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Abstract

Vehicles traveling at high supersonic and hypersonic flight speeds experience high thermal
heat loads from aerodynamic heating that exceed the heat sink capacity of existing thermal
management systems. Conventional thermal management systems are limited by the physical heat
sink capacity of hydrocarbon fuels. One method to increase the heat sink capacity of hydrocarbon
fuels is to carry out endothermic reactions on the hydrocarbon fuel near the heat load. The breaking
of C-C bonds over a catalyst, otherwise known as catalytic cracking, is an endothermic reaction
that can provide a substantial heat sink for so called endothermic fuels. Understanding the effects
of catalyst porosity and hydrocarbon molecular structure for catalytic cracking under supercritical
conditions is necessary for the rational design of catalyst/fuel pairings for endothermic fuels. In
this study, reactions of linear, branched, and cyclic hydrocarbons were performed over micro- and
mesoporous solid acid catalysts under supercritical conditions. Measurements of intrinsic rate
parameters were used to develop a fundamental understanding of the reaction mechanism under

supercritical conditions.

Reactions of n-hexane and n-dodecane over zeolites H-ZSM-5 and H-Y, and mesoporous
aluminosilicate AI-MCM-41 were performed under supercritical conditions in a single passed
fixed bed reactor system. Results indicated the product distribution of the reaction was strongly
influenced by bimolecular reactions and the hydrocarbon chain length. Rate measurements
conclusively showed that H-ZSM-5 had the highest turnover frequency (TOF), normalized by the
number of H* active sites evaluated by n-propylamine decomposition, for cracking linear
hydrocarbons (n-hexane and n-dodecane). In contrast, reactions of n-hexane over H-Y and Al-
MCM-41 resulted in primarily isomerization products. The difference in product distribution for

n-hexane reactions over H-ZSM-5 and H-Y was attributed to the smaller pores of H-ZSM-5.



iii

Cracking of cyclic hydrocarbons was explored during an evaluation of the H-Y/JP-10
catalyst/fuel pairing in both fixed bed and micro-flow tube reactor (MFTR) systems. The fixed bed
reactor results revealed that cyclopentadiene and cyclopentene were the primary pyrolytic and
catalytic cracking products of JP-10 (exo-tetrahydrobicyclopentadiene). Product analysis
suggested that, at higher conversions, cyclopentadiene and cyclopentene undergo molecular
growth reactions to form heavier molecular weight polyaromatic hydrocarbons. The importance
of cyclopentadiene and cyclopentene during pyrolytic and catalytic cracking of JP-10 was also
observed in the MFTR system at ambient pressure. The product distribution from the MFTR results
was used to compare the endothermic cooling potential of pyrolytic and catalytic cracking of JP-
10. Catalytic cracking of JP-10 did not increase endothermic cooling capacities at low conversions
and exhibited a high tendency for coke formation at high conversions. These characteristics

suggest that H-Y/JP-10 is an unattractive catalyst/fuel pairing for endothermic fuels.

Cracking of branched hydrocarbons, mixtures of branched and linear hydrocarbons, and
military jet fuel, JP-8, over micro- and mesoporous aluminosilicate catalysts was also investigated.
The smaller pores of H-ZSM-5 prevented the diffusion and subsequent cracking of branched
molecules in the zeolite interior. In comparison, non-microporous amorphous silica-alumina
(ASA) exhibited a higher TOF during cracking of a branched fuel mixture relative to its pure
components. A preliminary investigation suggested that ASA exhibited promising stability

compared to H-ZSM-5 during cracking of JP-8.

For comparison, a series of non-microporous mixed-oxide solid acid catalysts based on
tungstated zirconia (WOx/ZrO) was synthesized, characterized, and tested in the cracking of n-
dodecane. Characterization results indicated that as the composition of W was increased in the

series, WOy domains on the zirconia surface also increased in size. Reaction experiments revealed



that WO/ZrO catalysts were orders of magnitude less active than aluminosilicate materials on a
per catalyst mass basis. Furthermore, WOx/ZrO- catalysts exhibited a loss of activity over time
due to coke formation that was similar to aluminosilicate materials. Thus, WOx/ZrO; catalysts are

not considered to be attractive for catalyzing the cracking of endothermic fuels.

In summary, cracking of several different hydrocarbons over solid acid catalysts with
various pore sizes and compositions was studied under supercritical conditions. Whereas zeolite
H-ZSM-5 exhibited the highest rate for cracking of linear hydrocarbons, zeolite H-Y was superior
to that of H-ZSM-5 for cracking of military fuel JP-10 because the pore size of H-ZSM-5 was too
small to accommodate the fuel. This work illustrates the importance of proper catalyst/fuel pairing

for endothermic fuel cracking reactions.
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1. Introduction

Advanced high supersonic (Mach 3-5) and hypersonic (Mach > 5) vehicles have received
considerable attention for their potential to function as high speed missiles, dramatically reduce
aircraft travel time, and provide affordable space access. A major complication in the development
and implementation of such vehicles is the thermal management issues that arise at high supersonic
and hypersonic speeds. Vehicles designed for high supersonic and hypersonic flight must
incorporate an active cooling system, but not a dedicated one to avoid overweighting the vehicle
[1]. Currently, the main method of active cooling uses the onboard fuel as the primary coolant by
circulating the fuel behind the walls of various aircraft components and removing waste heat before

the injection of fuels to the combustion chamber.

One technology that has been the focus of numerous investigations is endothermic fuels.
Endothermic fuels increase the heat sink capacity of heavy hydrocarbon fuels by incorporating
both the physical heat sink capacity from the sensible enthalpy of the hydrocarbon fuel and the
chemical heat sink capacity from undergoing decomposition into hydrocarbon products that are
also fuels. Catalytic cracking of endothermic fuels has generated interest due to its potential to
produce molecules with favorable ignition properties. Solid acid catalysts, and zeolites in
particular, are well known to be effective for catalyzing hydrocarbon cracking reactions necessary
for endothermic fuel cracking. The versatility of the zeolite framework and its ability to tune the
reaction mechanism and product distribution by changing the zeolite pore structure offers

tremendous potential for endothermic fuels.



The overall goal of this work is to develop a fundamental understanding of how
hydrocarbon molecular structure and catalyst porosity affects cracking rates during the catalytic

cracking of hydrocarbons under supercritical conditions.

The objectives of this dissertation are outlined below:

1) Experimentally explore catalyst/fuel pairings that promote endothermic fuel cracking
reactions under supercritical conditions.
2) Understand the influences of catalyst porosity and hydrocarbon molecular structure to
optimize catalyst/fuel pairings for carbon-carbon bond cracking:
a. Measure Kkinetic parameters (e.g. turnover frequencies, apparent activation
energies) of the catalytic cracking reaction under supercritical conditions.
b. Examine the effect of catalyst porosity by testing microporous zeolites (H-ZSM-5,
H-Y), mesoporous aluminum-substituted Mobil Composition of Matter-41 (Al-
MCM-41), non-microporous amorphous silica-alumina (ASA), and non-
microporous tungstated zirconia (WOx/ZrOz)
c. Examine the effect of different hydrocarbon molecular structures using linear
alkanes (n-hexane, n-dodecane), branched alkanes (isooctane and isododecane),

and military fuels (JP-8 and JP-10).

In the remainder of this chapter, the history of endothermic fuels and the relevant
components to this technology are discussed. The details of the hydrocarbon cracking mechanism
and a background of solid acid catalysts are presented. In the next two chapters, fundamental
investigations on the effect of hydrocarbon chain length (Chapter I1) and the effect of cyclic
hydrocarbons (Chapter I1I), on cracking rates over micro- and mesoporous aluminosilicate

catalysts using experimental and theoretical approaches is reported. In Chapter 1V, the cracking of



branched hydrocarbons (isooctane and isododecane) and mixtures of branched and linear
hydrocarbons over micro- and mesoporous aluminosilicate catalysts is discussed. A brief
investigation of the cracking behavior of a real military jet fuel, JP-8, which is a mixture of linear,
branched, and cyclic hydrocarbons, is also included. The relative performance of WOx/ZrO; for

hydrocarbon cracking compared to aluminosilicate materials is presented in Chapter V.

1.1 Endothermic Fuels for Advanced Aircraft

Current aircraft circulate hot air from the compressor to the fuel tanks and use the sensible
heat capacity of the fuel as a heat sink. The cooled air is then recirculated to various thermally
stressed systems such as the engine components, electronics, and hydraulics [2]. The Wright-
Patterson Research and Development Center analyzed the cooling requirements of current military
aircraft and determined that the F-15, with a top speed of approximately Mach 2.5, exhibits a
maximum heat load of approximately 12,660 kJ min™. It is expected that next-generation vehicles,
with flight speeds greater than Mach 5 will be required to absorb upwards of 38,000 kJ min[3].
The dramatic increase in thermal load with Mach number requires the development of advanced

cooling technologies that can increase the cooling capacity of the hydrocarbon fuel [4].

Current fuel systems in military aircraft operate under high pressure to ensure adequate
flow of fuel to the engine under all operating conditions. For example, the JP-8 fuel used in the
fuel system of the current F-15 experiences pressures up to 27.6 MPa and temperatures as high as
450 K for residence times up to 20 minutes [5]. These pressures are above the critical pressures of
current commercial and military jet fuels. The thermal loads of next generation vehicles are much

greater and result in much higher fuel temperatures. According to Edwards [6], the fuel for next



generation hypersonic aircraft may need to withstand temperatures on the order of 813 K or higher,
which is far greater than the critical temperature of current commercial and military jet fuels, listed
in Table 1-1. Based on the designs for current military aircraft, it is expected that the hydrocarbon
fuels in the fuel systems of next generation hypersonic vehicles will be subject to supercritical

pressures and temperatures.

Table 1-1. Characteristics and properties of military jet fuels JP-7, JP-8, and JP-10 [7,8].

JP-7 JP-8 JP-10
Approximate Formula Ci2Hos CuHa CioH1s6
H/C Ratio 2.1 1.9 1.6
Critical Pressure
(MPa) 2.1 2.3 3.7
Critical Temperature 672 683 693
(K)
Average Composition
(vol.%)
Aromatics 0.1 18 --
Cycloalkanes 32 35 100
Alkanes 65 45 --
Alkenes -- 2 --

Endothermic fuels increase the heat sink capability of heavy hydrocarbon fuels by
performing endothermic reactions on the hydrocarbon fuel. Dehydrogenation (C-H bond breaking)
and cracking (C-C bond breaking) represent two endothermic fuel reactions that have potential for

active cooling purposes.

Catalytic reforming of endothermic fuels has generated interest as a method to increase the
heat sink capabilities of hydrocarbon fuels by selectively enhancing the rate of dehydrogenation
and cracking. For example, the catalytic dehydrogenation of model naphthenic fuels, such as
methylcyclohexane (MCH) into toluene and hydrogen, has been examined since the 1960s. Lander

and Nixon calculated the full endothermic potential for the catalytic dehydrogenation of



supercritical methylcyclohexane to be 457 kJ mol™?, over an order of magnitude greater than the
cooling potential of JP-8 fuel systems [4]. However, the emphasis on catalytic dehydrogenation
has decreased as the dehydrogenation of naphthenic molecules generates higher molecular weight
products, which tend to have unfavorable ignition properties [9]. Lighter unsaturated gaseous
hydrocarbons, such as ethylene and acetylene, have lower ignition energies than heavier liquid

hydrocarbons, presented in Table 1-2.

Table 1-2. Minimum ignition energies of relevant
hydrocarbons (Pressure, 0.1 MPa) [10,11].

Minimum ignition energy

Fuel (104 joules)
Methane 2.8
Acetylene 0.17
Ethylene 0.70

Ethane 2.6
Propylene 2.8
Propane 2.6
n-Hexane 2.9
Cyclohexane 2.2
Benzene 2.1
Dodecane 10
JP-8 20

Cracking of military fuels has been demonstrated to improve the ignition properties of the
fuel. Nagley et al. [12] reported that a cracked JP-8 with a liquid to gas conversion ratio of 30%
exhibited a 20% reduction in ignition time. Thus, the focus of this work will be on catalytic
cracking rather than dehydrogenation of endothermic fuels. Critical properties of surrogate fuel

molecules used in this study are listed in Table 1-3.



Table 1-3. Critical properties of n-hexane, n-dodecane, isooctane, and isododecane [13].

n-hexane n-dodecane isooctane isododecane
Formula CeH14 C12H2s CsHis C12H2s
Critical Pressure
3.0 1.8 2.6 1.9
(MPa)
Critical ‘I;Ie;n;perature 508 658 544 629

1.2 Hydrocarbon Cracking Mechanism

The catalytic cracking of hydrocarbons involves converting hydrocarbons into smaller
hydrocarbons over solid acid catalysts at high temperature. It is one of the most important
processes in the petroleum refining industry due to its flexibility in handling the variety of crude
feedstocks that need to be refined. Catalytic cracking has become increasingly important as
refineries deal with a growing diversity of feedstocks such as heavier crudes and lighter shale oil
and gas. This flexibility is promising for endothermic fuels because hydrocarbon jet fuels can have

dramatically different compositions, as presented in Table 1-1.

Catalytic cracking was introduced by Houdry in 1936 and was revolutionized by the fluid
catalytic cracking (FCC) process in 1942 [14]. Since then, industrial and academic researchers
have worked to develop a fundamental understanding of the process. While thermal and catalytic
cracking both involve breaking of carbon-carbon bonds, there are key differences in the product
distributions of the two processes [14]. First, the selectivities towards methane, ethane, and
ethylene are significantly higher during thermal cracking compared to catalytic cracking. Second,
rapid isomerization resulting in branched products and a higher selectivity towards propylene are
seen during catalytic cracking. While thermal cracking proceeds via free radical intermediates, the

difference in the product distribution suggests that the catalytic cracking occurs via a non-free



radical mechanism. In the late 1940s, Greensfelder [15] and Thomas [16] independently proposed
a carbenium ion mechanism that could explain several characteristics of catalytic cracking. For a
more thorough and detailed history of the development of the hydrocarbon cracking mechanism,
please consult the referenced reviews [17-22]. It is generally accepted today that catalytic
cracking occurs over acid sites and involves the formation of carbocation transition states that are
in equilibrium with covalently bonded surface alkoxy species, which can be regarded as
intermediates [23,24]. Thus, an understanding of carbocations is crucial to the understanding of

catalytic cracking.

Carbocations can be described as organic cations with the charge associated with a carbon
atom [25]. Two key carbocations in catalytic cracking are carbenium and carbonium ions, pictured

below in Figure 1-1.

H H H
\/
R/ \R IL

Figure 1-1. Carbenium (left) and carbonium (right) ions in catalytic cracking.
Carbonium ions are positively charged penta-coordinated carbon atoms. They are formed
from a protolytic attack on saturated hydrocarbons at either the C-H or C-C bond [26-31].
Increasing the chain length of the hydrocarbon increases the number of possible C-H or C-C bonds
that can interact with the catalyst [32]. However, cracking rates of alkanes increase non-linearly
with carbon chain length, shown in Table 1-4 [33]. The driving force behind this phenomenon is

discussed later in this chapter.



For monomolecular cracking, Haag and Dessau proposed that an alkane is protonated by a
Brensted acid site to form a carbonium ion as a transition state, which then collapses to form a
surface-bound carbenium ion and releases either an alkane or dihydrogen [34]. The pair of products
formed depends on which bonds break as the carbonium ion collapses. However, results for
monomolecular cracking exhibit very low selectivity toward dihydrogen [34]. This behavior was
explained by Corma et al., who showed that structures leading to cracking (attack on the C-C bond)
are more stable than those leading to the formation of dihydrogen (attack on the C-H bond). In
addition, the protonation of the C-C bond between two secondary carbon atoms was approximately
50 kJ mol™ more stable than protonation of a C-C bond involving a primary carbon atom [32,35].
The Haag-Dessau mechanism for cracking requires the protonation of the alkane by the catalyst
for each turnover of the cycle. In contrast, the carbenium ion that is formed from this reaction can
participate in a bimolecular catalytic cracking mechanism and this mechanism dominates as the

concentration of carbenium ions increases.

Another method to form a carbenium ion is from the interaction of an alkene with a
Brensted acid site. Alkenes are very reactive in the cracking process and the relative reactivity of
alkanes to alkenes is listed in Table 1-4. In addition, the cracking reactivity of alkenes increases

dramatically with an increase in carbon chain length [36].

