supports
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Bifunctional catalysts with PGM have been tested on a variety of supports such as
silicates [15], [27], aluminates [8], [28], [29], and carbon-based structures [30]-[32].
Additionally, bifunctional catalysts have been tested for nonphenolic compounds such as 2-

methyl-2-pentenal with Pt, Pd, Cu on silica [14] and furfural on Pd/Al2(S103)3 [21].

Research conducted by Lee et al. examined bifunctional catalysis of guaiacol into
cyclohexane using major PGM such as platinum, rhodium, and palladium. The supports included

alumina (Al203), silica-alumina (Si02-Al203), and nitric acid treated carbon (NAC). Catalytic

reactions of guaiacol with an iteration of a supported metal catalyst were performed in a batch

reactor at around 580 psi of H?, 250°C, and residence time of 1 hour. It was observed that

complete conversion was achieved for all catalyst iterations except Pt/SiAl (50%) and Pd/NAC
(54%), with cyclohexane yields ranging from 14-60% [27]. The authors determined that the
degree of HDO was strongly dependent on the acidity and number of active sites of the support.
NAC-supported catalysts had the lowest cyclohexane selectivity, favoring products such as
cyclohexanol and 2-methoxycyclohexanol. This observation indicated that carbon supports are

not acidic and are not capable of performing deoxygenation reactions [27].

Additionally, the HDO activity of a Rh/silica-alumina bifunctionalized catalyst was
higher than that of their monofunctional substituents. Silica-alumina supports displayed
negligible guaiacol conversion while Rh supported on inactive, nonporous zirconia displayed
excellent hydrogenation activity (methoxycyclohexanol formation) but negligible deoxygenation
activity. The authors explain that this indicates that hydrogenation is linked to metal nanoparticle
activity whereas the acidic sites on the support are required for deoxygenation reactions to occur.

The mechanism that the authors rationalized from these results (Figure 2-6) showed the
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hydrogenation of guaiacol into 2-methoxycyclohexanol, with subsequent demethoxylation to
cyclohexanol and cyclohexanone, with further deoxygenation into cyclohexane through

dehydration reactions [27].

OH OH OH (0]
| CH,OH H,O
7 7 _4 N _Z)
+3H +H 2
—_— 2 -—
58 - 108 °C > 250 °C -H, >250 °C

on metals on acid-catalyst- on acid-catalyst-
supported metals N supported metals

Figure 2-6. Proposed reaction mechanism of guaiacol to cyclohexane with noble metal catalysts

This work complements the guaiacol conversion work done by Nimmanwudipong et al.

over Pt/y-Al203. Experimental conditions were at 300°C and roughly 20.3 psi of pressure in the

presence of hydrogen. It was observed that hydrogenolysis, deoxygenation, and hydrogenation
were catalyzed by platinum metal while alumina was responsible for transalkylation reactions
[28]. The degree of overall HDO was also determined to be highly dependent on the partial
pressure of hydrogen. Similar results were observed by Runnebaum et al. using the same catalyst
over other lignin-derived compounds (guaiacol, anisole, 4-methylanisole, and cyclohexanone) at

the exact conditions [29].

Catalytic upgrading experiments on eugenol were also conducted by using similar
alumina supports with platinum [8] at 300°C and atmospheric pressure. As noted previously with
their work with HY zeolite, hydrogenation of the large alkenyl group of eugenol to 4-
propylguaiacol was the predominant hydrogenation product with Pt/y-Al20O3. However, steric
hindrance adversely affected reagent adsorption on active Pt and alumina sites, resulting in a

minimal conversion of HDO products [8]. The addition of hydrogen gas at atmospheric pressure
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showed very little role in affecting the overall HDO of eugenol, further implying the effects of
this “’bulkiness” factor at these operating conditions. Overcoming these steric limitations
would be absolutely necessary for catalytic upgrading of natural lignin, which will not be

neatly fragmented into monomers and dimers.

Other mesoporous silicates such as SBA-15, tested by Lu et al. [15], were used as
supports for palladium for the pyrolysis of poplar. Py-GC/MS was used to perform microscale
pyrolysis and to analyze pyrolysis vapors through GC/MS at 600°C, holding time of 10 seconds,
with He carrier gas. This experiment was done without hydrogen and the actual pyrolysis
temperature was closer to 500°C due to heat transfer limitations of the pyroprobe. It was
observed, for heterogeneous poplar, that the phenolic fraction increased with the addition of Pd
to the zeolitic framework by promoting thermal cracking reactions. It is hypothesized that full
conversion of phenolics and other oxygenated compounds to naphthenes and paraffins were not
achieved due to steady catalyst deactivation over time and the lack of hydrogen partial pressure,
resulting in limited hydrodeoxygenation [28]. Marked improvements in decarbonylation and
hydrotreating were observed by the increase in monomeric phenol and decrease in aldehydes.
These are important results as this can show that PA/SBA-15 can result in a decrease in bio-oil
viscosity due to the decreased oxygen content, thus resulting in an improved fuel with higher
heating value [15]. Decarbonylation is an important catalytic reaction as aldehydes are
responsible for aging and instability of bio-oils. Additionally, PA/SBA-15 increased the yields of
benzene, ethylbenzene, xylenes, and other aromatic molecules compared to monofunctional

SBA-15.
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2.9 Bifunctional catalysis: Other metals supported on zeolites

Other metals besides PGM supported on zeolites have also been explored as potential
catalysts for lignin upgrading. These metals include gallium [33], lanthanum [34], copper alloys

[35], [36], and nickel [37].

Cheng et al. synthesized a bifunctional Ga/ZSM-5 catalyst that was able to successfully
convert furan into aromatic compounds. Gallium performed decarbonylation and aromatization
reactions while the zeolite was responsible for oligomerization and cracking reactions. Reaction
conditions were at 600°C, weight hourly space velocity (WHSV) at 10.4 hr'! with a furan partial
pressure of 6 Torr. Their results suggest that, for aromatization to occur with light olefinic
compounds, strong acidic sites are necessary. Although furan is not likely to be found in lignin,
the reaction pathways of this catalyst may be interesting to explore for a-carbonyl groups

typically found in natural lignin structure.