Table 1-4. Effect of chain length on the relative reactivity of alkenes to alkanes [36,37].

Chn of linear feed Cs Cs C7 Cs
Alkene Rét_(le)constant 0.5 930 1820 5730
Alkane Rgt_f)CO”Stam 0.29 0.84-0.88 149 225

R (alkene)/R (alkane) 32 260-275 1220 2550




A number of reactions can take place once a carbocation is formed. These reactions include
charge isomerization, chain isomerization, hydride transfer, and formation and breaking of carbon-
carbon bonds. Charge isomerization and skeletal isomerization occur via intramolecular reactions.
Charge isomerization of carbenium ions takes place by hydrogen transfer along the hydrocarbon
chain and occurs rapidly to form the most stable carbocations. Skeletal isomerization can take
place via methyl shifts to generate more highly branched carbenium ions (branching
rearrangements) or lead to interconversions of isomers where the position of a tertiary carbon
within the molecule is changed (non-branching rearrangement). The rate of branching
rearrangements is usually about 1000 times smaller than that of hydrogen transfer along the

hydrocarbon chain [17].

A key characteristic of catalytic cracking is the formation of branched products. The
stability of carbenium ions plays a critical role in this process. The free energy of ion formation
decreases with an increase in degree of substitution on the carbenium ion [38]. Calorimetric
measurements have shown that the difference in stability between tertiary and secondary
carbenium ions is about 54 kJ mol and the difference in stability between secondary and primary
carbenium ions is about 71 kJ mol? [31]. Brouwer and Oelderik [39] proposed that methyl shifts
occur through protonated cyclopropane rings as an intermediate and avoid the formation of an
unstable primary carbenium ion. Once the protonated cyclopropyl intermediate, shown in Figure
1-2, is formed, any carbon-carbon bond in the ring can be broken. Non-branching rearrangements
are believed to occur through the same protonated cyclopropyl intermediate, however branching
arrangements have higher activation energies and require higher temperatures [35]. Thus, non-

branching rearrangements are much faster than branching arrangements. McCaulay reported that
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for n-hexane isomerization in the presence of a liquid superacid, non-branching rearrangements

were 10%-10° times faster than branching rearrangements [40].

H,

C
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Figure 1-2. Protonated cyclopropyl intermediate during n-butane isomerization.

Another key reaction involving carbenium ions is hydride transfer. Hydride transfer, shown
in Figure 1-3, is a bimolecular reaction that involves the abstraction of a hydride from another

hydrocarbon molecule by the surface carbenium ion.

’ CH, CH,
H2
R—C—CH; + CH _— C + HC—C—R'
H3C/ Sk R \CH:,, +
Z 7

Figure 1-3. Hydride transfer of a carbenium ion with another alkane.

If the hydrocarbon molecule is an alkane, then the hydride transfer reaction results in the
surface carbenium ion desorbing as an alkane and the formation of another carbenium ion that
continues the reaction chain. As each carbenium ion can act as a chain propagator, bimolecular
reactions dominate at conversions greater than a few percent. It has been shown that the hydride
transfer reaction is very fast [39,41] and that the rate of abstraction of a secondary hydrogen by a
tertiary carbenium ion is roughly independent of chain length for normal alkanes [31]. The tertiary-
tertiary hydride transfer is even faster than the secondary-tertiary, which in turn is faster than the
primary-secondary transfer [42]. This shows that hydride abstraction is accelerated by neighboring

groups, which encourage the stabilization of the resultant ion [31].
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In the bimolecular cracking mechanism, a carbenium ion undergoes a hydride transfer
reaction with an alkane, forming another carbenium ion, which cracks by B-scission. 3-scission is
cleavage of the C-C bond f to the position of the carbon containing the charge. p-scission of a
carbenium ion results in the formation of an alkene and another carbenium ion. This reaction,
shown in Figure 1-4, can occur repeatedly along the hydrocarbon chain and results in the

production of propylene, the other key characteristic of catalytic cracking.

T H
C _— —_—C ——
R NN NS+ o
7 7

Figure 1-4. B-scission of a carbenium ion to form propylene and another carbenium ion.

The stability of the carbenium ion formed plays a crucial role in cracking because the
formation of primary carbenium ions is not favored. A route that involves isomerization to produce
branched species which then crack without producing a primary carbenium ion was proposed by
Schulz and Weitkamp [43,44]. However, an argument against their theory is that isomerization
would first produce a monobranched isomer. In this case, B-scission would result in a primary
carbenium ion [45]. Sie proposed a new mechanism for acid-catalyzed cracking that directly linked
cracking and isomerization via the same protonated cyclopropyl intermediates [45-47]. The new
mechanism presents a path that avoids the formation of primary carbenium ions, explains the high
selectivity towards branched products and propylene, and accounts for the low selectivity of C:
and C> molecules. This mechanism also explains the increase in cracking reactivity with
hydrocarbons with carbon numbers above 6 because the smallest alkane that can be cracked via
this mechanism is C7 [48]. Highly branched alkanes also cannot be cracked via this mechanism

and would require isomerization to a more suitable structure.
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Another form of bimolecular cracking is oligomerization cracking. The oligomerization
cracking scheme involves the oligomerization of a carbenium ion with an alkene molecule
followed by B-scission and hydride transfer [20]. This path explains the formation of products with
carbon chains greater than the feed molecule. If B-scission and hydride transfer do not occur during
the oligomerization cracking cycle, carbenium ions can undergo repeated addition reactions with
unsaturated species and cyclization reactions to generate high molecular weight hydrocarbons on
the surfaces of catalysts. These deposits can cover acid sites and plug the pores of the catalyst and
result in a loss of catalyst activity. During FCC operation, the deactivated catalyst is fed to a
regenerator where air is used to burn off the coke deposits and regenerate the catalyst. This process

would not be feasible for endothermic fuels.

The key reactions detailed above all occur at different rates simultaneously in a complex

reaction network. A simplified schematic of this reaction network is detailed in Figure 1-5.

Due to the complex nature of the hydrocarbon cracking mechanism, most of the
fundamental work in catalytic cracking for petroleum refining has been done on pure shorter chain
molecules at low conversions. These studies have quantified the intrinsic parameters of the
monomolecular cracking reaction. Narbeshuber et al. [49] investigated the monomolecular
conversion of propane to n-hexane over H-ZSM-5 between 723 and 823 K. Extrapolated
adsorption parameters were used to calculate an intrinsic activation energy for carbon-carbon bond
cleavage, which was independent of hydrocarbon chain length and the position of the carbon-
carbon bond to be cleaved. These findings are shown in Table 1-5. Their findings were confirmed
by Li et al. [50], who simultaneously measured surface coverages and monomolecular cracking

rates to directly determine intrinsic cracking rates and activation energies.
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Zeolite-H* + Alkane = Carbonium ion
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Figure 1-5. Simplified reaction network in zeolite-assisted cracking of hydrocarbon molecules.
Adapted from Ref. [51].

Table 1-5. Heats of adsorption, apparent and intrinsic energies of activation for the
cracking of n-alkanes over H-ZSM-5 at 773 K [49].

Heat of Adsorption Ea app Eaint
Reactant kJ mol-! kJ mol? kJ mol?
Propane 43 155 198
n-Butane 62 135 197
n-Pentane 74 120 194
n-Hexane 92 105 197

Both monomolecular and bimolecular cracking paths occur simultaneously during typical
operating conditions. Riekert and Zhou [52] studied the kinetics of cracking of n-hexane and n-
decane over H-ZSM-5 and H-Y and developed a mathematical model for the relative contributions

of the monomolecular and bimolecular cracking paths. At temperatures above 673 K and partial
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pressures below 2 kPa, reactions of n-decane and n-hexane over H-ZSM-5 and H-Y can be
described by a first-order kinetic expression, indicating the absence of bimolecular processes under
these conditions. This was attributed to the lower surface coverage of carbenium ions at higher
temperatures. Dumesic and coworkers developed Kkinetic models for isobutane and 2-
methylhexane cracking over USY zeolite that accounted for carbenium ion initiation, B-scission,
oligomerization, olefin desorption, isomerization, and hydride transfer reactions [53-55]. Their
work also suggested that initiation reactions (monomolecular cracking) play a critical role in the
high-temperature cracking of hydrocarbons. This was because the coverage of surface acid sites
by adsorbed hydrocarbon species is very low at high temperatures and near-ambient pressures. It
is clear that the surface coverage of hydrocarbon species is important for understanding
hydrocarbon cracking paths, however, little is known about the surface coverage of hydrocarbon

species under supercritical conditions.

1.3 Hydrocarbon Cracking Catalysts

1.3.1  Amorphous Silica-Alumina Catalysts

Acid catalysts are needed to produce the carbocations necessary for cracking reactions.
Liquid acids are capable of producing carbocations but corrosion, separation of phases, and
challenges with recovery of the catalyst make liquid or homogenous catalytic cracking impractical
[56]. The first heterogenous cracking catalysts used by the petroleum refining industry were
natural clays, but issues with catalyst stability and deactivation spurred development of alternative
catalysts [57]. It was soon found that artificial clays, such as amorphous synthetic combinations

of silica and alumina (silica-alumina), silica-magnesia, and silica-zirconia had higher activity and
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better product distribution than natural clays. Of these combinations, silica-alumina showed the

highest activity for catalytic cracking [58].

There are several different methods for the preparation of amorphous silica-alumina (ASA)
cracking catalysts [59-61]. One of the more common preparation methods involves the
combination of a silica hydrogel with an aluminum sulfate solution, followed by the hydrolysis
and precipitation of the aluminum salt by the addition of aqueous ammonia. The mixture is then
washed, dried, and calcined. There are many variables during synthesis that can affect the
characteristics of the catalyst. For example, changing the reagent concentrations by operating with
excess silica at low pH will favor the formation of Al-O-Si bonds [62]. However, a balance is

required as low pH values result in the formation of a low-surface-area material [63].

The pore-size distribution of the ASA catalyst has great influence on its activity. An
important factor that can affect the pore-size distribution of the catalyst is the aging time of the gel
[63]. Another method to control the pore size of ASA catalysts is by employing bulky
tetraalkylammonium ions as the counterions to the aluminate ions in the gel [64]. An example of
this method is the use of cetyltrimethylammonium as a structure directing agent to synthesize the

ordered mesoporous amorphous silica alumina catalyst known as AI-MCM-41 [65].

The structure and surface characteristics of ASA catalysts affect the activity of the catalyst.
Amorphous silica-alumina catalysts have no defined long-range structure and thus appear
amorphous to X-ray crystallography. The structure consists of a random three-dimensional
network of interconnected silica and alumina tetrahedral. The bulk and surface composition of
ASA can vary depending on the synthesis. Plank and Drake reported that the bulk of the aluminum
for their ASA samples was present on the surface [63,66], however, other reports suggest a more

uniform distribution [67,68].
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The origin of acidity in ASA catalysts is complicated, as acid sites on ASA can vary in acid
strength, steric surroundings, and other properties. The wide distribution of acid strength suggests
that multiple types of acid sites are present, but the range of pore sizes and chemical composition
can make it difficult to identify acid sites during reaction [60,69—71]. However, it is well accepted
that the presence of aluminum atoms in the silica network on the surface of ASA catalysts results
in Brgnsted acid sites. Acid sites are formed when an aluminum atom substitutes for a silicon atom
in the tetrahedral structure via oxygen bridges which results in a negative charge that is
compensated by H*, shown in Figure 1-6. These Brgnsted acid sites are similar in strength to those
in zeolites [69,72], but the number of these strong acid sites is very low (< 10 umol g?). The
surface also contains a weaker form of Bragnsted acid site at a typical density of 50-150 pmol g.
The structure of these sites is still under debate, but it is hypothesized that they involve the

interaction of strong Lewis acid sites with silanol groups [60], shown in Figure 1-7.
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Figure 1-6. Structure of a Brgnsted acid site on aluminosilicate catalysts [68].
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Figure 1-7. Proposed interaction of silanol groups with AI** sites on silica alumina [60].
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1.3.2 Crystalline Aluminosilicate (Zeolite) Catalysts

The introduction of zeolite catalysts in the early 1960s represented a major milestone in
the history of catalytic cracking. Zeolites are crystalline, microporous frameworks consisting of a
network of silica (SiOs) and alumina (AlOg4) tetrahedral that are linked by shared oxygen atoms.
The presence of aluminum atoms in tetrahedral configurations causes a negative charge to appear
on each aluminum atom and the charge compensating protons are the actives sites on the catalyst.
There are over 40 natural occurring zeolites and more than 150 synthetic zeolites with various
channel configurations, pore diameters, and ring configurations [73]. A comparison of the structure
and pore diameter of some common zeolites is shown in Figure 1-8 [74]. This work focuses on the

use of Y Faujasite and ZSM-5.
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Figure 1-8. Comparison of structure and pore diameter of various zeolites. Reproduced from
Ref. [74].
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The faujasite structure is composed of silica and alumina tetrahedra which are located at
the vertices of a truncated octahedron. The octahedron is known as a sodalite cage and four sodalite
cages are arranged in a tetrahedral configuration around a fifth sodalite cage. The five sodalite
cages are joined together by hexagonal prisms and are the building blocks of faujasite zeolites.
The openings of the cage are 0.74 nm in diameter and the inside of the cage is 1.2 nm in diameter

[75].

The framework of ZSM-5 differs from that of faujasite zeolite. First, the building blocks
of ZSM-5 consist of eight five-membered rings known as a pentasil unit. These rings join together
and form chains, which are connected to form sheets, and linked together to develop a three-
dimensional framework structure. Second, two intersecting channel systems run through the
framework of ZSM-5. One channel system is sinusoidal and runs parallel to the [001]-face of the
ZSM-5 unit cell. The dimensions of this channel are approximately 0.55 nm x 0.51 nm. The other
channel system is straight and runs parallel to the [010]-face of the ZSM-5 unit and has dimensions
of approximately 0.56 x 0.53 nm [76]. The different structures of the two channel system can lead
to differences in adsorption and diffusion behavior of hydrocarbons depending on chain length and
degree of branching [77-80]. For example, while linear alkanes are free to move in both channel
systems, branched alkanes are trapped within the intersection of the zig-zag and straight channels

of the zeolite [79].

The synthesis of zeolites has been well documented in patents, publications, and reviews
[81-85]. The general procedure involves the preparation of alumino-silicate gels from aqueous
solutions of sodium aluminate, sodium silicate, and sodium hydroxide. The gels are then
crystallized at temperatures ranging from 333-523 K at atmospheric pressure. In the case of ZSM-

5, a templating agent such as tetrapropylamine bromide can be can be used [86,87]. After the
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crystallization process is complete, the sodium ions can be readily exchanged by other cations.
The protonic form is prepared in an indirect way because the framework of the zeolite is sensitive
to low-pH solutions. At low pH, the aluminum ions are removed from the crystalline framework
and the structure collapses, leaving an amorphous material [88]. Therefore, the sodium ions are
first exchanged by NH4" ions, which are then decomposed by calcination at 773 K, leaving behind
protons in place of the original sodium. These protons are Brgnsted acid sites and stabilize a charge
imbalance that is generated when silicon with a formal valence of four, is replaced with aluminum
with a formal valence of three. This structure was shown previously in Figure 1-6. In general, the
amount of Brgnsted acid sites in a zeolite can be adjusted by changing the Si/Al ratio within the
framework. Factors such as inaccessible Al atoms, the presence of cations other than protons as
charge-balancing cations, or extra-framework aluminum can lower the number of acid sites

compared to the framework aluminum concentration [89].

Although the origin of Brgnsted acid sites on ASA and zeolites is similar, rates for
numerous reactions are greater over zeolites than over ASA [90-92]. For example, Corma et al.
reported that n-heptane cracking rates over an ultra-stable version of Y zeolite (USY) were an
order of magnitude greater than over an ASA catalyst [90]. This difference in activity is partly due
to the greater strength of acid sites on zeolites [60]. However, reaction rates can vary greatly
depending on the zeolite framework, even though acid sites on different zeolites are similar in acid
strength. Differences in activity among zeolites are due to the microporous environment
surrounding the acid sites. The pore sizes of zeolites are on the order of molecular diameters and
can control the diffusion of reactants and products. In addition, the internal cages surrounding
zeolite acid sites can stabilize certain transition states while excluding others [37,93-97]. The

difference in activity and selectivity of various zeolites is a result of different zeolite frameworks
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and the extent to which they can solvate substrates and transition states through van der Waals

interactions [97].