Zhao et al. reported an economical catalyst that was able to upgrade pyrolysis bio-oil
from pine trees very efficiently. Nickel coupled with HZSM-5 catalysts showed a remarkable
ability to catalyze both deoxygenation and hydrogenation reactions of phenolic compounds and
bulky phenolic dimers present in bio-oil. Reaction conditions for these experiments took place at
250°C with 725 psi of H, under the presence of water (80 mL) for 2 hours [37]. The catalyst used
in this reaction was prepared with 20 wt.% Ni coupled with HZSM-5 with a 45 Si/Al ratio, with
average Ni particle size of 24 nm located inside the zeolite pores. High conversion of
methoxylated phenolics with alkenyl functional groups were observed, with a large percentage of
alkylated cyclohexanes and aromatics formed through the use of Ni/HZSM-5. These results

differ greatly with the eugenol work done by Nimmanwudipong et al. [8] in which only partial
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hydrogenation of the bulky alkenyl group was observed, resulting in 4-propylguaiacol. Although
the two experiments differed greatly in their reaction conditions, it is worth noting that these

results could be attributed to Hp partial pressures used in each experiment (725 psi versus 20 psi).

This is consistent with the previous observation that HDO reactions were strongly dependent on

H> partial pressure [28]. Their results with both phenolic monomers and dimers are shown in

Figure 2-7.
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Figure 2-7. Hydrodeoxygenation of phenolic monomers and dimers with Ni/HZSM-5

Similarly, this “’bulkiness” factor mentioned prior with alkenyl groups on eugenol is
further evident with phenolic dimers bonded through a-O-4, 3-O-4, 4-O-5, 5-5, B-1, B-B, and B-5

linkages, shown in Figure 2-8.
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Figure 2-8. Common lignin linkages inherent in natural lignin

Ni/HZSM-5 catalyst bifunctionally catalyzed each of these linkages into gasoline-like
chemicals that can be directly blended with existing gasoline [37]. More specifically, C-O-C

linkages resulted in 98% conversion of Cg and C7 hydrocarbons. The authors hypothesized that

the reaction route of these dimers followed a reaction network of hydrogenolysis of C-O bonds,
followed with hydrogenation and dehydration reactions. Difficult 4-O-5 linkages were cleaved
through C-O bond cleavage, representing the bifunctional catalytic effect to break aryl ether
bonds. C-C bonds were preserved in the latter linkages, with oxygen-containing functional
groups cleaved to produce C12, C14, and Cig hydrocarbons as major products [37]. As
mentioned previously, this conversion of sterically bulky functional groups may be the result of
higher Hp partial pressure and higher metal loading, resulting in improved hydrogenation
performance. Through catalytic upgrading with Ni/HZSM-5, lignin compounds were
deoxygenated and hydrogenated into molecules with higher octane numbers, as indicated in
Figure 2-9 [37]. Lastly, Ni/HZSM-5 was able to sustain high catalytic stability, with no major

differences in activity and selectivity over five cycles [37].
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Figure 2-9. Octane numbers for common cycloalkane and aromatic compounds

2.10 Bifunctional catalysis: Other metals supported on traditional supports

Platinum group metals are excellent catalysts as they are able to catalyze a multitude of
reactions at milder temperatures and pressures. However, the demand and price for these metals
puts them at an economic disadvantage. Other catalysts, such as nickel (Ni), cobalt (Co) [38],
iron (Fe) [39], and copper (Cu) [40] are much cheaper and are capable catalysts. This section

focuses on relevant literature on their applications with model compounds.

Mochizuki et al. examined the HDO of simulated bio-oil with guaiacol and real woody

tar bio-oil over reduced Ni/SiO2, Co/SiO2, Pt/Si02, Pd/SiO2, and sulfided CoMo/Al203

catalysts. Their experiments are meant for downstream upgrading of liquid bio-oil. Reactions

were carried out from 1-5 MPa of H) with temperatures of 300-350°C in a batch reactor with

25



holding times of 1-3 hours. Out of the four catalysts tested, reduced Co/Si02 (20 wt.% Co) was
the most effective in performing HDO reactions for both the simulated and real bio-oil,
successfully deoxygenating 5 wt.% guaiacol into benzene and cyclohexane with an overall 100%
conversion/96.4% HDO and 40% and 53% selectivity for both products respectively [38]. The
authors also varied guaiacol content from 5% to 20% and noticed a steady decline in conversion,
but no significant variation in selectivity. It is hypothesized that the Co/SiO7 catalyst operates on
guaiacol through a demethylation reaction to form catechol, which is subsequently dehydrated to
phenol. Phenol is then directly deoxygenated (DDO) into benzene and hydrogenated to form

cyclohexane. This reaction scheme is shown in Figure 2-10. Sulfided CoMo/Al203 performed

hydrogenation reactions, noted as HYD, to form cyclohexanones instead.

The DDO reaction mechanism was hypothesized to occur as follows: weakly acidic silica
sites bind directly to oxygen atoms on the hydroxyl and methoxyl bonds, while adsorbed
hydrogen on the metal (Co) “spill-over” to complete the DDO reaction [38]. This scheme is
shown in Figure 2-11. The authors also state that higher acidity is a major contributing factor to

coke deposition, and that the low acidity from silica lowered coke deposition.
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Figure 2-10. Reaction mechanism of guaiacol conversion into benzene over Co/SiO, compared
to CoMo/Al,03
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Figure 2-11. Guaiacol adsorption/reaction scheme predicted by Mochizuki et al.

Strassberger et al. tested copper/y-AlpO3 catalysts to catalyze model lignin dimers

connected through B-O-4 linkages. It was observed that copper catalyzed the scission of these
linkages, forming phenols and ethylbenzenes as a result. They observed that larger agglomerates
of copper induced higher HDO selectivity, while higher copper dispersion lowered HDO
selectivity on magnesia/alumina supports. Reactions were conducted in stainless steel autoclaves

at 150°C with an initial H) pressure of 25 bar for 21 hours. Their hypothesized reaction

mechanism is shown below in Figure 2-12.
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Figure 2-12. Reaction pathways of $-O-4 cleavage through copper supported on alumina

27



2.11 Summary

Hydrogenation and deoxygenation reactions are necessary to convert phenolic rings
present in lignin pyrolysis into gasoline-range hydrocarbons. Lignin, through model compound
studies and experimental thermal pyrolysis of biomass, has been studied using various
bifunctional catalysts that show significant improvement over their monofunctional forms.
Transition metals such as platinum, palladium, nickel, cobalt, among others were coupled with
complementary supports such as zeolites, alumina, silica, and even carbon. The combination of
these metals with a support often times demonstrated a synergistic catalytic effect that improved

conversion, selectivity, and/or activation stability.

However, activation stability in high temperature, high pressure conditions, especially
when working with high pressure hydrogen and bulky phenolic compounds, is especially
important. Novel approaches in zeolite synthesis and nanoparticle production can contribute to
improving mesoporosity and metal dispersion in the zeolites [14], [19]. Additionally, these
improvements in bifunctional catalysis may allow for economical applications of expensive
PGM nanocatalysts because of their efficient surface to volume ratio. It is also necessary to
utilize other prevalent transition metals, alkali earth metals, and bimetallic alloys as potential

new catalysts to further understand the catalytic pyrolysis of lignin.

It i1s important not to focus exclusively on model compounds to model the pyrolysis of
natural lignin. The reaction pathways observed in model compounds such as phenol and guaiacol
will vary considerably to the bulk heterostructure of natural lignin. As a result, further work that

juxtaposes the analysis of model compounds with natural lignin will be far more insightful. As
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this topic is in its infancy, there is much to be discovered in terms of efficient reactor design,

tunable multifunctional catalysts, and the kinetic rate laws that govern these transformations.
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CHAPTER 3
MATERIALS AND EXPERIMENTAL METHODS

3.1 Lignin

Lignin used throughout this study was prepared via sulfur catalyzed steam explosion of
hybrid poplar (195°C, 3% SO,, 5 minutes). Klason acid hydrolysis (121°C, 72% H;SOs4, 60
minutes) was performed to further purify the poplar lignin of any residues and undissolved

sugars.

3.2 Catalyst preparation

ZSM-5 (CBV-2314, Zeolyst International) was purchased in the nominal ammonium
cation form. The acidic form, HZSM-5, was prepared by calcination in air for 5 hours at 600°C.

The specified surface area was 425 mz/g with a S10,/A1,05 ratio of 23.

Pd/HZSM-5 catalysts were prepared through an incipient wetness impregnation
technique. An appropriate amount of PA(NOs) 6H,0 and HZSM-5 were mixed to obtain 1 wt.%
loading of Pd with respect to the total catalyst at 700 rpm in deionized water at room temperature
for 24 hrs. The water was then removed via evaporation. The resulting dried catalyst was
calcined at 600°C for 2 hours under oxygen gas. Finally, the catalyst was reduced in 10% Ho,

90% argon gas at 550°C for 3 hours.
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3.3 Hydropyrolysis-gas chromatography/mass spectrometry

Microscale hydropyrolysis experiments were conducted using a Pyroprobe 5200 model
with high pressure and reactant gas options (Chemical Data Systems Analytical). The pyroprobe
system was equipped with a platinum coil that served simultaneously as a sample holder and
resistive heating element. Hydropyrolysis samples were prepared in quartz tubes with up to 0.5
mg of lignin and/or catalyst surrounded by two layers of quartz wool, as described previously.*
An analytical balance with a resolution of 0.1 pg was used for accurate weighing of
hydropyrolysis samples (AD 6000 Ultra Microbalance, Perkin Elmer). Catalysts were mixed
with lignin in ratios of 1:1, 10:1, and 20:1 in in-situ experiments. Fresh catalysts were used for
all trials. A simplified process flow diagram (PFD) of the pyroprobe operated with the ex-situ
reactor is shown below in Figure 3-1, where the catalyst is in section B in between two layers of
quartz wool. For in-situ experiments, there was no catalyst in section B. The reactor was

approximately 141°C for all in-situ experiments.

GC/MS

T

> Vent

Figure 3-1. Pyroprobe PFD. A: Pyroprobe, B: Packed bed reactor, C: In-line trap
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The pressure in the pyroprobe unit was controlled using a high-pressure module. A
backpressure regulator maintained the pressure within the system. 6.0-grade helium gas
(99.9999%) acted as the carrier/sweeping gas. The valve oven and transfer line were both set
constant at 300°C throughout all experiments. 5.0-grade H, reactant gas (99.999%) was
introduced during the interface temperature ramp. The initial interface temperature was set to
100°C and it ramped to 300°C upon software initialization. Once the interface temperature was
stable at 300°C, the platinum coil rapidly heated to the set point at a ramp of 1000°C/s and the
set point temperature was maintained for 60 seconds. Vapors produced from hydropyrolysis
were then absorbed onto a downstream TENAX trap at 50°C to allow for pyrolysate collection.
However, permanent gases could not be collected by this trapping setup and were sent through
the purge vent. Upon completion, hydropyrolysis products absorbed onto the trap were then
thermally desorbed at 300°C for 5 minutes and swept by helium into a gas chromatography/mass

spectrometer system for downstream analysis (QP2010 Ultra, Shimadzu).

The Pyroprobe 5200 also has a downstream packed bed reactor that can be used for ex-
situ catalytic upgrading. This reactor is labeled as B in Figure 1 and is loaded with a layer of
catalyst surrounded by two plugs of quartz wool. The temperature of the packed bed reactor is
controlled using the high-pressure module and has a maximum temperature reading of 800°C.
The temperature reader is located on the exterior of the reactor so this temperature reading
corresponds to the outer wall temperature instead of the temperature inside the reactor. The
TENAX trap further downstream will absorb the product stream coming out of the reactor before

being analyzed.

Gas chromatography/mass spectrometry (GC/MS) was used to qualitatively and

quantitatively determine the volatile hydropyrolysis products. The injector was kept at a constant
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300°C. Chromatographic separation of the hydropyrolysis products was achieved using a ZB-
Sms capillary column (30m length x 0.25mm inner diameter x 0.25 um film thickness)
(Phenomenex). The helium flow rate was set to 206.5 mL/min at an initial pressure of 113.3 kPa,
and a split ratio of 125. The temperature of the GC oven started at 35°C (held for 2 minutes),
followed by a ramp to 200°C at 5°C/min (held at 200°C for 5 minutes), and ramped to 300°C at
10°C/min (held for 5 minutes). The mass spectrometer was operated at 0.88 kV in SCAN mode.
Target masses were analyzed from m/z of 45.00 to 500.00 at a scan speed of 1666 amu/s. NIST
MS libraries were used to identify chromatographic peaks of compounds with a similarity index

of 90 or greater.

In this work, we report only the volatile products at 300°C. There are also permanent
gases (CO, CO,;, CH4) and non-volatile compounds that could not be measured with the
pyroprobe setup. In addition, the mass of the resulting solid (catalyst+coke) was too small to be

measured accurately and is not reported.