The thermal stability of the catalyst is important for endothermic fuel applications due to
the high temperatures that are expected during operation. The thermal stability of aluminosilicate
cracking catalysts has been well-investigated because typical commercial cracking reactors
operate between 773 and 873 K [98]. Investigations of the physical changes to the structure of
aluminosilicate catalysts that occur as a result of anhydrous heat treatment have demonstrated the
stability of these materials. Calcining of ASA at temperatures up to 1073 K results in only a small
decrease in pore volume and surface area [99]. Zeolites are more resistant to heat and structural
collapse does not occur in zeolites until temperatures as high as 1373 K are reached [100].
However, both catalysts are much less resistant to physical changes if the heat treatment is carried
out in the presence of steam. Heat treatment of ASA in the presence of steam at temperatures as
low as 873 K resulted in a loss of surface area leading eventually to a fused, nonporous, essentially
inactive material [101]. Similarly, high temperature steaming of zeolites causes total structural
collapse [102]. Overall, aluminosilicate catalysts have been proven to be highly active, thermally

stable cracking catalysts and are suitable catalysts for endothermic fuel applications.
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2. Hydrocarbon Cracking Over Aluminosilicate Catalysts

This chapter is derived from a manuscript being prepared for publication and is co-authored by
Drs. Peng Bai and Matthew Neurock of the University of Minnesota. The density functional theory
calculations and molecular simulations described in this chapter were performed by Dr. Peng Bai.

2.1 Introduction

Advanced high supersonic (Mach 3-5) and hypersonic (Mach > 5) vehicles have received
considerable attention for their potential to rapidly deliver payloads, to dramatically reduce aircraft
travel time, and to provide affordable access to space. A major complication in the development
and implementation of such vehicles involves thermal management issues that arise at high
supersonic and hypersonic speeds. Much research and development has therefore been focused on
using the fuel as the primary coolant by circulating it behind the walls of various aircraft

components prior to injection to the combustion chamber [4,6,7,103-105].

The use of so-called endothermic fuels represents one method to increase the heat sink
capability of heavy hydrocarbons. Endothermic fuels incorporate both the physical heat sink
capacity from the sensible enthalpy of the hydrocarbon and the chemical heat sink capacity from
undergoing endothermic decomposition into smaller hydrocarbon products that can also be
combusted. The fuel lines in these advanced aircraft operate at high pressure (3.4-6.9 MPa) and
high temperature (above 673 K), resulting in supercritical conditions for most heavy hydrocarbon
fuels [106]. Under these conditions, heavy hydrocarbon fuels proceed to decompose via thermal
cracking or pyrolysis and numerous studies have investigated the pyrolysis reactions of different
types of fuels under relevant conditions [107-111]. These studies have revealed significant

disadvantages of pyrolysis for endothermic cooling. First, a specific conversion (e.g., 60% for n-
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hexadecane) must be maintained to maximize the chemical heat sink because the product
distribution of pyrolysis varies with temperature and cannot be controlled [4]. Second, high
operating temperatures are required to reach a significant conversion because of the low thermal
cracking rate (e.g., 3.2x10* st at 723 K for n-dodecane) and high apparent activation energy (e.g.,

259 kJ mol™ for n-dodecane) [109].

Catalytic cracking of hydrocarbon fuels presents a possible solution to the problems with
pyrolysis. Acid-catalyzed cracking of hydrocarbons has been well studied under conditions
relevant for the petroleum industry, but fewer studies exist under the supercritical conditions
relevant for endothermic fuel cracking. Several groups have demonstrated that the catalytic
cracking of heavy hydrocarbon fuels over zeolite catalysts under supercritical conditions can
provide substantial heat sink capacity compared to thermal cracking [7,104,105,112,113].

Recent work by Luo et al. [114,115] investigated the effect of pressure on the reaction
mechanism and intrinsic cracking rates of n-hexane over H-ZSM-5 and large pore zeolites. They
determined that for a wide range of pressures and temperatures, rates for catalytic cracking of n-
hexane in H-ZSM-5 could be described by a single rate expression that accounts for the
concentration of n-hexane within the pores. However, it was unclear why the intrinsic rate constant
and rate expression did not change even though the observed distribution of cracked products
shifted from that typical of monomolecular to one consistent with bimolecular cracking. Moreover,
reactions of n-hexane over large pore zeolites produced primarily isomerization products and did
not follow the simple Langmuir-Hinshelwood rate expression found with H-ZSM-5. Schreiner et
al. [116] investigated the effects of temperature, pressure and weight hourly space velocity
(WHSV) on the conversion of n-pentane over H-ZSM-5 and reported that conversion was

dominated by bimolecular reactions under all reaction conditions investigated. They observed a
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decrease in activation energy (from 122 to 86 kJ mol™?) with increasing pressure (1 to 4 MPa) and
concluded that although pentane and hexane conversion over H-ZSM-5 have similar trends in
product selectivity with changing pressure, the differences in apparent activation energy suggest
the conversion occurs via different reaction paths.

In this work, the effects of both hydrocarbon chain length and catalyst structure on the
conversion of n-hexane and n-dodecane were investigated. The solid acid zeolites H-ZSM-5 and
H-Y were chosen because they are conventional catalysts for industrial fluidized catalytic cracking
units [117]. The mesoporous aluminosilicate AI-MCM-41 was selected to investigate the potential
benefits of a mesoporous framework under supercritical conditions [118-121]. Dodecane was
chosen because kerosene-based military jet fuels, such as JP-7 and JP-8, are primarily composed
of hydrocarbons with between 6 and 16 carbon atoms per molecule [122]. Therefore, it is important
to understand the effect of the hydrocarbon chain length on cracking rates and reaction mechanism.
It was found that while n-hexane reactions over H-Y and AI-MCM-41 resulted in mainly
isomerization, n-dodecane reactions over the same catalysts resulted in cracking with an activation

energy consistent with that of C-C bond cleavage.

2.2 Methods

2.2.1 Materials

n-Hexane (Sigma-Aldrich, > 99% purity) and n-dodecane (Sigma-Aldrich, > 99% purity)
were used as the feed. n-Tridecane (Sigma-Aldrich, 99% purity anhydrous) was added as an
external standard during gas chromatography (GC) analysis. n-Propylamine (Sigma-Aldrich, >

99.0% purity) was used for the temperature-programmed desorption/mass spectrometry (TGA-
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MS) analysis to determine the Brgnsted-acid site density for the catalysts. The following gases
were used for calcination, TGA-MS and GC operation: dry air (GTS-Welco), helium (GTS-Welco,
99.999%), dihydrogen (GTS-Welco, 99.999%), dinitrogen (GTS-Welco, 99.999%) and propylene

(GTS-Welco, PY60).

The NHs-ZSM-5 (45881) and H-Y (45872) zeolites were purchased from Alfa Aesar. The
Al-MCM-41 (643653) was purchased from Sigma-Aldrich. To test for background conversion, a
pure ZrO, sample was synthesized in the lab. Amorphous ZrOx(OH)s2x (MEL Chemicals,
XZ01501/09) was calcined to ZrO; in dry air (100 cm® min™) at 973 K at 10 K min‘?, holding for

4 h before being pressed and sized using -40/+100 (150 — 425 um) sieves trays.

2.2.2 Catalyst characterization

The aluminosilicate catalysts used in this study were loaded into a quartz reactor and
pretreated in 100 cm® min! of 21% O, and balance He after heating to 823 K at 5 K min* and
holding for 2 h. After the pretreatment, the catalysts were exposed to n-propylamine at 448 K for
15 min by passing He (30 cm® min) through an n-propylamine saturator that was held in an ice
bath. The catalyst sample was then purged at 448 K for 2 h under flowing He (100 cm® min™) to
remove excess n-propylamine. The catalyst sample was then heated to 873 K at 20 K min* under
flowing He (100 cm® min™) and the mass spectrometer (MS) was used to track unreacted amine
(m/e = 30), propylene (m/e = 41) and ammonia (m/e = 30). Previous work has shown that the
Bransted-acid site density can be quantified from the amount of amine that reacts between 650 and
725 K [89,123-125]. A known amount of propylene was introduced to the system using a six-way

valve after each n-propylamine decomposition experiment to calibrate the propylene MS signal.
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Pore size distributions, calculated using the Barrett, Joyner and Halenda (BJH) method
[126], were obtained by N2 adsorption measured at 77 K using a Micromeritics ASAP 2020

automated analyzer.

2.2.3 Catalytic tests

Hydrocarbon conversion reactions were carried out in an upward-flow fixed bed reactor
under supercritical conditions. Catalysts were pressed and sized using -40/+100 (150 — 425 pum)
sieve trays. A titanium reactor (Grade 2 titanium from McMaster-Carr) with an outer diameter of
6.35 mm and an inner diameter (ID) of 4 mm was used to hold the catalyst that was supported
between two glass wool plugs. Catalysts were heated in situ in flowing dry air (100 cm?® min?) at
5 K min* to 823 K and holding at that temperature for 2 h. Liquid hydrocarbon was fed to the
reactor using a Teledyne Isco 260D high pressure syringe pump. A gas-liquid separator was used
to collect liquid product between sampling intervals. Dinitrogen was used to purge the gas-liquid
separator and to maintain the pressure in the system, which was controlled by a back-pressure
regulator. The dinitrogen purge along with the gas-phase products were fed to a gas chromatograph
(Shimadzu GC-2014) equipped with a flame ionization detector (FID). A Restek RT-QS-BOND
(30 m, 0.53 mm ID, 20 um film thickness) column was used to separate the products. n-Tridecane
(Sigma-Aldrich, 99% purity anhydrous) was added to the liquid products as an external standard.

The liquid products were injected into the GC using an AOC-20i auto sampler.

The peak areas of reactants and products identified by GC were used to determine the
hydrocarbon feed conversion and selectivity of products. The conversion of hydrocarbon feed was

calculated according to and defined as follows:
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X niM;
x

Conversion (C%) = ( > x 100 (2-1)

where n; is the number of carbon atoms in product i, M; is the molar ratio of product i detected to
the initial moles of hydrocarbon feed and x represents the number of carbon atoms in the

hydrocarbon feed.

The selectivity toward product i was calculated on a molar basis and defined as follows:

Molar Selectivity (%) = (ZMI\/iI-) x 100 (2-2)

The catalyst loading in the reactor depended on the activity of the particular catalyst and
the mass was diluted with a corresponding amount of ZrO, to keep the length of the catalyst bed
constant at 5 cm. The catalyst loading was varied to keep the overall conversion below 10% to
ensure differential reactor conditions. Reactions with only a bed of ZrO, were also run for all
conditions used in this work to determine the amount of background conversion from pyrolysis.
The hydrocarbon liquid feed rate was varied from 0.3 cm® min™ to 2.4 cm® min?, depending on
the reaction temperature, to keep the background conversion below 0.5% at all times. The only
exceptions to this were the high temperature experiments at 748 K, where the background
conversion was approximately 3% and the total conversion exceeded 10%; however, the
measurements at high temperature were not used to determine activation energies. Measurements
used to determine activation energies were determined at the same hydrocarbon feed rate to hold
the weight hourly space velocity (WHSV) constant, since it has been shown that WHSV can have
an effect on product selectivity [116]. Rate is reported in terms of turnover frequency (TOF), which
is calculated as the rate of hydrocarbon feed conversion normalized to the acid-site density reported

in Table 2-1.
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2.2.4 Theoretical calculations

Periodic density-functional theory (DFT) calculations were performed using the Vienna
Ab initio Simulation Package version 5.4.1 [127] with the PBE exchange-correlation functional
[128]. The valence electron density was expanded using plane waves with a kinetic energy cutoff
of 400 eV, while the core electrons were treated by the projected-augmented wave method [127].
Sampling of the unit cell was done at the I'—point. To capture non-specific dispersive interactions,
the Grimme-type D2 corrections were added to both energies and forces [129]. Structure
optimizations were converged to below a force threshold of 0.05 eV/A, and transition states were
first identified using the nudged-elastic band method [130] and subsequently refined using the
dimer method [131]. All reactions were carried out in H-ZSM-5 with a single acid site per unit

cell, with Al replacing Si at a T12 site.

Configurational-bias Monte Carlo simulations [80] in the grand-canonical ensemble (CB-
GCMC) were used to compute the amount of adsorption over a range of pressures, p = 10° — 108
Pa. Separate calculations in the isobaric—isothermal ensemble were used to convert pressures to
chemical potentials for use in the CB-GCMC simulations. To model the zeolite and alkanes, we
used the transferable potentials for phase equilibria (TraPPE) force fields [132-134]. All sorbate—
sorbate interactions were evaluated explicitly to a cut-off distance of 1.4 nm, and the long-range
contributions were estimated via tail corrections [135]. The zeolite framework is treated as all-
silica form and assumed to be rigid during the simulations, while sorbate molecules sample angle

bending and dihedral motions.
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2.3 Results

2.3.1 Catalyst characterization

Table 2-1 summarizes the physico-chemical properties of the aluminosilicate samples used
in this study. Previous work has demonstrated that the Bransted-acid site density for H-ZSM-5 is
approximately equal to the framework Al density [123], and the good agreement between the
Brgnsted-acid site density for H-ZSM-5 (550 pumol g) and the Al concentration of the sample
used here (600 pmol Al g) validates the propylamine decomposition method for evaluating the

other materials, which can have site densities lower than the Al content [136].

Table 2-1. Properties of aluminosilicate catalysts.

) Brgnsted-site
Pore Size

Catalyst Si/Al2 Ratio? Density®

(A) 1

(umol-g+)
H-ZSM-5 ~5.5°¢ 55:1 550
H-Y 7.4° 85:1 162
Al-MCM-41 27¢ 39:1 83

a. Based on manufacturer data

b. Bragnsted acid site concentrations were determined by n-propylamine
decomposition

c. Pore size from the Atlas of Zeolite Framework Types [137]

d. Pore size was determined by N adsorption measurements using the BJH
method

2.3.2 Catalytic conversion of n-hexane

Conversion of n-hexane over H-ZSM-5 and H-Y was performed under supercritical
conditions. The transient performance of the two samples is demonstrated in Figure 2-1. A mild

deactivation of the catalyst was observed over H-ZSM-5 at 588 K after 40 minutes whereas a faster
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rate of deactivation was seen over H-Y at 673 K. Therefore, conversion and selectivity results were
calculated from the initial product measurements collected at a time on stream (TOS) of 10

minutes.

1.0 o
A\ A
m 0.8‘
o
- 0.6-
] ]
© 0.4
§ —H-ZSM-5
= 02 -o-H-Y
0-0 T T v T ¥ T
0 10 20 30 40
Time (min)

Figure 2-1. Normalized TOF of n-hexane conversion versus time on stream over H-ZSM-5 at
588 K (A) and H-Y at 673 K (@), both at 6 MPa.

The TOFs for n-hexane conversion as a function of pressure (4 to 6 MPa) over H-ZSM-5
and H-Y are reported in Table A-5. The invariance of TOF over the pressure range studied
indicated that the reaction was zero-order in hydrocarbon at the supercritical conditions used here.
A summary of the rate and product distribution obtained from H-ZSM-5 at 588 K and H-Y at 673
K is shown in Table 2-2. The zeolite structure has a dramatic effect on the product distribution
from n-hexane conversion. The major products of the reaction over H-ZSM-5 were C4 and Cs
species, with almost negligible amounts of methane, ethane and ethylene. In addition, there was
significant isomerization of n-hexane to 2- and 3-methylpentanes and some formation of products
with carbon chains greater than 6. The major reaction over H-Y was isomerization of n-hexane to
2- and 3-methylpentanes and 2,3-dimethylbutane, with low selectivity to cracking products.

Finally, H-ZSM-5 was a much more active catalyst for n-hexane conversion than H-Y, as
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evidenced by the difference in the TOF, even at a reaction temperature that was 85 K lower. Results
for n-hexane conversion over Al-MCM-41 can be found in Table A-4 and show a similar product
distribution to that of n-hexane conversion over H-Y, but the TOF is substantially lower over Al-

MCM-41.

Table 2-2. Reaction of n-hexane over H-ZSM-
5 and H-Y at 6 MPa.