3.4 Elemental Analysis

An elemental analyzer (EA 2400, Perkin FElmer) was used to determine the weight
percentages of carbon, hydrogen, and nitrogen. An analytical balance with a resolution of 0.1 pg

was used for accurate weighing of samples and k-factors.

3.5 Data analysis

Five point calibration curves of major hydropyrolysis products (similarity index > 90)
were constructed using analytical standards purchased from Sigma Aldrich and Fisher through

autosampler injection in HPLC-grade methanol. 50 compounds were quantified by TIC using 19
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external standards: 7 aromatic hydrocarbons and 12 phenolics as specified in Table 3-1.

Response factors for the remaining compounds were approximated by those of standards with

similar chemical structures. All trials were performed in triplicates for reproducibility. Error bars

reported represent the standard deviations of the replicated trials.

No. Compound R.T. Formula M.M. Family Quantification
1 1,3-Cyclopentene 2.624 CsHg 68.11 Cycloalkene Benzene

2 Cyclopentane, methyl- 3.361 CgHyp 84.16 Cycloalkane Toluene

3 Benzene 3.858 CgHs 78.11  Aromatic Standard

4 Cyclopentane, 1,3-dimethyl  4.152  C;Hy4 98.19 Cycloalkane Xylene

5 Cyclohexane, methyl- 4875 CsHy 98.19 Cycloalkane Toluene

6 Toluene 5.97 C/Hg 92.14  Aromatic Standard

7 Cyclohexane, 1,4-dimethyl- 6.189  CgHys 112.21 Cycloalkane Xylene

8 Cyclohexane, ethyl- 7.705 CgHsg 112.21 Cycloalkane Ethylbenzene
9 Ethylbenzene 8.643  CgHyp 106.17 Aromatic Standard

10 m-Xylene 8.813  CgHypo 106.16 Aromatic Standard

11  p-Xylene 8.888 CgHyp 106.16 Aromatic Standard

12 o0-Xylene 9.538 CgHyp 106.16 Aromatic Standard

13  Styrene 9541 CgHg 104.15 Aromatic p-Xxylene

14 Ethylmethylbenzene 11.847 CgHy, 120.19 Aromatic Standard

15 Phenol 12.445 CgHgO 94.11 Phenolic Standard

16  Trimethylbenzene 12.817 CgHi2 120.19 Aromatic Standard

17  Benzofuran 12.915 CgH¢O 118.13 Phenolic Toluene

18 Indane 14.161 CgHo 118.18 Cycloalkene Benzene

19  2-Hydroxybenzaldehyde 14.381 C;HgO, 122.12 Phenolic Vanillin

20 Indene 14.432 CyHg 116.16 Cycloalkene Ethylbenzene
21  m-Cresol 14.432 C;HgO 108.13 Phenolic 2,4-xylenol
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22
23
24
25
26

27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

p-Cresol

Guaiacol
2,3-Xylenol
Methylbenzofuran
Ethylphenol

2,3-Dihydro-4-
methylindene

Methylpropenylbenzene
2,5-Xylenol

Methylindene

Xylenol
2-Methoxy-3-methylphenol
Naphthalene

Creosol

Catechol

Trimethylphenol
4-Methylcatechol
Ethylmethoxyphenol
4-Ethyl-2-methoxyphenol
Methylcatechol
Methylnaphthalene
2-Methoxy-4-vinylphenol
3-Methoxy-5-methylphenol
p-Eugenol
2-Methoxy-4-propylphenol
4-Ethylcatechol

Vanillin

14.739
15.834
16.351
16.434
17.3

17.373

17.38

17.597
17.846
18.207
18.543
18.723
18.969
19.066
19.255
20.857
20.943
21.424
21.656
21.889
22.388
22.504
23.561
23.824
24.178
24.644

C7HsO
C7HsO2
CgH100
CoHgO
CgH100

CioH12

CioHi1z
CsH100
CioH10
CgH100
CgH1002
CioHs
CgH1002
CeHsO2
CoH120
C7HsO,
CoH1,0;
CoH1,0;
C7HgO,
CuHio
CoH100;
CsH1002
C10H1202
C10H1402
CgH1002
CsHsOs

39

108.13
124
122
132
122

132

132
122
130.2
122
138
128.2
138
110.1
136.19
124
152.2
152.2
124
142.2
150
138
164
166
138
152

Phenolic
Phenolic
Phenolic
Phenolic

Phenolic
Cycloalkene

Aromatic
Phenolic
Cycloalkene
Phenolic
Phenolic
Aromatic
Phenolic
Phenolic
Phenolic
Phenolic
Phenolic
Phenolic
Phenolic
Aromatic
Phenolic
Phenolic
Phenolic
Phenolic
Phenolic

Phenolic

2,4-xylenol
Standard
2,4-xylenol
Toluene

2,4-xylenol
Ethylbenzene

Ethylbenzene
2,4-xylenol
Toluene
2,4-xylenol
Creosol
Toluene
Standard
Standard
2,4-xylenol
Standard
Ethylguaiacol
4-ethylguaiacol
4-methylcatechol
Toluene
Standard
Creosol
Standard
Standard
Standard
Standard



48  Apocynin 26.855 CgH1003; 166 Phenolic Standard
59  Fluorene 29.243 Ci3Hypp 166.22 Aromatic Toluene
50 Phenanthrene 33.861 Ci4H1g 178.23 Aromatic Toluene

Table 3-1. Hydropyrolysis products with and without catalysts
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CHAPTER 4
RESULTS AND DISCUSSION

Throughout this work, yield is defined as

) mass of compound i in product
%yield; = — x 100
mass of lignin

as used previously [1], [2].

4.1 Lignin characterization

The elemental composition of the steam exploded poplar lignin was determined on a

CHNS/O Elemental Analyzer (EA 2400, Perkin Elmer). The results are shown in Table 4-1.

C(%) H (%) N (%) O (%) S (%)*
(by difference)
61.7+0.1 | 321 +1.02 | 0.267 £ 0.025 345+ 1.0 0.24

Table 4-1. Elemental analysis of poplar lignin, *=tested by ICP/OES, single run

4.2 Noncatalytic hydropyrolysis of lignin

Poplar lignin was first pyrolyzed in H; in the absence of catalysts to determine the base
case product distribution, as shown in Figure 4-1. Phenols (phenol, m/p cresol, catechol,
methylcatechol), guaiacols (guaiacol, creosol), and syringol were amongst the most prevalent
phenolic compounds observed and are listed in Figure 4-1. Trace amounts of aromatic

compounds were detected during this initial study.
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Figure 4-1. Major phenolic and aromatic products produced from noncatalytic hydropyrolysis of
lignin at 650°C

We increased the H, partial pressure (gauge) to determine its effect on noncatalytic
hydropyrolysis of lignin. For major compounds such as guaiacol and m/p cresol, the overall
effect of H, partial pressure was small from 0.00 to 1.72 MPa. However, smaller yields of larger
oxygenated compounds (catechol, methylcatechol, isoeugenol, vanillin) were observed at higher
pressures. Conversely, as the H, partial pressure increased, there was an apparent increase in the
yields of the aforementioned aromatic compounds (benzene, toluene, xylenes,
methylnaphthalene, azulene). Interestingly, phenol yields increased from about 2 wt.% to
approximately 3.5 wt.% as the H; partial pressure increased from 0.00 MPa to 0.85 MPa. Overall,
the results suggest that H,, in the absence of catalysts, has only a minor role in deoxygenating

larger phenolic compounds into phenol, with further deoxygenation into aromatic hydrocarbons.
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H,, particularly at high temperatures, may induce hydrogenolysis mechanisms where H, radicals

promote demethoxylation, decarbonylation, and dehydration reactions.

Interestingly, the yields of all aromatic and phenolic compounds decreased as the H,
partial pressure was further increased to 2.58 MPa. This suggests that a pressurized H;
environment may induce severe hydrogenolysis of the lignin structure and increased production
of noncondensable gases i.e., CO, CO,, CHy4, C;H4, CoHg. The highly acidic pretreatment process
may have resulted in a structurally weaker lignin as mentioned previously, making it more
susceptible to hydrogenolysis by H, radicals. However, the yields of noncondensable gases could
not be quantified by GC/MS due to experimental limitations of the hydropyrolysis system, so

this hypothesis could not be confirmed.

4.3 Catalytic hydropyrolysis of lignin

Catalytic hydropyrolysis of lignin was studied using HZSM-5 and Pd/HZSM-5 catalysts
mixed with lignin in the pyroprobe. The catalyst-to-lignin ratio, H, partial pressure, and
hydropyrolysis temperature were varied in this study to observe their effect on the yields of

aromatic hydrocarbons and cycloalkanes.

4.3.1. Effect of catalyst-to-lignin ratio

This study aimed to determine the optimal amount of catalyst necessary to generate a
high aromatic hydrocarbon yield and low phenolic yield for HZSM-5 and Pd/HZSM-5 catalysts.
For each catalyst, three catalyst-to-lignin ratios were used: 1:1, 10:1, and 20:1. It has been
previously observed that higher ratios of catalyst to biomass have a positive effect on the
hydrocarbon yield [3]. We performed screening experiments in the pressure range of 0.00-2.58

MPa at 650°C.
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Figure 4-3. Effect of palladium on phenolic yield. Reaction conditions: T,=650°C, P4=1.72
MPa

Within the range studied, the optimal experimental conditions for aromatic hydrocarbon
generation and deoxygenation occurred at a H; partial pressure of 1.72 MPa. Only this situation
is reported in Figures 4-2 and 4-3. At the lowest catalyst-to-lignin ratio (1:1), PdA/HZSM-5
catalyst behaves similarly to HZSM-5, as both catalysts produce similar yields of aromatic

hydrocarbons as shown in Figure 4-2. In Figure 4-3, both catalysts produced a similar amount of
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phenolic compounds with no major statistical differences in their deoxygenation ability.
However, as the catalyst-to-lignin ratio increased from 1:1 to 10:1 to 20:1, Pd/HZSM-5

surpassed HZSM-5 at each ratio in aromatic hydrocarbon yield and phenolic deoxygenation.

At a 20:1 -catalyst-to-lignin ratio, Pd/HZSM-5 produced 44% more aromatic
hydrocarbons than HZSM-5 alone and virtually no phenolic compounds were detected through
mass spectrometry with PA/HZSM-5. These results suggest that the Pd metal is capable of
accelerating deoxygenation and aromatization reactions that are normally facilitated by HZSM-5,
resulting in higher yields of aromatic hydrocarbons. However, throughout these experiments, no
cycloalkanes were observed. This indicates that hydrogenation is not a major reaction pathway at
these conditions. Similarly, Thangalazhy-Gopakumar et. al. observed no cycloalkane products
using pinewood biomass with metal-supported zeolites at a hydropyrolysis temperature of 650°C.
No cycloalkane formation was observed with Ni/HZSM-5, Co/HZSM-5, Mo/HZSM-5, and
Pt/HZSM-5, with minimal variation in aromatic hydrocarbon yield over a range of operating
pressures amongst the four catalysts [4]. As the catalytic effect of the additional Pd metal was
more evident at a catalyst-to-lignin ratio of 20:1 and H, partial pressure of 1.72 MPa, all

remaining experiments reported were performed at these conditions, unless mentioned otherwise.

To explain the effects of adding a metal to a support, various research groups have
alluded to a synergistic effect that leads to an improvement in the overall catalytic performance
[5]-[12]. The Resasco group looked at the effect of using Pt/HBeta with lignin model compound
anisole. It was observed that Pt/HBeta catalyst was an effective catalyst in the
hydrodeoxygenation of anisole to aromatic compounds. They hypothesized that the Pt metal
accelerated alkyl transfer reactions while adjacent Bronsted acid sites were responsible for

carrying out deoxygenation reactions [8]. Ga/HZSM-5 was investigated by Cheng et. al. for
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improving the rate of aromatic production from lignocellulosic biomass. Cheng et. al.
hypothesized catalytic bifunctionality in which Ga improved the rates of decarbonylation and
olefin aromatization while the zeolite was responsible for oligomerization reactions, thereby
leading to an improvement in aromatic yield over monofunctional zeolite [11]. We believe that

this synergistic effect plays a substantial role with Pd/HZSM-5 and lignin during hydropyrolysis.