Catalyst H-ZSM-5 H-Y
Temperature
(K) 588 673
Conversion 58 35
(%)
TOF
() 0.24 0.08
Molar Selectivity (%)
<C 0.1 0.2
Cs 11 6.9
iICa 11 4.8
Cs 20 3.8
Cs 29 11
iICe 16 70
>Cr 13 3.1

2.3.3 Catalytic conversion of n-dodecane

Conversion of n-dodecane over H-ZSM-5, H-Y and AI-MCM-41 was performed at 6 MPa
to determine the effect of hydrocarbon chain length. The H-ZSM-5 catalyst was much more active
for n-dodecane cracking than H-Y and Al-MCM-41. A clear change in product selectivity over the
larger pore materials was observed as the feed molecule was changed from n-hexane to n-
dodecane. As discussed earlier, isomerization of n-hexane to methylpentanes and 2,3-

dimethylbutane was observed over H-Y and AI-MCM-41. Isomerization of n-dodecane was
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negligible over any of the tested catalysts, but separation of structurally similar isomers may not
be completely resolved by GC. The product distribution over H-Y and Al-MCM-41 was similar to
that of H-ZSM-5, with the major products being Cs, Cs and C¢ molecules. The production of
methane, ethane and ethylene was very low, especially over H-ZSM-5 at 588 K. Negligible
formation of products with carbon chains longer than 12 was seen at conversions lower than 10%.

Table 2-3. Reaction of n-dodecane over H-ZSM-5, H-Y and Al-
MCM-41 at 6 MPa.

Catalyst H-ZSM-5 H-Y Al-MCM-41
Temperature o0 698 693 683
(K)
Conversion
(%) 5.4 8.1 5.4 5.6
TOF 0.44 1.4 0.44 0.19
(sh
Molar Selectivity (%)
<C trace 0.2 0.2 0.3
Cs 6.0 1.7 6.3 8.6
iICs4 4.2 5.7 13 9.2
Ca 16 18 9.6 16
Cs 24 25 23 25
Cs 19 17 19 17
Cr 12 11 13 11
Cs 9.3 8.3 7.8 7.1
Co 6.1 4.2 2.2 4.0
Cio 2.5 2.8 2.6 0.9
Cu 0.2 0.5 3.8 1.3

The transient performance for n-dodecane cracking over H-ZSM-5 at 588 K and 698 K is
summarized in Figure 2-2. Similar to n-hexane cracking, the deactivation was faster at the elevated

temperature, but was not severe after 40 min on stream.
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Figure 2-2. a) TOF and b) normalized TOF of n-dodecane cracking versus time on stream over
H-ZSM-5 at 588 K (A ) and 698 K (e) at 6 MPa.
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Figure 2-3. Conversion of n-dodecane versus time on stream over AI-MCM-41 (A) and H-
ZSM-5 (e) at 748 K and 6 MPa. A background conversion of 3% has been subtracted from the

results.

The deactivation over H-ZSM-5 was even more pronounced at 748 K although a high

background conversion of 3% was measured at this temperature. Trace amounts of olefins can lead

to an acceleration in cracking rates [138-140]. Therefore, TOFs for reactions at high temperatures

were not calculated since pyrolysis conversion leads to the production of paraffins and olefins in

a 1:1 ratio [108]. Figure 2-3 compares the transient performance of n-dodecane reaction over H-
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ZSM-5 and AI-MCM-41 at equivalent levels of initial conversion and the results suggest that Al-

MCM-41 deactivates slower than H-ZSM-5.

2.3.4 Activation barriers for hydride transfer, isomerization, and p-scission reactions

Figure 2-4. Hydride-transfer transition states for n-butane to 1-propoxy (left) and 2-propoxy
(right).

The intrinsic activation barriers for hydride transfer, isomerization, and B-scission, three
reactions that account for the major products observed in the experiments, were calculated using
periodic density functional theory methods. The calculations were carried out using a model
system with Al substitution at the T12 site in H-ZSM-5, located near an intersection where a
straight channel along the crystallographic b-axis intersects with a zig-zag channel along the a-
axis to create a locally more spacious pore interior. For H-ZSM-5, the largest cavity diameter is
0.66 nm with a pore limiting diameter of 0.51 nm. We calculated the intrinsic activation energy
for n-butane transferring a hydride to 1-propoxide to be 115 kJ mol, while that for transferring to

2-propoxide is 124 kJ mol™. Figure 2-4 shows that with 2-propoxide, its CHs group cannot point



34

away from the rest of the transition-state complex, and the backbone of n-butane cannot tilt up
sufficiently to avoid close contact with the 2-propoxy fragment. At the same time, the O—C
distance is longer than with 1-propoxy (0.25 vs. 0.23 nm). Therefore, both sterics and the further
separated charged species would destabilize the transition state, offsetting the stability gained from
being a secondary carbenium ion. The intrinsic activation energies for n-butane transferring its
secondary hydrogen to 1-propoxide and 2-propoxide are 96 and 105 kJ mol™, respectively. For
isomerization reactions, an intrinsic barrier of 94 kJ mol™ was found for hex-3-oxide skeletal
rearranging to form 3-methylpent-2-oxide, with its transition state resembling a di-substituted

cyclopropane species (see Figure 2-5).

Figure 2-5. Transition-state structures for isomerization of hex-3-oxide to 3-methylpent-2-oxide
(left) and for B-scission of 4-methylpent-2-oxide (right).

The low barrier for branching suggests that adsorbed hexyl species should be able to easily
convert to a more stable isomer and allows for modes of B-scission that are not available to shorter
hydrocarbons. Here, the intrinsic barriers were calculated to be 167 kJ mol™ for p-scission of 4-
methylpent-2-oxide (secondary -> secondary; see Figure 2-5), and 177 kJ mol™ for hex-2-oxide

(secondary -> primary).
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2.3.5 Adsorption of reactant and product molecules

The reactant concentration inside catalyst pores can determine the reaction mechanism
(e.g., mono- versus bi-molecular cracking) and account for the pressure dependence of rates
(implying an intrinsic rate constant not varying with reactant coverage) [114,115]. The high-
temperature, high-pressure reaction conditions used herein, however, preclude the possibility of
direct measurements of adsorption isotherms. Instead, CB-GCMC simulations were adopted to
calculate the amount of adsorption for hexane and dodecane isomers onto H-ZSM-5 and H-Y
zeolites using the TraPPE-zeo force field. This methodology has been extensively validated to
reproduce the adsorption and diffusion properties of alkanes across a wide range of temperatures
and pressures, where experimental data do exist [132,141]. The complete set of isotherms is given
in Figure A-1. At saturation, eight n-hexane molecules can fit into a unit cell of H-ZSM-5,
occupying all four straight and four zig-zag channel segments. For H-Y, based on its simulated
helium pore volume that is about 3.1 times the value of H-ZSM-5, a saturation loading of ~24
molecules per unit cell is expected. As shown in Figure 2-6, at cracking temperatures, increasing
the reactant pressure above 1 MPa has little effect on the concentration of n-hexane in H-ZSM-5
and of n-dodecane in either zeolite. The plateau for n-hexane in H-ZSM-5 around Q = 0.7 mol kg
1 (4 molecules per unit cell) is caused by commensurate freezing [79], where further uptake
requires already adsorbed molecules to be “locked” in a single channel segment of the H-ZSM-5

framework and results in an entropy loss.
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Figure 2-6. Adsorption isotherms of n-hexane and n-dodecane in a) H-ZSM-5 and in b) H-Y.
The dotted square indicates the tested feed pressures of n-hexane or n-dodecane. The dashed line
indicates the Brgnsted-site density for the tested zeolite.

This phenomenon becomes more pronounced for n-heptane and then disappears for longer
alkanes. It is hence particularly interesting that a similar plateau was found for n-dodecane.

Examination of the snapshots of molecules adsorbed in H-ZSM-5 indicates that the system
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undergoes a similar immobilization process during which a single chain of n-dodecane localizes
completely within two channel segments and exhibits either I- or L-shape (Figure A-2). Such
entropy-driven step transition is enhanced by the high temperatures encountered in the current
study. While a well-ordered packing configuration was also found for n-dodecane in H-Y/, no steps

were found for n-hexane in this large-pore zeolite.

2.4 Discussion

The results of the catalytic conversion of n-hexane and n-dodecane at high pressures reveal
that the cracking reactions over H-ZSM-5, H-Y and AI-MCM-41 most likely proceed via a
bimolecular mechanism. The relatively low amounts of methane, ethane and ethylene detected and
the formation of hydrocarbons with carbon chains longer than the parent molecule are consistent
with the results reported by Luo et al.[115] and Schreiner et al. [116] and are indicative of a
bimolecular mechanism. The same conclusion has also been reported by Williams et al. [142]
during n-hexane cracking studies over USY zeolite at pressures well below the critical pressure of
n-hexane. They observed a decrease in light gas formation (methane and ethane) when the n-
hexane pressure was increased from 0.1 kPa to 6.2 kPa, which was attributed to a bimolecular
cracking mechanism at high pressures. Likewise, structural isomerization of hydrocarbons has
been shown to proceed via the same reaction intermediates as cracking [143,144], but under low
temperature isomerization conditions, the reactive carbenium ions accept a hydride and desorb
before C-C scission can occur. In a previous study, H-ZSM-5 was shown to be two orders of
magnitude more active compared to H-Y for n-hexane cracking at 623 K and an n-hexane partial
pressure of 5.3 kPa [145]. In addition, unlike in larger-pore catalysts, where isomerized products

can easily diffuse out of the solid framework, in H-ZSM-5 branched alkanes preferentially adsorb
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at the intersections and undergo a jump mechanism for diffusion. Branched hexane isomers have
diffusivities in H-ZSM-5 that are 2—38 orders of magnitude smaller than those for n-hexane and
quickly decrease with loading, and will therefore have higher propensity to undergo further
cracking. For example, various experimental techniques reported diffusivity for n-hexane to be
0.1—15 x 10 m¥s at T = 373 K[146-148], for 2- or 3-methylpentane 0.2—1 x 107*2 m?%s, for
2,3-dimethylbutane 2 x 101* m?%/s [149], and for 2,2-dimethylbutane 3 x 101 m%/s [150] , all at T
= 400 K. Finally, the necessary hydride transfer step to remove branched alkoxides can become
increasingly more difficult in H-ZSM-5 with bulkier and more substituted alkoxides, as discussed
above in section 3.4. In H-ZSM-5, intersections are likely the only region that these hydride
transfers can occur, so reactions to release isomerized products are also entropically disfavored

(i.e., fewer sites / less pore volume that are able to carry out the transformation).

The rates for n-hexane conversion on the different zeolites also exhibited very different
temperature dependencies, as shown by the Arrhenius-type plots in Figure 2-7a. At 6 MPa, the
apparent activation energy for cracking of n-hexane over H-ZSM-5 was 157 kJ mol, while the
apparent activation energy for reactions of n-hexane over H-Y was 61 kJ mol™. This is in good
agreement with Luo et al.[115] who reported an apparent activation energy of 170 kJ mol™ for n-
hexane cracking over H-ZSM-5 and 58 kJ mol™ for reactions of n-hexane over USY at 13.7 MPa.
Given that the product selectivities under supercritical conditions suggest a bimolecular
mechanism for cracking, it was surprising that a Langmuir-Hinshelwood rate expression
representative of monomolecular cracking was able to describe n-hexane cracking in H-ZSM-5

over the entire pressure range.
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Figure 2-7. a) Arrhenius-type plots for reactions of n-hexane over H-ZSM-5 (A) and H-Y (e) at
6 MPa. b) Arrhenius-type plots for reactions of n-dodecane over H-ZSM-5 (A), H-Y (e) and Al-

MCM-41 (m) at 6 MPa.
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The rate law for a specific cracking mode R—P (e.g., breaking terminal C—C bonds) may

be written as

] ]
Trosp = Z (kRﬁPi '[R]i): Z (kRiaPi '[R]'pi) (2-3)

i=1 i=1
where [H'] is the number of bare acid sites per unit volume of the catalyst, kRﬁPi (unit: s1)

represents the intrinsic rate constant for site i, and [R]i is the number of physisorbed reactants in
the cage containing site I. Cages are defined as some continuous region of pore space such that a
reactant molecule can easily approach any active sites located in the same cage but will have to
overcome a free energy barrier (i.e., an activated diffusional process) to access active sites in other
cages. The second equality above expresses [R]i as the product of the total number of physisorbed

reactants, [R], and a siting probability, o [151]. If we define an average siting probability,

_ ]
p= Zpi [H*], and further assume the intrinsic reactivity to be similar for all acid sites,

i=1

ke 5 * Kiy, Equation (2-3) then simplifies to

T p zkint'[R]‘ZPi :kint'[R]‘liH+j|'/0 (2-4)
It is often assumed that [R] obeys a Langmuir isotherm

_ NFK, P,
1+ K, p,

[R]

(2-5)

where N5 is the saturation loading, Ku is the Henry’s constant for adsorption, and pa is the

hydrocarbon partial pressure [115,152], resulting in
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. N/SxatKH Pa

e = King ‘[H+:|'p 14K, p, (2-6)

In general, [H"] and ; are pressure dependent, but two limiting cases are often discussed
in the literature [115]. Indeed, as pa — 0 and at low conversions, where monomolecular

mechanism dominates, [H*] ~ [H"]o and the apparent rate constant contains a physisorption

sat

component K., =kim,1_)NA Ky . As pressure increases, however, the bimolecular mechanism
prevails, and a large fraction of acid sites are expected to exist in the form of alkoxides. Therefore,
the limit of pa — oo for Equation (2-6) does not necessarily lead to k,, = kim,BN,s_\at and high-

pressure rate data do not generally yield the intrinsic rate constant for monomolecular cracking.
Based on the energetics reported in Section 3.4, the rate-limiting step in the bimolecular
mechanism is likely B-scission, and the rate law for a specific cracking mode R—P may be written

as:

e = Kie [ZOR] (2-7)

o=
where k. . is the intrinsic rate constant for B-scission and [ZOR] is the concentration of an alkoxide
species. The energetics suggest that isomerization and hydride transfer reactions are likely quasi-
equilibrated; as a result, the concentrations of various alkoxide species can be related to the
concentrations of physisorbed alkanes, and hence to their partial vapor pressures, by an equilibrium
relationship. Consequently, as pa — oo, [ZOR] ~ [H*]o so that the measured activation energy for
cracking would be equivalent to the intrinsic activation energy for p-scission. Luo et al. measured
n-hexane cracking over H-ZSM-5 over a wide range of pressures (0.0067 to 13.7 MPa) and showed

nearly zero-order behavior above 0.6 MPa.
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However, as Figure 2-6 indicates, the reaction conditions used here correspond to only
partially loaded catalysts, but the plateaus in the adsorption isotherms lead to a range of pressures
in which increasing the hydrocarbon pressure has little effect on the actual concentration of
hydrocarbon in the zeolite pores. Therefore, nearly zero-order behavior would still be observed in
this regime. It is worth noting, however, that although bi-molecular routes for cracking are often
associated with lower activation barriers than mono-molecular routes, Ce Species can only utilize
a single mode of B-scission that does not involve primary carbenium ions (so-called type C B-
scission; see section 2.3.4), with a barrier of 167 kJ mol™. As a comparison, we have previously
calculated the intrinsic barriers for monomolecular cracking of n-butane to range from 170—190
kJ mol™ depending on the C—C bond being broken and the location of acid sites. This difference
in activation barriers between the two different cracking mechanisms is in fact well within
experimental uncertainties and allows the reaction rates to be fit using a single rate equation as

found in the experiment.

The cause for the lower activation energy seen for n-hexane conversion over H-Y is
relatively unclear. Luo et al. suggested that one possible explanation for the low activation barrier
of ~60 kJ mol™* over BEA, MOR and USY zeolites is the high rate of n-hexane isomerization
relative to cracking. Brouwer and Oelderik investigated the isomerization of 2-methylpentane with
liquid super acid HF-SbFs as the catalyst and reported that the activation energy for isomerizations
during which the degree of branching changes via a protonated cyclopropane (PCP) intermediate
is approximately 75 kJ mol™ [39]. Beecher and Voorhies investigated n-hexane isomerization over
H-MOR at p = 3.2 MPa and T = 473 - 533 K and reported an activation energy of 102 kJ mol*
[153]. Chica and Corma investigated n-hexane isomerization over H-MOR at T = 523 — 573 K and

p = 70 — 162 kPa and observed an apparent activation energy of 79 kJ mol™ but concluded that
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the intrinsic activation energy was 171 kJ mol™* by adding the heat of adsorption to the apparent
activation energy [154]. However, the pressure at which the reaction was carried out may be too
high for this treatment to be valid. Macht et al. obtained the rate constant for n-hexane
isomerization over H-BEA at T = 473 K, and deduced an intrinsic barrier of ~162 kJ mol by using
the same DFT pre-exponential factor as calculated for 0.04H3PW/SiO [155]. The DFT results
reported in section 2.3.4 agree with other theoretical calculations, which have reported values for
the isomerization of 2-pentene over H-ZSM-22 via a PCP intermediate (98 kJ mol?) or via
intramolecular hydrogen shift (110 kJ mol™) [156]. Given the majority of the literature results
mentioned above suggest that the barrier for isomerization via a PCP intermediate ranges from 75-
102 kJ mol™, high isomerization rates alone cannot explain the low activation energy seen for n-

hexane conversion over H-Y under supercritical conditions (61 kJ mol™).