4.3.2. Effect of H; partial pressure

The effect of H; partial pressure was investigated at 0.00, 0.86, 1.72, and 2.58 MPa. It is
hypothesized that the presence of H, plays a critical role in hydrodeoxygenation reactions by
providing a source of hydrogen atoms for hydrogenation and hydrogenolysis reactions. Figure
4-4 shows the effect of H; partial pressure on the overall yields of aromatic hydrocarbons at a
hydropyrolysis temperature of 650°C and a catalyst-to-lignin ratio of 20. Surprisingly, for
Pd/HZSM-5, there was a 43% decrease in aromatic hydrocarbon yield as the H, partial pressure

increased from 0.00 MPa to 0.86 MPa. At this point, the reasons for this trend are not clearly

understood.
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Figure 4-4. Effect of H, partial pressure on aromatic hydrocarbon for HZSM-5 and Pd/HZSM-5.
T=650°C, catalyst-to-lignin ratio: 20

The optimal pressure for aromatic hydrocarbon formation within the range studied was
observed at 1.72 MPa with an approximate aromatic yield of 40 wt.% with PdA/HZSM-5. This
particular result indicates that a moderate partial pressure of H; positively impacts deoxygenation
reactions performed by Pd/HZSM-5, with a noticeable 44% improvement over HZSM-5 (26
wt.%). Additionally, the maximum H, partial pressure tested (2.58 MPa) resulted in a severe
decrease in aromatic yield for both catalysts. This is similar to the result mentioned in section 4.2
where we observed a marked decrease in overall yield. We suggest that the same hydrogenolysis

mechanisms discussed previously causes this decrease in yield.

4.3.3 Effect of Pd on product distribution

Aromatic compounds, from C6 to polyaromatic hydrocarbons, are listed in Figure 4-5 at
the optimal experimental conditions (650°C, 1.72 MPa, and 20:1 catalyst-to-lignin ratio) with

their respective yields from HZSM-5 and PA/HZSM-5 catalysts.
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Figure 4-5. Aromatic hydrocarbon distribution over HZSM-5 and Pd/HZSM-5 at 650°C, Py=1.72
MPa, and 20:1 catalyst-to-lignin ratio

Both catalysts, at the specified conditions, exhibited enhanced reactivity at 1.72 MPa.
Pd/HZSM-5, however, produced more C6, C7, C8, C9, C10, and polyaromatic hydrocarbons
than HZSM-5. This result is consistent with Figure 4-2 as Pd/HZSM-5 produced 44% more
aromatic hydrocarbons than that of HZSM-5, with overall yields of approximately 40 wt.% and
26 wt.%, respectively. In particular, the toluene yield with PA/HZSM-5 was 10.7 wt.%, a 27%
increase compared to HZSM-5, which produced 8.4 wt.%. Xylene demonstrated a similar 28%
increase with PA/HZSM-5, with yields increasing from 5 wt.% to 7 wt.%. This result is critical as
both toluene and xylene are commercially valuable products in both the fuel and chemical

industries.

Naphthalenes and methylnaphthalenes, grouped in “Polyarom”, were major products
formed from lignin over PA/HZSM-5. In fact, the addition of Pd resulted in an astounding 123%
increase in polyaromatic hydrocarbons compared to HZSM-5 itself. As polyaromatic

hydrocarbons are generally known as precursors to char formation, this result may suggest that
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the addition of Pd metal impedes char formation as these smaller ordered polyaromatic
compounds were analyzed by a downstream GC/MS. For HZSM-5, it is possible that the
polyaromatic compounds that were produced further reacted to form highly condensed species,

otherwise known as char.

Our results suggest that PA/HZSM-5 in H, conditions minimizes char agglomeration
through in-situ interactions of aryl radicals with the Pd metal and H, atmosphere. Rapid
polymerization of aryl radicals amongst neighboring aryl radicals may be inhibited by hydrogen
atoms that are facilitated by the surface chemistry of the Pd metal, nullifying the formation of

higher ordered polyaromatic rings, and increasing the yield of smaller polyaromatics.

4.3.4. Effect of Temperature

Typical hydropyrolysis processes occur from a range of 400°C to 600°C. This study
focused on the effect of temperature (400°C, 550°C, and 650°C) and the product distribution
from lignin hydropyrolysis over PA/HZSM-5. Primarily, this study was performed to investigate
the role of temperature on the formation of cycloalkane compounds. Catalyst ratio and pressure
were held constant for all experiments at 20:1 and 1.72 MPa, respectively, as these conditions

displayed improved aromatization from the previous results.

Figure 4-6 represents the product distribution resulting from the hydropyrolysis of poplar

lignin at 400°C. The peaks were identified as cycloalkane compounds.
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Figure 4-6. Chromatogram of catalytic hydropyrolysis of lignin at 400°C using Pd/HZSM-5

Figure 4-7 depicts the percent yield of aromatic and cycloalkane compounds at 400°C,
550°C, and 650°C. Five distinct cycloalkane species (methylcyclopentane, dimethylcyclopentane,
methylcyclohexane, dimethylcyclohexane, ethylcyclohexane) appeared at 400°C. Although the
total cycloalkane yield is 3 wt.%, this result indicates that Pd/HZSM-5 successfully facilitated
HDO reactions of phenolic compounds or aromatics into cycloalkanes. In addition, no phenolic
compounds were detected in the product distribution. As far as we know, this is the first time that
cycloalkanes have been produced from natural lignin. The presence of cycloalkanes also
demonstrates the bifunctionaity of the Pd/HZSM-5 in hydropyrolysis conditions, since both the

deoxygenation and hydrogenation reactions are needed to produce these molecules.
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Figure 4-7. Aromatic and cycloalkane yields with Pd/HZSM-5 at 400°C, 550°C, and 650°C at
Pu=1.72 MPa

Several studies on lignin model compounds have indicated that noble metals supported
with an acidic support proceed via an initial hydrogenation (HYD) stage to remove the
aromatization of the ring structure. A subsequent deoxygenation (DDO) step of the remaining C-
O bond yields the resulting cycloalkane [13]. Hong et. al. analyzed the HDO of phenol using a
Pt/HY bifunctionalized catalyst in a fixed bed reactor under elevated H, pressure (4MPa) with
moderate reaction temperatures. The authors proposed that the successful HDO of phenol to
cyclohexane occurred through a series of competing HYD/DDO reactions to yield cyclohexanol,
followed with dehydration to eventually form cyclohexane [14]. The two competing mechanisms

are represented in Figure 4-8, as adapted from Wang et. al [13].
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Figure 4-8. Hydrodeoxygenation reaction network of p-cresol to methylcyclohexane, adapted
from Wang et. al.