To explain the case of n-dodecane conversion, the propensity for carbenium ions above Ce
to undergo C-C scission increases dramatically with hydrocarbon chain length [157,158] and has
been attributed to the availability of numerous facile cracking modes via tertiary carbenium ions
rather than primary and secondary carbenium ions [45-47]. However, given that the barrier for
isomerization via PCP intermediates is comparable with that of tertiary B-scission modes, it is
surprising that a GC analysis of the reactor effluent was not able to detect a significant amount of
C12 isomers. Although it is possible that the GC column and method used in this study may not be
sensitive enough to distinguish structurally similar C1> isomers from the n-dodecane feed, another
possibility is that Ci2 species adsorb much more strongly than Ce species. As evidenced by the
adsorption isotherms in Figure A-1, the equilibrium loadings of isomerized C12 products are rather
large even at low conversions, and therefore Ci> isomers are more likely to undergo further

reactions than Ce isomers are. As the chain length of a product decreases, its adsorption strength
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weakens and its percentage in the product mixture increases. Correspondingly, the rates of n-
dodecane cracking over H-ZSM-5, H-Y and AI-MCM-41 exhibited similar temperature
dependencies, as shown by the Arrhenius plots in Figure 2-7b. The activation energies for n-
dodecane cracking are similar to the intrinsic activation energy of hydrocarbon cracking of ~200
kJ mol? reported in the literature [49,96,151]. The activation energies for n-dodecane cracking
over H-Y and AI-MCM-41 were measured under supercritical conditions. However, conversion
of n-dodecane over H-ZSM-5 at temperatures above the critical temperature (T > 658 K) resulted
in lower than expected TOFs, presumably due to mass transfer limitations. Therefore, an activation

energy for n-dodecane cracking over H-ZSM-5 under supercritical conditions was not measured.

The differences in catalyst stability between H-ZSM-5 and AI-MCM-41 seen in Figure 2-3
may be attributed to the difference in pore size. Previous studies show that for certain hydrocarbon
and catalyst pairings, the increased coke precursor solubility due to liquid-like densities of
hydrocarbon fuels under supercritical conditions can mitigate catalyst deactivation [118-120,159].
The increased diffusivity from the larger catalyst pore size, coupled with the increased coke
precursor solubility may allow coke precursors to be swept away before they can form coke. The
TOFs for cracking of shorter hydrocarbon molecules are too low over large pore materials to be
effective for endothermic fuels, but the TOFs for longer hydrocarbon molecules, such as n-
dodecane, are much higher. The results presented here indicate that a suitable catalyst and
hydrocarbon fuel pairing under supercritical operating conditions may have potential for

endothermic fuels.
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2.5 Conclusions

The acid-catalyzed cracking of n-hexane and n-dodecane over H-ZSM-5, H-Y and Al-
MCM-41 under high pressures showed that bimolecular reactions and hydrocarbon chain length
control the product distribution. While n-hexane reactions over H-Y and AI-MCM-41 resulted in
mainly isomerization, n-hexane reactions over H-ZSM-5 and n-dodecane reactions over all three
catalysts resulted in cracking with an activation energy associated with the rate constant for C-C
bond cleavage. Periodic DFT calculations suggest that isomerization should be facile, but the
hydride transfer steps necessary for releasing isomerized alkoxides may become challenging in H-
ZSM-5 with highly substituted species. In addition, the diffusion coefficients were reported to be
2—38 orders of magnitude smaller for branched alkanes in H-ZSM-5; both factors contribute to the
qualitative difference in product selectivity for n-hexane conversion over the different catalysts.
CB-GCMC simulations reveal a step-like adsorption isotherm for n-dodecane in H-ZSM-5 and H-
Y zeolites, which has an origin similar to the commensurate freezing behavior known for n-hexane
in H-ZSM-5, and is due to the entropy loss in order to maximize packing. The plateaus in the

isotherms at pressures before saturation lead to the zero-order kinetics observed in the experiments.
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3. Catalytic Cracking of JP-10 over H-Y Under Supercritical
Conditions

This chapter is derived from a manuscript being prepared for publication and is co-authored by
Drs. Ujuma Shrestha and Harsha Chelliah the Mechanical and Aerospace Engineering
Department at the University of Virginia. The micro-flow tube reactor experiments were
performed by Dr. Ujuma Shrestha.

3.1 Introduction

One of the main challenges facing high supersonic (Mach 3-5) and hypersonic vehicles
(Mach > 5) is the cooling of the combustion chamber of the engine. The current strategy for liquid
hydrocarbon fueled high supersonic and hypersonic vehicles is to pass the fuel on board the vehicle
through heat exchanger panels along the combustion chamber walls to absorb the excess heat, prior
to injection into the combustion chamber [4]. Endothermic liquid hydrocarbon fuels aim to
increase the heat sink potential of liquid hydrocarbon fuels by incorporating the sensible enthalpy

of the fuel and the chemical heat sink capacity from undergoing endothermic chemical reactions.

Several groups have demonstrated that the catalytic cracking of heavy hydrocarbon fuels
over zeolite catalysts under supercritical conditions can provide substantial heat sink capacity
[7,104,105,160]. Huang et al. examined the cracking of JP-7 over a zeolite catalyst under
supercritical conditions (978 K and 4.1 MPa) and reported a physical heat sink of 388 kJ mol™* and
a chemical heat sink of 178 kJ mol*[104], assuming an average molecular weight of 166 g mol*
for JP-7 [161]. This technology was successfully implemented in the test flights of the Boeing X-
51, which reached flight speeds up to Mach 5.1 [162]. However, development of endothermic fuel
and catalyst pairings that provide greater heat sink capacity are desired to achieve even faster flight

speeds.
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JP-10 (exo-tetrahydrodicyclopentadiene) is a high-energy, nearly single-component
hydrocarbon fuel used in air-breathing missiles. It has superior thermal stability compared to
conventional liquid hydrocarbon military fuels such as JP-8 [163]. Previous research concluded
that a fuel with high thermal stability, JP-7, had a greater heat sink capacity and less carbon
formation, or coking, than JP-8 [104]. Thus, JP-10 has garnered significant interest over the years
as an attractive candidate for endothermic fuels. The thermal cracking, or pyrolysis, of JP-10 has
been well studied under conditions relevant for endothermic fuels [163-168], but fewer studies
exist for the catalytic cracking of JP-10 [105,163,169]. Huang et al. [104] compared the gas-phase
product distribution, heat sink capacity, and coke deposition results for the cracking of JP-7, JP-8,
and JP-10 over a zeolite catalyst under supercritical conditions using a benchtop reactor setup with
a residence time of 1.2 s and reported that JP-10 had a lower chemical heat sink (90 kJ mol™?) than
JP-7 (178 kJ mol™) and JP-8 (137 kJ mol™t). Cooper and Shepherd [163] examined JP-10 cracking
over H-Y zeolite and reported the overall conversion and product distribution under supercritical
conditions using a benchtop reactor setup with a residence time ranging from 330 — 1570 s. This
study aims to expand upon the existing work by examining the intrinsic rates and reaction
mechanism for the catalytic cracking of JP-10 under supercritical conditions. These results are
compared to the results obtained in a micro-flow reactor capable of flow conditions simulative of

endothermic fuel applications.
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3.2 Experimental Methods

3.2.1 Flow reactor experiments with fixed bed reactor

3.2.2 Materials

JP-10 (Batch 11 POSF7478, Dixie Chemical Company) was used as the feed. n-Tridecane
(Sigma-Aldrich, 99% purity anhydrous) was added as an external standard during gas
chromatography (GC) analysis. n-Propylamine (Sigma-Aldrich, > 99.0% purity) was used for the
temperature-programmed desorption/mass spectrometry (TGA-MS) analysis to determine the
Brensted-acid site density for the catalysts. The following gases were used for calcination, TGA-
MS and GC operation: dry air (GTS-Welco), helium (GTS-Welco, 99.999%), dihydrogen (GTS-

Welco, 99.999%), dinitrogen (GTS-Welco, 99.999%) and propylene (GTS-Welco, PY60).

H-Y (45872) zeolite was purchased from Alfa Aesar and sized using -40/+100 (150 — 425
pum) sieves trays. To test for background conversion, a pure ZrO, sample was synthesized in the
lab. Amorphous ZrOx(OH)a-2x (MEL Chemicals, XZ01501/09) was calcined to ZrO2 in dry air
(100 cm® min?) at 973 K at 10 K min, holding for 4 h before being pressed and sized using -

40/+100 (150 — 425 um) sieves trays.

3.2.3 Catalyst Characterization

The H-Y zeolite used in this study was loaded into a quartz reactor and pretreated in 100
cm?® mint of 21% O and balance He at 823 K at 5 K min‘%, holding for 2 h. After the pretreatment,

the catalyst was exposed to n-propylamine at 448 K for 15 min by passing He (30 cm® min™?)
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through an n-propylamine saturator that was held in an ice bath. The catalyst sample was then
purged at 448 K for 2 h under flowing He (100 cm® min) to remove excess n-propylamine. The
catalyst sample was then heated to 873 K at 20 K min™ under flowing He (100 cm® min) and the
mass spectrometer (MS) was used to track unreacted amine (m/e = 30), propylene (m/e = 41) and
ammonia (m/e = 30). Previous work has shown that the Brensted-acid site density can be
quantified from the amount of amine that reacts between 650 and 725 K [89,123-125]. A known
amount of propylene was introduced to the system using a six-way valve after each n-propylamine

decomposition experiment to calibrate the propylene MS signal.

3.2.4 Catalyst Testing in the Fixed Bed Reactor

Hydrocarbon conversion reactions were carried out in an upward-flow fixed bed reactor
under supercritical conditions. A titanium reactor (Grade 2 titanium from McMaster-Carr) with
an outer diameter of 6.35 mm and an inner diameter (ID) of 4 mm was used to hold the catalyst
bed that was supported between two glass wool plugs. Catalysts were heated in situ in flowing dry
air (100 cm® mint) at 5 K min* to 823 K and holding at that temperature for 2 h. Liquid
hydrocarbon was fed to the reactor using a Teledyne Isco 260D high pressure syringe pump. A
gas-liquid separator was used to collect liquid product between sampling intervals. Dinitrogen was
used to purge the gas-liquid separator and to maintain the pressure in the system, which was
controlled by a back-pressure regulator. The dinitrogen purge along with the gas-phase products
were fed to a gas chromatograph (Shimadzu GC-2014) equipped with a flame ionization detector
(FID). A Restek RT-QS-BOND (30 m, 0.53 mm ID, 20 pum film thickness) column was used to

separate the products. n-Tridecane (Sigma-Aldrich, 99% purity anhydrous) was added to the liquid
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products as an external standard. The liquid products were injected into the GC using an AOC-20i

auto sampler.

The peak areas of reactants and products identified by GC were used to determine the
hydrocarbon feed conversion and selectivity of products. Identification of the heavier liquid phase
products was performed by Galbraith Laboratories (Knoxville, TN) using gas chromatography—

mass spectrometry (GC-MS).

The peak areas of reactants and products identified by GC were used to determine the
hydrocarbon feed conversion and selectivity of products. The conversion of hydrocarbon feed was

calculated according to and defined as follows:

n;M;
Conversion (C%) = <%> x 100 (3-1)

where n; is the number of carbon atoms in product i, M; is the molar ratio of product i detected to
the initial moles of hydrocarbon feed and x represents the number of carbon atoms in the

hydrocarbon feed.

The selectivity toward product i was calculated on a molar basis and defined as follows:

M;
2 M;

Molar Selectivity (%) = ( ) x 100 (3-2)

The catalyst loading in the reactor depended on the reaction operating conditions and the
mass was diluted with a corresponding amount of ZrO, to keep the length of the catalyst bed
constant at 5 cm. The catalyst loading was varied to keep the overall conversion below 10% to
ensure differential reactor conditions. Reactions with only a bed of ZrO, were also run for all
conditions used in this work to determine the amount of background conversion from pyrolysis.

The hydrocarbon liquid feed rate was varied from 0.3 cm® min™ to 3.0 cm® mint, depending on



o1

the reaction temperature, to keep the background conversion below 0.5% at all times.
Measurements used to determine activation energies were determined at the same weight hourly
space velocity (WHSV) to account for the effect that WHSV can have an effect on product
selectivity [116]. Rates are reported in terms of turnover frequency (TOF), which is calculated as

the rate of hydrocarbon feed conversion normalized to the acid-site density reported in Table 3-1.

3.2.5 Micro-flow tube reactor experiments with wall-coated catalyst

Figure 3-1 shows a schematic of the atmospheric pressure micro-flow tube reactor (MFTR)
used to conduct experiments with wall-coated catalyst reported in this study. The reactor was
fabricated using fused quartz tubing to minimize any catalytic wall reactions other than the H-Y
zeolite catalyst, with a maximum safe operating temperature of about 1300 K. The reactor is
comprised of 0.4 cm inner diameter main tube through which inert nitrogen gas is supplied and
two 0.1 cm inner diameter side tubes through which fuel is fed to the mixing region. The mixing
region is about 0.2 cm? with the exit plane bounded by a porous quartz frit. A 125 cm long helical
section of 0.4 cm ID is used upstream of the mixing region to ensure complete heating of the main
nitrogen carrier bath to the target temperature. The temperature of the two side fuel feeding tubes
is controlled via a heating/cooling jacket. The constant temperature hot section is 37 cm long with
excellent temperature control (x5K). The heating system is custom designed with modular high
temperature ceramic electrical heaters (ThermCraft RH211/RH212). Because of the modular
nature of the heating system design, the hot section length can be easily changed. The quartz
reactor and the heating system sit on a V-shaped metal support and are enclosed inside a steel
chamber which has been hydro tested to 10 MPa. Further details of the reactor including heat

transfer analysis and verification of negligible catalytic wall effects can be found in ref. [170].
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13 11

Figure 3-1. Schematic of experimental setup showing: 1 - nitrogen gas cylinder; 2 - mass flow
controllers; 3 — micro-flow reactor in vented high-pressure enclosure chamber; 4 - fuel atomizer;
5 - atomizer housing; 6 - liquid fuel pump; 7 - fuel reservoir; 8 - quartz microprobe; 9 - needle
valve; 10 - dry ice bath; 11 — GC system; 12 - pressure gauge; 13 - vacuum pump. This figure
was provided by U. Shrestha.

Thermal decomposition study of JP-10 was conducted in the presence of three 1 mm
diameter, H-Y zeolite coated quartz rods in the atmospheric pressure micro-flow tube reactor
(see Figure 3-2). The quartz rods were fused together at three points along the length with space
to allow free flow of molecules across the cross section. The experimental conditions explored
for the present study are given in Table 3-2. In order to ensure proper interaction between fuel

and catalyst, a relatively long residence time of 400 ms was selected.

A key challenge of the present JP-10 pyrolysis experiments is the pre-vaporization of the
fuel without any condensation or pyrolysis until it reaches the hot test section. For the selected
residence time, the fuel flow rates required to attain 1% fuel mole fraction with the inserted rods
ranged from 0.01- 0.014 cm® min*. Fuel flow rates were controlled using a liquid syringe pump

(Tele-dyne ISCO Model 500D) with flow and pressure capabilities of 0.001-204 cm® min** and



53

0.07-26 MPa, respectively. The nitrogen gas (99.999%, Praxair) flow rate was controlled using

mass flow controllers (Sierra 100 series, with 1% accuracy).