Zhao and Lercher experimented with Ni/HZSM-5 catalysts to upgrade phenolic-rich bio-
oil in a semi-batch reactor at 250°C. They observed that, with the addition of H, (5 MPa),
Ni/HZSM-5 facilitated complete hydrodeoxygenation of phenolic monomers and dimers into
cycloalkane molecules [15]. Wan et. al. observed that the orientation of the adsorbed molecule
on the active site determined whether or not the reaction proceeded first via HYD or DDO.
Cresol that was vertically adsorbed to the metal surface was more susceptible to DDO, resulting
in toluene. HYD was proposed to be the major reaction pathway when cresol is adsorbed
coplanar to the metal surface, resulting in methylcyclohexanol and subsequently
methylcyclohexane [16]. Although the analysis of specific reaction mechanisms inherent with
raw lignin hydropyrolysis is complex, it is suggested that PA/HZSM-5 behaves in a similar

catalytic fashion as observed from the model compound analyses.

As the hydropyrolysis temperature increased from 400°C to 650°C, cycloalkanes were no
longer observed. The complimentary hydrogenation reactions appeared to be severely affected

by the increase in temperature. This may be due to thermodynamic limitations, as hydrogenation
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reactions are exothermic. As a result, the aromatic yield increases dramatically from 8.7 wt.% at
400°C to 40.3 wt.% at 650°C. Higher temperatures have been observed to improve the overall
yields in the hydropyrolysis of the lignin, allowing for an increase in the amount of volatile

vapor produced, which lead to increased overall yields.

Thangalazhy-Gopakumar et. al. performed similar studies but with an experimental
design that kept the hydropyrolysis temperature constant at 650°C. Their results showed no
formation of cycloalkane compounds at any H; partial pressure (0-400 psig) for any of the four
supported catalysts that they used [4]. This is consistent with the result that we observed. This
phenomenon is likely due to the low equilibrium constants of hydrogenation reactions at
increasing temperatures, as summarized in Table 4-2. All equilibrium constants except those at
550°C and 650°C were reported literature values, with corresponding reaction enthalpy values for
benzene, toluene, and p-xylene hydrogenation [17]. Equilibrium constants at 550°C and 650°C

were calculated using the following equation, with 200°C as the reference temperature [18].

AHp, (1 1
Ke(T) = Ke(Ty) exp [ (- ;)] @

The exothermicity of the hydrogenation reaction is accompanied by a decrease in product
moles; high H, partial pressures and low temperatures would therefore favor optimal equilibrium
conversion [19]. This trend is apparent in Figure 4-9, with the equilibrium constants for the
hydrogenation of benzene, toluene, p-xylene, plotted with respect to temperature. Straight lines
between points were included for better visualization. The decreasing equilibrium constant
indicates that very few cycloalkane molecules will be produced at higher reaction temperatures

[17]. The equilibrium constant for benzene hydrogenation to cyclohexane at 300°C is more than
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21,000 times that of the constant at 650°C, meaning infinitesimal amounts of cyclohexane will be

present, if any at all, at this higher temperature.

+ 3H, -——> AH=-206 kJ/mol
logioKeq
Compound 200°C  300°C 400°C 550°C* 650°C* AH
Benzene 3.94 -0.13 -2.69 -5.73 -7.15 -206
Toluene 3.54 -0.19 -2.71 -6.08 -7.49 -205
p-xylene 2.16 -1.37 -3.75 -6.99 -8.33 -195

Table 4-2. Equilibrium constants for aromatics hydrogenation to cyclohexane. Enthalpy of
reaction measured in kJ/mol. *calculated using equation 1.

6
4 ~ Benzene
2 Toluene
0 T T NNl T T p-Xermle
?.‘—: 20 100 200 300 400 500 600 700
60
S -4
-6 -
-8 -
-10 Temperature (°C)

Figure 4-9. Equilibrium constants for hydrogenation of various aromatic hydrocarbons [17]

We observed no formation of cycloalkanes at 650°C, which is consistent to the findings of
Thangalazhy-Gopakumar et. al. However, by decreasing the temperature to 400°C and

maintaining a moderate H, partial pressure, the hydrogenation reactions favor cycloalkanes.
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4.4 Ex-situ hydropyrolysis of lignin

Ex-situ hydropyrolysis of lignin was performed using the pyroprobe and packed bed
reactor to determine any differences between in-situ and ex-situ upgrading. Approximately 0.5
mg of lignin was loaded in a quartz tube in the pyroprobe. A packed bed reactor downstream
from the pyroprobe was packed with quartz wool and loaded with approximately 10 mg of
catalyst. Fresh catalyst was used for each run. The hydrogen partial pressure and hydropyrolysis
temperature were held constant at 1.72 MPa and 650°C respectively. The temperature of the
packed bed reactor was tested at 300°C, 400°C, 500°C, 600°C, and 700°C; these temperatures
represent the temperature on the outside of the reactor. The actual internal reactor temperature
was not measured directly, as the heater and corresponding thermocouple were located on the

exterior of the reactor.
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Figure 4-10. Ex-situ upgrading of lignin into cycloalkane and aromatic compounds with
Pd/HZSM-5 at varying packed bed reactor temperatures. Hydrogen partial pressure = 1.72 MPa,
approximately 20:1 catalyst to lignin ratio held constant
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Figure 4-11. Product distribution of cycloalkanes produced using Pd/HZSM-5. Conditions: back
reactor T: 300°C, 20:1 catalyst to lignin ratio, hydrogen partial pressure: 1.72 MPa

In the range of temperatures tested in Figure 4-10, a back reactor temperature of 300°C
produced the highest amount of cycloalkanes at 0.96 wt.%, a 68% decrease compared to the
cycloalkane yield observed in the in-situ upgrading results discussed earlier. As the temperature
increased to 600°C, we observed a noticeable inverse relationship between the cycloalkane and
aromatic yields. This is consistent with the in-situ results shown in Figure 4-7. The product
distribution at 300°C, Figure 4-11, shows the wide range of cycloalkane products produced. This
results suggests that PA/HZSM-5 was successful in nearly complete HDO of the lignin

hydropyrolysis products.