N,

Glass Frit

Heat In

Catalyst Coated
Quartz Rods

Fused Quartz
Tube

Thermocouple

Cracked
Product

Quartz Glass

Heat In Spacer

Figure 3-2. Schematic of atmospheric pressure micro-flow tube reactor with three 1 mm rods
coated with H-Y zeolite and placed in the hot section. This figure was provided by U. Shrestha.
In order to ensure proper vaporization, the fuel was first atomized using an ultrasonic
atomizer (with a mean droplet size of about 10-15 m) and transported in a heated nitrogen stream
of 500-550 K. The fraction of the nitrogen flow was maintained through the atomizer to eliminate
any fuel deposition in the line and also to keep the atomizer at operating temperature. The uniform
preheating of the fuel line was attained by wrapping individual heaters and properly insulating
different sections of the fuel line up to the side feed tubes of the reactor. In addition, eight K-type
thermocouples were incorporated inside each heater to monitor the temperature at various
locations via a NI Labview software interface. For atmospheric pressure experiments reported
here, the flow residence time was changed by varying the total volume flow rate or bulk flow
velocity (see ref. [170] for further details), while the hot section temperature was controlled using

the PID controllers.
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The species exiting the MFTR were quantified by continuous probing with a 75 pum quartz
probe tip and subsequent analysis via a Shimadzu GC-2014 equipped with FID and TCD detectors.
The GC was equipped with a series of packed columns focused on measurements of Co-C4 Species
and the sample line was sent through a dry-ice/ethanol bath held at 202 K to condense any large
hydrocarbon molecules before injection. Before each experimental run, the system was allowed to
reach a steady state at a desired target temperature to eliminate any uncertainty arising from

transient state conditions.

Table 3-1. Properties of H-Y zeolite used in this study.

) Brgnsted-site
Pore Size

Catalyst Si/Al2 Ratio? Density®
(A) ol
(mol-g~)

H-Y 7.4° 85:1 162

a. Based on manufacturer data

b. Brgnsted acid site concentrations were determined by n-propylamine
decomposition

c. Pore size from the Atlas of Zeolite Framework Types [137]

Table 3-2. Experimental conditions explored for fixed bed and micro-flow reactor studies.

Reactor JP-10 N2 Pressure Temperature Residence Time
(% by moles) (% by moles) (MPa) (K) (s)
Fixed bed 100 0 6 673-733 5-13

Micro-flow 1 99 0.1 700-980 0.4
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3.3 Results and Discussion

3.3.1 Flow reactor experiments with fixed bed reactor

3.3.1.1 Thermal stability of JP-10

Conversion of JP-10 over an inert bed of ZrO> was performed at 6 MPa to investigate the
thermal stability of the fuel under supercritical conditions in the fixed bed reactor system without
an active catalyst. A comparison to n-dodecane, a surrogate fuel molecule for kerosene-based fuels

such as JP-8, was included to emphasize the relatively high thermal stability of JP-10 and is shown

in Figure 3-3.
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Figure 3-3. Background pyrolysis conversion for ( A ) n-dodecane and (m) JP-10 versus
temperature. Reaction conditions: total system pressure: 6 MPa and liquid hydrocarbon feed rate:
1.2— 3.0 cm® min'.,

Under all tested reaction conditions, n-dodecane exhibited higher conversion via pyrolysis,
or thermal cracking, than JP-10. It has been generally accepted that pyrolysis proceeds via a free

radical chain mechanism and conversion will increase rapidly once a high enough temperature is
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reached and alkyl radicals begin to form and propagate [160]. A rapid increase in pyrolysis rate
involving n-dodecane can be observed at temperatures greater than 718 K, while the same behavior
is not seen for JP-10 until 748 K. The 30 K temperature shift in pyrolysis conversion demonstrates

the high thermal stability of JP-10 relative to n-dodecane and presumably kerosene-based fuels.

The product distribution from the pyrolysis experiments in the fixed bed reactor at 733 K
is detailed in Table 3-3. The predominant products formed were cyclopentene and
cyclopentadiene. Minor products formed included propylene, cyclohexadiene, benzene, toluene,
and naphthalene. Negligible conversion was measured below 733 K. The results match those
reported by Wohlwend et al. [171], who studied the decomposition of JP-10 in a stainless-steel
flow reactor operating at a pressure of 3.4 MPa, temperatures between 473 and 923 K, and a
residence time of 1.8 s. They reported that JP-10 begins to fragment slightly at 723 K and the major
products formed are cyclopentadiene and cyclopentane. They observed isomerization of the JP-10
feed to its endo-isomer, however they did not report product yields. In the current study, the
amount of isomerization during pyrolytic cracking at 733 K was not quantifiable due to the
adamantane and endo-isomer impurities in the feed. These results demonstrate that catalytic
experiments involving JP-10 can be performed in the fixed bed reactor system with minimal

contribution from background pyrolysis activity at temperatures below 733 K.
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Table 3-3. Results at 10 min TOS from
the pyrolytic conversion of JP-10 over
inert ZrOz in a fixed bed flow reactor.

Temperature
(K) 733
Conversion
(%) 0.3
Molar Selectivity (%0)

Methane 0.3
Ethylene 1.4
Ethane 0.3
Propylene 9.7
Propane 2.2
Butene/Butadiene 1.9
Other C4 species 5.0
Cs species 55

Ce species 5.0

C7 species 8.0

Cs species 2.2

Co species 2.8
JP-10 isomers* n/a
Cio Species 5.7
> Cio Species trace

Experiments were performed at a liquid JP-
10 feed flow rate of 1.2 cm® min™.

*The amount of isomerization was
negligible compared to the adamantane and
endo-isomer impurities within the feed.

3.3.1.2 Catalytic conversion of JP-10

Catalytic conversion of JP-10 over H-Y zeolite was performed under supercritical
conditions. The transient performance of the catalyst at 718 K is demonstrated in Figure 3-4 and
demonstrates that deactivation of the catalyst was observed over 55 minutes time on stream (TOS).
Similar behavior was seen at all tested temperatures and the results from Figure 3-4 demonstrate

that deactivation is more severe at higher levels of conversion. TOF and selectivity results were
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calculated from the initial product measurements collected after 10 minutes TOS to minimize the

effects of deactivation.
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Figure 3-4. TOF of JP-10 cracking versus time on stream over H-Y zeolite at 718 K and 6 MPa
and ~3% conversion.

The product distributions obtained from cracking of JP-10 over H-Y at from 703 to 733 K
are shown in Table 3-4. Catalytic and pyrolytic cracking of JP-10 in the fixed bed reactor shared
several characteristics. For example, cyclohexadiene, benzene, and toluene were formed with
similar product selectivities during both pyrolytic and catalytic cracking at 733 K. The major
difference between the two processes at 733 K was the decreased selectivity towards
cyclopentadiene and cyclopentene and the increased selectivity towards Cio species. GC-MS
analysis, presented in Table B-3, revealed that these C1o Species were various forms of substituted
indenes and naphthalenes. It is well known that alkenes are highly reactive over acid catalysts and
enter molecular growth cycles via oligomerization, alkylation, and hydride transfer reactions to
form polycyclic aromatic hydrocarbons (PAHS) that bind strongly to the surface and lead to coke

deposits [172-174].
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Table 3-4. Results at 10 min TOS from the conversion of JP-10 over H-Y in a fixed
bed flow reactor at 6 MPa.

Temperature

(K) 703 718 733

Conversion
(%) 3.6 2.6 3.0

TOF
(1) 0.84 1.2 3.3
Molar Selectivity (%0)

Methane 0.1 0.1 0.1
Ethylene 0.2 0.3 0.3
Ethane 0.1 0.1 0.1
Propylene 0.2 0.4 0.8
Propane 2.4 2.4 2.1
Butene/Butadiene 8.6 7.7 6.9
Other Cs species 0.3 1.9 2.9
Cs species! 12 14 17
Cs species? 9.0 10 12
C7 species® 4.8 7.0 7.9
Cs species? 0.9 2.5 2.7
Co species 1.0 1.3 34
JP-10 isomers® 7.5 7.4 3.3
Other Cio species® 52 43 38
> Ci0 Species 0.7 1.9 2.5

Experiments were performed at a liquid JP-10 feed flow rate of 1.2 cm® min™.

1. Cs species are mainly cyclopentene/cyclopentane, cyclopentadiene, and

pentenes/pentane.

Cs species are mainly cyclohexadiene, 1,3-hexadiene, and benzene.

C7 species are toluene and other unknown species.

Cs species are ethylbenzenes, xylene, and other unknown species.

JP-10 isomers do not include the JP-10 feed and the adamantane and endo-isomer

impurities within the feed has been subtracted.

6. Other Cyo species do not include the JP-10 feed and are substituted indenes and
naphthalene

o s~ wDn

Anderson et al. [175] studied the treatment of cyclopentadiene over H-ZSM-5 zeolite at
393K and reported that the main products are methylindanes, tetralins, and higher aromatics

(naphthalenes and phenanthrenes). Similar products can be formed during the treatment of n-
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hexane over H-ZSM-5 zeolite, but require a much higher reaction temperature of 593 K relative
to that used for cyclopentadiene because of the high activation energy of n-alkane cracking (~200
kJ mol™) [49,50]. It is likely that the substituted indenes and naphthalenes observed in the present
study were formed from the secondary reaction of cyclopentadiene and cyclopentene.
Furthermore, the high apparent activation energy observed for this reaction (~195 kJ mol™), shown
in Figure 3-5, suggests that the C-C bond cleavage necessary to form cyclopentadiene and
cyclopentene is the kinetically-significant step. Similar results were seen during cracking of JP-10

over AI-MCM-41, which is discussed in Appendix B.
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Figure 3-5. Arrhenius-type plot for the reaction of JP-10 over H-Y under supercritical
conditions.

At lower levels of JP-10 conversion, H-Y zeolite exhibited moderate deactivation. In
practice, high conversion levels are required to meet the heat sink requirements of hypersonic
vehicles. Therefore, the conversion level was raised by increasing the catalyst loading from 54 mg
to 540 mg, presented in Figure 3-6. Observed TOFs at both high (78%) and moderate (16%)
conversion at 748 K, reported in Table 3-5, exhibited severe deactivation. Increasing the catalyst

loading by a factor of 10 resulted in an increase in initial conversion by a factor of 4.9. This
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demonstrates that severe deactivation can result in lower than expected conversion and, thus, heat

sink capacity. This effect must be accounted for during endothermic fuels applications.
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Figure 3-6. TOF (left) and normalized TOF (right) of cracking of JP-10 over H-Y under
supercritical conditions versus time on stream at 16% and 78% conversion.
Reaction conditions: T= 748 K, P = 6 MPa, and a JP-10 feed flow rate of 2.4 cm® min™,

An analysis of the product distribution at high and low conversion at 748 K, shown in Table
3-5, revealed that the major products at low conversion were various forms of substituted indenes
and naphthalenes. At higher levels of conversion, the product distribution shifted to alkyl
substituted naphthalenes and phenanthrenes. This phenomenon was expected as higher levels of
cracking generate a wider range of products that can act as alkylating agents. In addition, Anderson
et al. [175] studied the treatment of cyclopentadiene over H-ZSM-5 and reported a shift from
methylindanes to naphthalenes and higher aromatics at higher levels of conversion. Therefore, the
change in product distribution at higher conversions is consistent with the theory that C1o products

during cracking of JP-10 are formed from cyclopentadiene and cyclopentene.

A similar conclusion was reported by Vandewiele et al. for the pyrolytic cracking of JP-10

[176]. They stated that cyclopentadiene and cyclopentene were primary thermal decomposition
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products of JP-10 and that indene, naphthalene, and other PAHs were formed from secondary

reactions of cyclopentadiene.

Table 3-5. Effect of conversion on JP-10 cracking product selectivity over H-Y at 748 K
and 6 MPa.

Conversion
(%) 16 78
TOF
() 1.9 0.74
Molar Selectivity (%)
Methane 0.1 0.5
Ethylene 0.2 0.1
Ethane 0.1 0.2
Propylene 0.4 0.1
Propane 2.6 2.9
Butene/Butadiene 8.3 5.7
Other Cs species 3.2 3.1
Cs species! 16 12
Cs species? 14 15
C7 species® 9.8 13
Cs species? 5.0 9.2
Co species 2.5 5.0
JP-10 isomers® 1.4 --
Other Cio species® 32 19
> C1o species’ 4.4 15

Experiments were performed at a liquid JP-10 feed flow rate of 2.4 cm® min™.

Cs species are mainly cyclopentene, cyclopentadiene, and pentenes/pentane.

Cs species are mainly cyclohexadiene, 1,3-hexadiene, and benzene.

C7 species are toluene and other unknown species.

Csgspecies are ethylbenzenes, xylene, and other unknown species.

JP-10 isomers do not include the JP-10 feed and the endo-isomer impurity within the feed

has been subtracted. These species could not be identified during the high conversion

experiment.

6. Other Cyo species do not include the JP-10 feed and are compounds resembling substituted
indenes and naphthalene

7. > Cyo species include alkyl derivatives of aromatic products.

ok~




63

3.3.2  Flow reactor experiments with a wall coated micro-flow reactor

A wall coated micro-flow reactor system was designed to better simulate the residence
times experienced by endothermic fuels. Figure 3-7 and Figure 3-8 depict the comparison of
experimental data obtained with and without catalyst and predicted results using a recently
developed detailed homogeneous kinetic model [177]. The predicted results are obtained by
integrating coupled species conservation equations assuming that highly diluted reacting fluid
elements are advected without any mass transport across the interface, commonly known as the
zero-dimensional computational model. The homogeneous reaction model consists of 691 species
in 15,518 elementary reactions. The JP-10 model kinetic parameters have been validated based on

shock tube data and flow reactor data [167,177].

Figure 3-7 shows the major species; CsHs, H2, CoHa, 1-C4Hs, CH4 and CsHsg, while Figure
3-8 shows the minor species; aCsHa, CoHg, pC3H4, and CoHo. These species were consistent with
the components identified in experiments conducted by Vandewiele et al. [176] and Gao et al.

[177].

In addition to the species shown in the plots, species such as cyclopentene, benzene, 1, 3-
hexadiene, cyclohexadiene and toluene are some of other major species observed in the
experiments (See GC and GCMS chromatograms in Figure 3-9 and Figure 3-10 respectively). At
similar product yield, the addition of the catalyst significantly changed the product distribution. It
was observed that the concentrations of hydrogen, methane, ethylene, ethane, acetylene, allene,
propyne, cyclopentadiene and cyclopentene were reduced with addition of catalyst. In contrast,
propylene, 1,3-butadiene, 1-butene, cyclohexadiene and 1,3-hexadiene were significantly

increased with the addition of catalyst.
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Figure 3-7. Comparison of major species yield from JP-10 pyrolysis as a function of hot-section
temperature, for 1% JP-10 in nitrogen (by moles) at residence time 400 ms and pressure 1 atm.
V and + represents H-Y zeolite loadings of 5 mg and 7 mg, respectively; o represents without H-
Y zeolite catalyst; dashed line represents numerical predictions using a detailed chemical kinetic

model proposed by Gao et al. [177] without catalytic reactions.
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Figure 3-8. Comparison of minor species yield from JP-10 pyrolysis as a function of hot-section
temperature, for 1% JP-10 in nitrogen (by moles) at residence time 400 ms and pressure 1 atm.
V and + represents H-Y zeolite loadings of 5 mg and 7 mg, respectively; o represents without H-
Y zeolite catalyst; dashed line represents numerical predictions using a detailed chemical kinetic
model proposed by Gao et al. [177] without catalytic reactions.
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Figure 3-9. GC chromatogram during homogeneous and catalytic pyrolysis at T=800K and T=960
K respectively. The residence time is kept fixed at tres=0.4 s.
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Figure 3-10. GC-MS chromatogram during homogeneous and catalytic pyrolysis at T=800K and
T=960 K respectively. The residence time is kept fixed at tres=0.4 s.

Table 3-6 shows a comparison of estimated endothermicity at iso-conversion level of
3.13% with and without catalyst. Also shown in the table is the sensible cooling capacity (4hgens)
between 298.15 K and the iso-conversion temperature listed. The first key observation is that with

catalyst the conversion occurs at a temperature about 188 K lower than without catalyst. Second,
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at this small conversion level, the endothermic cooling capacity is very small when compared with
the sensible cooling capacity. More importantly, the species yield with catalyst results in no

significant change in endothermic cooling capacity compared to without the catalyst.

Table 3-6. Comparison of endothermic vs. sensible enthalpy from JP-10 pyrolysis with and
without catalyst.

. Iso-conversion T Endothermic cooling Sensible cooling
Condition

(K) (kJ mol?) (kJ mol?)
Without catalyst 960 5.9 3.0 x 102
With catalyst 772 6.0 2.1 x 102

Figure 3-11 and Figure 3-12 describe the homogeneous reaction pathways that lead to the
key species identified by the GC/FID/TCD/MS system at T=960K and residence time of 0.4 s. The
reaction flux paths were observed to be similar to JP-10 decomposition study reported by Gao et
al. [177] at T=1000K. The main consumption of JP-10 occurs due to hydrogen abstraction to form
JP-10 radicals (R1- R8) as shown in [177]. The hydrogen abstraction takes place due to the reaction
of allyl, hydrogen and methyl radical with JP-10. Each hydrogen abstraction reaction follows a
separate reaction pathways with different reaction flux to form JP-10 radicals, hydrogen, methane
and propylene. These stable species are some of the major species observed in the present
experiments (see Figure 3-7). Furthermore, it can be observed from that the most dominant channel

that JP-10 decomposes into R8 (27%) and R6 (19%).
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Figure 3-11. Reaction path flux analysis of JP-10 pyrolysis indicating the key reactions that JP-
10 radical and key species such as hydrogen, methane and propylene identified in experiments at
T=960K and residence time of 0.4 seconds
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Figure 3-12. Reaction path flux analysis of R8 (JP-10 radical) pyrolysis indicating the key
reactions that lead to the species such as allene, ethylene, cycopentadiene, and cyclopentene
identified in experiments at T=960K and residence time of 0.4 seconds.

The main consumption of JP-10 occurs due to hydrogen abstraction to form JP-10 radicals
(R1- R8) as shown in [177]. The hydrogen abstraction takes place due to the reaction of allyl,
hydrogen and methyl radical with JP-10. Each hydrogen abstraction reaction follows a separate

reaction pathways with different reaction flux to form JP-10 radicals, hydrogen, methane and
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propylene. These stable species are some of the major species observed in the present experiments
(see Figure 3-7). Furthermore, it can be observed from that the most dominant channel that JP-10
decomposes into R8 (27%) and R6 (19%).

The reaction path analysis for channel R8 is shown in Figure 3-12. It can be observed from
this analysis that 33% of JP-10 decomposes into cyclopentyl and cyclopentadiene. One of the
reaction paths for cyclopentyl leads to the formation of 14% cyclopentene and the other leads to
the formation of ethylene and allyl radical. Both ethylene and cyclopentene were observed in the
current experiments. Furthermore, the allyl radical reacts with various Cs molecules to form
cyclopentadiene, cyclopentene, propylene and allene. These reaction pathways clearly explain the
formation of ethylene, propylene and cyclopentadiene as major products and allene as minor
products in the current experiments. The reaction path analysis for the R6 radical is shown in
Figure 3-13. The path depicts the decomposition of JP-10 into toluene and methyl radical which

was also observed in the current study.
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Figure 3-13. Reaction path flux analysis of R6 (JP-10 radical) indicating the key reactions that
lead to toluene identified in experiments at T=960K and residence time of 0.4 seconds.

Major species such ethylene and methane decreased while propylene, 1,3-butadiene and
cyclohexadiene increased with the addition of the catalyst. This change in product distribution
indicates a difference in major reaction paths with addition of catalyst. Without the catalyst, around
14% of JP-10 decomposes into R5 (See Figure 3-11). The formation of 1,3-butadiene and

cyclohexadiene can be observed by analysis of the R5 reaction path as shown in Figure 3-14 and
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approximately 1.8% on JP-10 decomposes into cyclohexenyl and 1-3, butadiene. Cyclohexenyl
then converts into cyclohexadiene with H atom addition. The percentages given for the R5 reaction
path analysis is without the catalyst and represent the small concentration of these species
consistent with the homogeneous experiments. However, larger concentration of these species with
addition of the catalyst indicate R5 as one of the major reaction pathways leading to
cyclohexadiene and 1,3-butadiene. This phenomenon was observed in both the fixed bed and

MFTR systems and demonstrates the extrapolation of rate models across a wide range of operating
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Figure 3-14. Reaction path flux analysis of R5 (JP-10 radical) indicating the key reactions that
lead to 1,3-butadiene and cyclohexadiene identified in experiments at T=960K and residence time
of 0.4 seconds

3.4 Conclusions

The performance of catalytic cracking of JP-10 over H-Y was evaluated for its potential as
an endothermic fuel. Reactor studies were performed using both a fixed bed reactor and MFTR to
account for the challenging conditions necessary for endothermic fuels. Supercritical studies
performed in the fixed bed reactor system confirmed the thermal stability of JP-10 compared to n-
dodecane and showed the importance of cyclopentadiene and cyclopentene in both pyrolytic and
catalytic cracking. These results were also obtained using a MFTR under ambient pressure and a

residence time more similar to that experienced by endothermic fuels. At similar levels of
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conversion, the change in product selectivity via catalytic cracking of JP-10 compared to pyrolytic
cracking did not result in an improvement of the endothermic cooling capacity. However, the
addition of H-Y coating did lower the cracking temperature by 188 K. The lack of change in
endothermic cooling potential and the high propensity for coke formation suggest that H-Y/JP-10

IS not a suitable catalyst/fuel pairing for endothermic applications.
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4. Investigation of Branched Hydrocarbons

4.1 Introduction

In the previous two chapters, the behavior of linear and cyclic alkanes during catalytic
cracking over solid acid catalysts was explored under supercritical conditions. Military jet fuels
such as JP-7 or JP-8 are blend fuels containing linear, cyclic, and branched hydrocarbons
[122,178]. For example, an analysis of military jet fuel, JP-8, revealed over 100 distinct linear,
branched, and cyclic hydrocarbons ranging in carbon number from Cs up to Ci7 [122]. In this
chapter, the cracking of branched hydrocarbons, shown in Figure 4-1 and mixtures of branched
and linear hydrocarbons under supercritical conditions was used to determine the effect of
substituted carbons on hydrocarbon cracking rates. In addition, a preliminary evaluation on the

performance of H-ZSM-5 and ASA during cracking of JP-8 is included.

Isooctane Isododecane

2,2,4-trimethylpentane 2,2,4,6,6-pentamethylheptane

Figure 4-1. Skeletal formulas, IUPAC names, and chemical formulas for isooctane and
isododecane.

The bimolecular hydride transfer reaction is critical to hydrocarbon cracking because it
transfers the charge on a carbocation to another molecule and continues the reaction chain. Hydride
transfer has been shown to be extremely rapid between highly substituted carbons. For example,

hydride transfer from a secondary carbon atom of an alkane to a tertiary carbenium ion requires
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an activation energy of 55 kJ-mol™ while the transfer between two tertiary carbon atoms requires
only 12 kJ-mol™ [179]. This is due to the relative stability of the carbenium ions involved in the

reaction [31].

Pore restrictions in H-ZSM-5 limit access of bulky branched molecules such as isooctane
and isododecane. In addition, bimolecular hydride transfer reactions may be restricted in the
confined pores of H-ZSM-5. Namba et al. [180] observed that branched (2,2-dimethylbutane) and
cyclic hydrocarbons (cyclohexane and toluene) inhibited the catalytic cracking of n-octane over
H-ZSM-5 and attributed the effect to the diffusivity of branched and cyclic hydrocarbons. This
effect was seen under supercritical conditions as well. Wang et al. [181] studied the influence of
adding highly branched isododecane on the cracking of n-dodecane over H-ZSM-5 under
supercritical conditions. They reported that the diameter of isododecane was larger than the pore
size of the H-ZSM-5 channels, and was unable to access the acid sites in the zeolite pores. As a
result, isododecane acts as an inert diluent in a binary mixture over H-ZSM-5. In contrast, branched
hydrocarbons were shown to have a promotional effect on the pyrolytic cracking rates of other
hydrocarbons. Edwards et al. [182] compared the thermal stability and coke deposition
characteristics of a fuel comprised of predominantly linear paraffins against a synthetic fuel
comprised of predominantly iso-paraffins. It was suggested that the increased reactivity of the
synthetic fuel could be explained by the higher radical initiation rates of the branched alkanes. Li
et al. [164] studied the thermal decomposition of JP-10, isooctane, and JP-10/isooctane binary
mixtures and showed that isooctane can accelerate the decomposition of JP-10 and the formation
of alkenes in the binary system. It is clear that branched hydrocarbons can promote pyrolytic
cracking rates, but inhibit catalytic cracking rates due to diffusion limitations in H-ZSM-5.

Therefore, while H-ZSM-5 is an active catalyst for catalytic cracking of linear alkanes, a larger



74

pore material may be more suitable for military jet fuels. In this work, cracking of branched alkanes
and mixtures of branched and linear alkanes was performed over micro- and mesoporous
aluminosilicates with pore dimensions large enough to accommodate bulkier molecules under
near-critical and supercritical conditions. A thorough understanding of the effect of branched
alkanes on hydrocarbon cracking rates will provide valuable insight into the development of

catalyst/fuel pairings for endothermic fuels.

4.2 Methods

4.2.1 Materials

Isooctane (Sigma-Aldrich, anhydrous, 99.8% purity), isododecane (TCI America, 98.0%
purity), n-dodecane (Sigma-Aldrich, > 99% purity), and JP-8 (Batch 13POSF10264, Wright
Patterson Air Force Base) were used as the feed. n-Tridecane (Sigma-Aldrich, 99% purity
anhydrous) was added as an external standard during gas chromatography (GC) analysis. n-
Propylamine (Sigma-Aldrich, > 99.0% purity) was used for the temperature-programmed
desorption/mass spectrometry (TGA-MS) analysis to determine the Brensted-acid site density for
the catalysts. The following gases were used for calcination, TGA, and GC operation: dry air
(GTS-Welco), helium (GTS-Welco, 99.999%), dihydrogen (GTS-Welco, 99.999%), dinitrogen

(GTS-Welco, 99.999%) and propylene (GTS-Welco, PY60).

The NH4-ZSM-5 (45881) and H-Y (45872) zeolites were purchased from Alfa Aesar. The
amorphous silica alumina (ASA) (343358) was purchased from Sigma-Aldrich. To test for

background conversion, a pure ZrO, sample was synthesized in the lab. Amorphous ZrOx(OH)a-2«
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(MEL Chemicals, XZ01501/09) was calcined to ZrOz in dry air (100 cm® min™) at 973 K at 10 K

min’t, holding for 4 h before being pressed and sized using -40/+100 (150 — 425 um) sieves trays.

4.2.2 Catalyst characterization

The aluminosilicate catalysts used in this study were loaded into a quartz reactor and
pretreated in 100 cm® min! of 21% O, and balance He after heating to 823 K at 5 K min* and
holding for 2 h. After the pretreatment, the catalysts were exposed to n-propylamine at 448 K for
15 min by passing He (30 cm® min) through an n-propylamine saturator that was held in an ice
bath. The catalyst sample was then purged at 448 K for 2 h under flowing He (100 cm® min™) to
remove excess n-propylamine. The catalyst sample was then heated to 873 K at 20 K min- under
flowing He (100 cm® min!) and the mass spectrometer (MS) was used to track unreacted amine
(m/e = 30), propylene (m/e = 41) and ammonia (m/e = 30). Previous work has shown that the
Brensted-acid site density can be quantified from the amount of amine that reacts between 650 and
725 K [89,123-125]. A known amount of propylene was introduced to the system using a six-way

valve after each n-propylamine decomposition experiment to calibrate the propylene MS signal.

Pore size distributions, calculated using the Barrett, Joyner and Halenda (BJH) method
[126], were obtained by N adsorption measured at 77 K using a Micromeritics ASAP 2020

automated analyzer.

4.2.3 Catalytic tests

Hydrocarbon conversion reactions were carried out in an upward-flow fixed bed reactor

under supercritical conditions. Catalysts were pressed and sized using -40/+100 (150 — 425 pum)
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sieve trays. A titanium reactor (Grade 2 titanium from McMaster-Carr) with an outer diameter of
6.35 mm and an inner diameter (ID) of 4 mm was used to hold the catalyst that was supported
between two glass wool plugs. Catalysts were heated in situ in flowing dry air (100 cm® min?) at
5 K min* to 823 K and holding at that temperature for 2 h. Liquid hydrocarbon was fed to the
reactor using a Teledyne Isco 260D high pressure syringe pump. A gas-liquid separator was used
to collect liquid product between sampling intervals. Dinitrogen was used to purge the gas-liquid
separator and to maintain the pressure in the system, which was controlled by a back pressure
regulator. The dinitrogen purge along with the gas-phase products were fed to a gas chromatograph
(Shimadzu GC-2014) equipped with a flame ionization detector (FID). A Restek RT-QS-BOND
(30 m, 0.53 mm ID, 20 um film thickness) column was used to separate the products. n-Tridecane
(Sigma-Aldrich, 99% purity anhydrous) was added to the liquid products as an external standard.

The liquid products were injected into the GC using an AOC-20i auto sampler.

The peak areas of reactants and products identified by GC were used to determine the
hydrocarbon feed conversion and selectivity of products. The conversion of hydrocarbon feed was

calculated according to and defined as follows:

n;M;
Conversion (C%) = <Z xl l) X 100 (4-1)

where nj is the number of carbon atoms in product i, M; is the molar ratio of product i detected to
the initial moles of hydrocarbon feed and x represents the number of carbon atoms in the
hydrocarbon feed. Conversion for the cracking of the 50/50 mol.% mixture of isooctane and n-

dodecane was calculated assuming an average carbon number of 10 for the hydrocarbon feed.

The selectivity toward product i was calculated on a molar basis and defined as follows:
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Molar Selectivity (%) = (ZM—N‘I) x 100 (4-2)

The catalyst loading in the reactor depended on the activity of the particular catalyst and
the mass was diluted with a corresponding amount of ZrO- to keep the length of the catalyst bed
constant at 5 cm. The catalyst loading was varied to keep the overall conversion below 10% to
ensure differential reactor conditions. Reactions with only a bed of ZrO, were also run for all
conditions used in this work to determine the amount of background conversion from pyrolysis.
The hydrocarbon liquid feed rate was varied from 0.3 cm® min™ to 1.2 cm® min, depending on
the reaction temperature, to keep the background conversion below 0.5% at all times.
Measurements used to determine activation energies were determined at a constant weight hourly
space velocity (WHSV), to account for the effect that WHSV can have on product selectivity [116].
Rate is reported in terms of turnover frequency (TOF), which is calculated as the rate of

hydrocarbon feed conversion normalized to the acid-site density reported in Table 4-1.

Table 4-1. Properties of aluminosilicate catalysts.

Pore Size _ _ Aluminum anste_d-site
Catalyst A) Si/Al2 Ratio? Content? Density®
(Wt.%) (umol-gt)
H-ZSM-5 ~5.5° 55:1 - 550
H-Y 7.4° 85:1 - 162
ASA 40-100° - 6.5 68

a. Based on manufacturer data

b. Brgnsted acid site concentrations were determined by n-propylamine decomposition
c. Pore size from the Atlas of Zeolite Framework Types [137]

d. Pore size was determined by N> adsorption measurements using the BJH method
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4.3 Results and Discussion

Results from reactions of isooctane and isododecane over H-ZSM-5, shown in Figure 4-2,
confirm that the branched molecules are much more difficult to crack than linear alkanes,
presumably due to pore size restrictions. This was expected because the pores of H-ZSM-5 (~5.4
A) are smaller than the kinetic diameter of isooctane (~6.3 A) and isododecane [183]. However,
the same trend was seen in Figure 4-3, albeit to a lesser extent, over ASA which has a wide
distribution of pores ranging from 40 — 100 A that can readily accommodate isooctane. In this
example, the difference in cracking activity between n-dodecane and isooctane is presumably due
to the difference in carbon chain length. Greensfelder and VVoge [184] reported that cracking rates
of alkanes over an amorphous silica-alumina catalyst increased with carbon number and that n-

dodecane cracked at a rate approximately 3.8 times faster than isooctane.

TOF (s™)

;-

nC, isoC, isoC, isoC/nC  isoC /nC,,

Figure 4-2. Cracking TOF of n-dodecane (nCxz), isooctane (isoCs), isododecane (isoCi2), a 50/50
mol.% mixture of isooctane and n-dodecane (isoCs/nCi2), and a 50/50 mol.% mixture of
isododecane and n-dodecane (isoC12/nCy2) over H-ZSM-5 at 698 K and 3 MPa.
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Figure 4-3. Cracking TOF of n-dodecane (nC12), isooctane (isoCs), and a 50/50 mol.% mixture of
isooctane and n-dodecane (isoCs/nC12) over ASA at 698 K and 3 MPa.