As mentioned in section 4.3.4, the thermodynamic limitation of the HDO reaction was also

clearly observed during ex-situ upgrading. As the temperature increased to 400°C, there was a
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58% decrease in cycloalkane yield to 0.40 wt.% with a nearly 249% increase in aromatic yield,

which is consistent with the exothermicity of the hydrogenation reaction discussed previously.
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CHAPTER 5
THESIS SUMMARY AND FUTURE WORK

5.1 Thesis Summary

The hydropyrolysis of lignin was performed with HZSM-5 and Pd/HZSM-5 to assess the
hydrodeoxygenation of lignin-derived phenolics to aromatic hydrocarbons and cycloalkanes.
One of the key findings was that Pd/HZSM-5 produced 44% more aromatic hydrocarbons than
HZSM-5 at a catalyst-to-lignin ratio of 20:1, H, partial pressure of 1.72 MPa, and hydropyrolysis
temperature set to 650°C. The most abundant aromatic hydrocarbons were toluene, xylene, and
polyaromatic compounds such as naphthalene and methylnaphthalene. These results appear to
indicate that Pd/HZSM-5 may be a more active catalyst for aromatization and cyclization
reactions in contrast to other previous iterations of supported Co, Ni, Mo, and Pt catalysts. The
hydropyrolysis temperature was shown to affect the yields of cycloalkanes over PA/HZSM-5 in
H, through thermodynamic limitations. The yield of cycloalkanes from ex-situ catalytic
upgrading appeared to be affected by thermodynamic limitations as well, with similar trends to
in-situ upgrading. Although the yield of cycloalkanes is low, this result provides evidence that
the bifunctional catalyst was successful in facilitating hydrodeoxygenation reactions of phenolic
compounds into cycloalkanes. Further experimentation with inexpensive catalysts and HZSM-5

support may elucidate other effective bifunctional catalysts for HDO of natural lignin.
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5.2  Future work

Along with the pyroprobe experiments presented in the previous chapters, | constructed
and assembled two laboratory-scale reactors in Bloedel 108. These two reactors will be used to
gather experimental data on biomass hydropyrolysis and ethylene to jet fuel processes

respectively. Each system is described in the following sections.

5.2.1 Hydropyrolysis system

The work in this thesis was performed to test the viability of forming cycloalkanes
through hydropyrolysis of lignin by using a zeolite support in conjunction with a hydrogenation
metal catalyst. This work was conducted on a microscale pyroprobe system where only minute
amounts (~0.5 mg) of biomass could be introduced into the system. A larger system is currently
being assembled, and it will feature a screw auger feeder for biomass delivery, a hydrogen
manifold with both low and high pressure options, a fluidized bed reactor, a cyclone for vapor-

solid separation, and condensers for liquid bio-oil collection.

The proposed hydropyrolysis system will extend the results of this thesis work to the
laboratory-scale, with a biomass throughput of 2 kg/hour. A simplified process flow diagram is
shown below in Figure 5-1. The system is designed to handle a wide range of pressure from
atmospheric to as high as 1000 psig of hydrogen. The fluidized bed reactor will be operated from
400°C to 600°C, with four thermocouple ports to measure the temperature throughout the
fluidized bed. A gas booster is included in the design to recirculate the excess hydrogen gas back

into the system as a recycle loop. This gas booster will help reduce hydrogen consumption.
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The catalysts make up the bed of particles in the reactor. Future work with this system
will look into several types of bifunctional catalysts with several hydrogenation metals. More
affordable metals, such as Ni, Co, and Fe, with HZSM-5 and other supports will be tested to
attempt to improve the quality of the bio-oil, examine improvements in turnover frequency, and

determine which catalysts may be viable candidates for industrial scale-up.

Biomass
4

Figure 5-1. Hydropyrolysis system PFD
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Figures 5-2 through 5-5 are pictures of the physical components of the hydropyrolysis
system in Bloedel 108. The frame is constructed of 80/20 aluminum bars. All components are
composed of stainless steel 316 and are precision-machined and high-pressure welded by

Wheeler Tank Manufacturing in Sioux Falls, SD.
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\

Figure 5-2. Overall hydropyrolysis system complete with screw feeder, hydrogen manifold,gas
booster
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Figure 5-4. Hydrogen gas manifold with both low and high-pressure options
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Figure 5-5. Fluidized bed reactor with vertical tube furnace connected to cyclone.
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5.2.2 Ethylene-to-jet fuel system

Along with the hydropyrolysis system, | was also responsible with setting up another
catalytic reactor for the conversion of ethylene to jet fuel. This reactor will be used to study the
oligomerization of gaseous ethylene into hydrocarbons suitable for use in jet fuels. The system
consists of a packed bed reactor along with a condenser for liquid hydrocarbon collection. The

PFD is shown in Figure 5-2.
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GCTCD
,

| | FUME HOOD

>

BPR

LIQUID COLLECTION

..................

Figure 5-6. Ethylene to jet fuel PFD

Nitrogen will be used as a carrier gas throughout the process, whereas ethylene will be
the sole reactant. The gas delivery system consists of an ethylene and a nitrogen gas line, both
equipped with mass flow controllers and pressure gauges. Pressure in the system will be limited

to 1000 psig and will be controlled using a backpressure regulator. Heating tape will be used to
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heat the reactor walls, with a top-mounted thermocouple inserted into the packed bed for online
temperature readings on the internal reactor temperature. The catalyst will be supported by a
layer of quartz wool on both sides of the packed bed. A pressure transducer right before the
packed bed reactor and a downstream pressure gauge will be used to measure pressure drop
across the reactor. The vapors from the reactor will be swept into a condenser operating in
counterflow at 5°C to condense the vapors into a liquid that will be analyzed by GC-MS/FID.
Permanent gases will be swept either into a gas-sampling bag or measured online periodically

using GC-TCD.

This project will focus on catalyzing oligomerization reactions of ethylene into higher-
ordered alkanes that are suitable for jet fuels. We will look at utilizing interesting polymerization
catalysts (i.e. Ziegler-Natta and Philips catalysts) along with acidic supports to achieve this goal.
These catalysts typically consist of alkylated titanium and/or chromium nanoparticles dispersed
on an inert support for industrial polyethylene production [1]. The idea is to use an acidic support
(i.e. zeolites) in conjunction with these productive catalysts that can catalytically crack
oligomeric ethylene into suitable paraffins and olefins while also restricting polymerization
reactions from occurring. In addition, using zeolites may also accelerate transalkylation reactions

that can form important branched paraffins/olefins [2].

In addition to the catalyst studies, supercritical conditions (T,>1, P>1) will be tested to
see if coke formation on catalytic sites can be reduced. By reducing coke formation, catalyst
lifetime can be extended with the added benefit of requiring fewer regeneration cycles and

improved turnover frequency.

67



The physical reactor system is shown in Figure 5-7, with the packed bed reactor on the

left connected to an adjacent condenser.
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Figure 5-7. ETG reactor system
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