A 50/50 mol.% mixture of a branched hydrocarbon (isooctane or isododecane) and n-
dodecane (50/50 mixture) was tested to determine if the branched hydrocarbon would have any
promotional effect on linear hydrocarbon cracking rates. Previous work in the literature by Jiang
et al. [185] investigated the pyrolytic cracking of mixtures of n-dodecane and isododecane under
supercritical conditions and demonstrated that isododecane could accelerate the thermal
decomposition of n-dodecane. In contrast to Jiang et al.’s pyrolytic cracking results, the presence
of a branched molecule, isooctane or isododecane, inhibited n-dodecane cracking rates over H-
ZSM-5. No promotional effect was observed, presumably because the branched and linear alkanes
were not present together in the pores of H-ZSM-5. However, as shown in Figure 4-3, the presence
of isooctane promoted n-dodecane cracking rates over ASA, illustrating the importance of pairing

the proper catalyst porosity and hydrocarbon molecular structure.

The catalytic conversion of n-dodecane, isooctane, and a 50/50 mixture was investigated
over H-Y to determine the effect branched hydrocarbons have on catalytic cracking rates within a

zeolite with pore dimensions large enough to accommodate bulkier molecules. A comparison of
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the TOFs for these reactions at 648, 663, and 678 K is plotted in Figure 4-4. The TOFs for the
cracking of n-dodecane and isooctane over H-Y are more than an order of magnitude higher than
over ASA. This difference is due to ability of zeolites to confine alkanes and transition states and
make adsorption enthalpy and entropy changes more negative, which increases turnover rates
[186-189]. Interestingly, the presence of isooctane promoted n-dodecane cracking rates over H-Y
at temperatures below 678 K, but this effect disappeared at 678 K and above. It was expected that
the tertiary carbon atom of isooctane would increase hydride transfer and cracking rates. However,

it is unclear why this effect disappears at higher temperatures.

[ 1Dodecane
0.254 I Isooctane
1 50/50 mixture
0.20
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Figure 4-4. Cracking TOF of n-dodecane, isooctane, and a 50/50 mol.% mixture of isooctane and
n-dodecane over H-Y and 6 MPa.

The product distribution observed during the cracking of the different feeds over H-Y at
678 K is shown in Table 4-2. Isooctane cracking results in a high selectivity toward isobutane. The
production of isobutene and isobutane from isooctane has been observed by others [190,191] and
may be regarded as the reversal of the alkylation reaction whereby isooctane is formed from
isobutene and isobutane. The absence of isobutene suggests that bimolecular hydride transfer and

[-scission reactions are prevalent. Isobutane was also a major product formed during cracking of
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n-dodecane over H-Y, but to a much lesser extent. Cracking of n-dodecane produced heavier C1o
and C11 products that were only seen in trace amounts during cracking of isooctane. The product
distribution during cracking of the 50/50 mixture from 648 to 708 K, shown in Table 4-3, has
characteristics of both isooctane and n-dodecane cracking. This observation suggests that both

molecules are present and are cracked via bimolecular paths within the zeolite pores.

Table 4-2. Reaction of isooctane, n-dodecane, and a 50/50 mol.%o
mixture of isooctane and n-dodecane H-Y at 678 K and 6 MPa.

Reactant Isooctane n-Dodecane 50/50 Mix
Conversion
(%) 3.2 4.4 3.8
TOF 0.24 0.24 0.22
(sh
Molar Selectivity (%)
<C2 trace trace trace
Cs 1.3 6.1 1.9
iCs" 60 14 40
Cs 6.1 8.6 13
Cs 19 24 21
Cs 3.0 18 9.4
C7 7.2 12 9.7
Cs 3.0 7.5 4.1
Co 0.6 2.2 0.9
Cio trace 3.8 0.4
Cu trace 3.6 0.1
*1C4is predominantly isobutane. Only trace amounts of isobutene were
detected.

The rates for cracking of the 50/50 mixture and n-dodecane over H-Y under near-critical
and supercritical conditions exhibited similar temperature dependencies at 6 MPa, as shown by the
Arrhenius-type plots in Figure 4-5. Both Arrhenius-type plots show concave behavior with a kink
near the critical temperature of n-dodecane (658 K). At higher temperatures, the apparent

activation energy for cracking of all feedstocks is approximately 150 kJ mol. This is in good
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agreement with the results reported in Chapter 2. DFT calculations showed that the activation
energy for a bimolecular cracking path involving 2 secondary carbenium ions is 167 kJ mol™. It is
expected that a bimolecular cracking path involving a tertiary carbon atom (isobutene) would have
a lower activation energy. At lower temperatures, the apparent activation energy is 82 kJ mol™* for
cracking of n-dodecane and 66 kJ mol™* for cracking of the 50/50 mixture. There are several
possible causes for the non-linear behavior seen in Figure 4-5: experimental error in the data, a
change in reaction mechanism, or transport effects. An investigation into these options suggests

that transport effects may be the cause for the concave behavior of the Arrhenius-type plots.

First, one possible scenario is that the true temperature dependence of the reaction is linear,
but appears skewed due to experimental error. The dominant source of error within the TOF
measurements shown in the Arrhenius-type plots comes from the deactivation of the catalyst over
time. The deactivation of the catalyst affects the precision of the measurement and the true TOF is
likely higher than the reported values. There are many factors that contribute to deactivation,
including conversion level and time on stream (TOS). TOF measurements at different operating
conditions are taken after 10 minutes TOS and at approximately equal levels of conversion to
mitigate the effects of deactivation. In general, experiments performed at lower temperature
exhibit lower amounts of deactivation relative to experiments performed at higher temperature.
Accounting for the error associated with deactivation would result in higher “real” TOF values at

the higher temperatures, which would actually enhance the non-linear behavior seen in Figure 4-5.
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Figure 4-5. Arrhenius-type plot for the cracking of a 50/50 mol.% mixture of n-dodecane and
isooctane (top) and n-dodecane (bottom) over H-Y at 6 MPa. The dashed line indicates the critical

temperature of n-dodecane (T = 658 K).

Second, a change in reaction mechanism from a bimolecular cracking mechanism to a
monomolecular cracking mechanism could explain the change in temperature dependence. An

investigation of the product distribution, shown in Table 4-3, does not support this theory. A slight
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decrease in the product selectivity towards isoCa products and a slight increase towards heavier
C10 and Cy1 products was observed at higher temperatures. However, these products can come
from both bimolecular and monomolecular cracking paths. The molar selectivity towards products
that do not come from bimolecular cracking, < C», was lower than 1% for all temperatures. In
addition, the slight increase in selectivity towards these products at higher temperatures could be
a result of increased pyrolytic cracking. The product distributions for cracking of n-dodecane over
H-Y, shown in Table C-3, also do not exhibit any major changes with increasing temperature. The
overall magnitude of these changes suggests that a major shift in reaction mechanism does not
occur at these temperatures.

Table 4-3. Reaction of a 50/50 mol.% mixture of isooctane and n-dodecane over H-Y at 6
MPa.

Temperature 648 663 678 693 708
(K)
Conversion
(%) 2.2 2.9 3.8 6.2 5.2
-I(_Sll): 0.13 0.17 0.22 0.38 0.66
Molar Selectivity (%0)
<C2 trace trace trace 0.2 0.5
Cs 2.9 3.0 1.9 1.4 3.3
iICs 44 41 40 31 32
Cs 12 12 13 12 15
Cs 20 20 21 30 27
Cs 8.9 9.5 9.4 9.5 7.9
Cr 8.8 8.6 9.2 6.2 5.6
Cs 3.8 4.0 4.1 3.2 2.2
Co trace 1.3 0.9 1.8 1.0
Cio trace 0.1 0.4 2.4 3.3
Cn trace 0.2 0.1 2.3 2.6

Finally, transport effects could explain the non-linear behavior seen in Figure 4-5.

Inhibition by diffusional limitations is common in catalysis and typically occurs at higher
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temperatures, where the rate of reaction becomes greater than the rate of mass transfer to the
reactive surface. The opposite trend is seen in this study. Reaction rates appear to be inhibited at
lower temperatures. Interestingly, the change in temperature dependence occurs near the critical
temperature of n-dodecane (658 K). This observation suggests that the increase in reaction rates
above 658 K may be associated with the transition from a liquid to supercritical phase. Pore
diffusion in H-Y shows Knudsen-type behavior, which is governed by the mean free path in the
pore space and is independent of both pressure and other molecules. However, Dvoyashkin et al.
reported an increase in Knudsen-type pore diffusivities during transition from subcritical to
supercritical conditions [192]. Therefore, enhanced diffusion under supercritical conditions may
account for the break in the Arrhenius-type plot that was seen during cracking of n-dodecane and

mixtures containing n-dodecane.

Isooctane does not exhibit non-linear behavior in its Arrhenius-type plot, shown in Figure

4-6.
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Figure 4-6. Arrhenius-type plot for the cracking of n-dodecane (A), isooctane (o), and a 50/50
mol.% mixture of n-dodecane and isooctane (m) over H-Y at 6 MPa.
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The critical temperature of isooctane is 544 K. This is well below the reaction temperatures in the
isooctane experiments and ensures that isooctane is under supercritical conditions. This
observation is consistent with the theory that a transition from subcritical to supercritical
conditions is responsible for the non-linear temperature dependence observed during cracking of

n-dodecane and mixtures containing n-dodecane.

4.3.1 Cracking of JP-8 over H-ZSM-5 and ASA

The reactivity results for the cracking of JP-8 compared to the cracking of n-dodecane over
H-ZSM-5 and ASA are shown in Figure 4-7. The analysis was limited to only the gas-phase
products due to the large number of products (>100) detected in the liquid-phase results, shown in
Figure C-1. A comparison of the gas-phase products formed during JP-8 and n-dodecane cracking
over H-ZSM-5 at 698 K revealed a similar rate of product formation at 0.5 hour TOS. However,
the deactivation for cracking of JP-8 was noticeably more severe than for cracking of n-dodecane.
In contrast, ASA exhibited both a similar rate of formation of gas-phase products and a similar

deactivation profile for the cracking of JP-8 and n-dodecane.

Although cracking of JP-8 over H-ZSM-5 suffered from more severe deactivation, the rate
of formation for gas-phase products per Brgnsted acid site over H-ZSM-5 was still higher than that
over ASA at all times. These results are in agreement with the results obtained previously for the
cracking of n-dodecane, where non-microporous aluminosilicate catalysts exhibited greater
stability over time compared to microporous H-ZSM-5, but were much less active. These results

combined with the results from the investigation of branched hydrocarbons, suggest that while H-
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ZSM-5 is an excellent catalyst for the cracking of straight chain hydrocarbons, larger pore zeolites

such as H-Y may be more suitable catalysts for endothermic fuel cracking of military jet fuels.
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Figure 4-7. a) Dependence of rates of formation for gas-phase products of n-dodecane cracking
over H-ZSM-5 on time on stream at 698 K. b) Dependence of rates of formation for gas-phase
products of n-dodecane cracking over ASA on time on stream at 698 K. Reaction conditions: Total
system pressure = 4 MPa, liquid feed flow rate = 0.2 cm3-min™.
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4.4 Conclusions

Cracking of branched hydrocarbons, binary mixtures of branched and linear hydrocarbons,
and a military jet fuel, JP-8, was studied over micro- and mesoporous aluminosilicate catalysts
under near-critical and supercritical conditions. Intrinsic rates (TOFs) and product distributions
were used to understand the effect of hydrocarbon branching on cracking rates within different

pore dimensions.

TOFs for cracking of isooctane and isododecane over H-ZSM-5 were nearly zero, which
indicated that highly branched hydrocarbons cannot access the pores of H-ZSM-5. In addition, the
presence of the branched molecule inhibited the cracking rate of the linear molecule during the
cracking of a 50/50 mixture over H-ZSM-5. Thus, H-ZSM-5 may not be a suitable catalyst for
military jet fuels. Cracking of the 50/50 mixture over mesoporous ASA was examined. The TOF
for the cracking of the 50/50 mixture was higher than for the pure components. This suggested that
branched molecules promoted cracking rates over catalysts with pore dimensions large enough to

accommodate the branched molecules.

Cracking of the 50/50 mixture over the large-pore zeolite H-Y exhibited a promotional
effect at lower temperatures, but the effect disappeared at higher temperatures. The cause for this
phenomenon remains unclear but may be associated with a change in transport properties during
transition from subcritical to supercritical conditions. The low selectivity toward isobutene during
cracking of isooctane, n-dodecane, and the 50/50 mixture over H-Y suggested that bimolecular
cracking paths were prevalent. The apparent activation energy of cracking at higher temperatures

for all three feedstocks was ~150 kJ mol™ This value resembles the activation energy of 167 kJ



89

mol? that was calculated in Chapter 2 for secondary-secondary bimolecular hydride transfer

followed by B-scission.

Cracking of a real military jet fuel, JP-8, over H-ZSM-5 and ASA was performed under
supercritical conditions. Gas-phase product formation rates during cracking of JP-8 over H-ZSM-
5 exhibited severe deactivation compared to cracking of n-dodecane. In contrast, cracking of JP-8
over ASA demonstrated both a similar rate of formation of gas-phase products and a similar
deactivation profile to cracking of n-dodecane. The cracking behavior of the real military fuel
validates the findings obtained using surrogate fuel molecules and suggests that large pore zeolites

may be promising catalysts for endothermic fuels.
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5. Synthesis, Characterization, and Reactor Studies of WOx/ZrO:
Catalysts for Endothermic Fuel Reactions

5.1 Summary of literature work on WO/ZrO.

Although the petroleum refining industry typically uses solid acid zeolitic materials to
crack hydrocarbons, the microporous nature of zeolites makes them highly susceptible to
deactivation from coke formation. Non-microporous mixed metal-oxide solid acid catalysts have
been well investigated in the literature for their potential to eliminate environmental concerns
caused by the use of liquid acids in the chemical industry. In particular, sulfated zirconia (S2),
tungstated zirconia (WOx/ZrO.), and supported heteropolyacids (HPAS) have shown promising
catalytic behavior due to their strong acidity. However, it has been shown that in liquid media at
higher temperatures, SZ catalysts deactivate by leaching of active sites [193-196] It has also been
shown that HPAs decompose through dehydration reactions at temperatures well below the
endothermic fuel cracking temperature [197-201]. In contrast, WOx/ZrO; catalysts are structurally
stable up to 1173 K with no mention in the literature of leaching of active site [202]. Thus, the
focus of this chapter is to investigate WOx/ZrO: catalysts for endothermic fuel cracking.

WO,/ZrO2 powders were first reported to contain strong acid sites by Hino and Arata in
1987 using low temperature n-butane and n-pentane isomerization experiments [203]. Active
catalysts were prepared via wet impregnation of metatungstate solutions on ZrOx(OH)as-2x followed
by high temperature calcination at 1073 K. Later studies have shown that the performance of
WO/ZrO- catalysts is very sensitive to the size of the WOy clusters on the surface.

Barton et al. [204] investigated the effect of WOy surface density on the rate of Brgnsted

acid catalyzed o-xylene to m- and p-xylene isomerization over WO,/ZrO- catalysts and found
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maximum o-Xylene isomerization turnover rates over WOy domains of intermediate size (WOx
surface density 10 W-nm). Wong et al. [205] examined the Brgnsted acid catalyzed reaction n-
pentane isomerization over WO\/ZrO- catalysts and found maximum activity at surface tungsten
density of 5.2 W-nm™,

The mechanism of acid site formation on WO./ZrO- catalysts is still unclear. It has been
theorized that WOy clusters of intermediate size are able to delocalize a net negative charge caused
by the slight reduction of W®* centers in reactant environments containing H, or hydrocarbons.
This temporary in situ generated charge imbalance leads to the formation of Brgnsted acid W®
"O3(n-H") centers on the zirconia surface [206]. Recently, Zhou et al. used high-angular dark-field
imaging (HAADF) in an aberration-corrected STEM to investigate the nanoscale structures present
in supported WO/ZrO catalysts. Co-impregnation tests with WOy and ZrOx precursors confirmed
the importance of intimately mixed WOy and ZrOx entities within the clusters. By correlating
structural observations with catalytic methanol dehydration activity measurements, they proposed
that 0.8-1 nm WOy clusters incorporating some zirconium cations are the most active species
[207]. However, methanol dehydration probes both Bregnsted and Lewis acid sites [208] and the
mechanism of Brgnsted acid site formation on WO/ZrO> catalysts is still unclear. Nevertheless,
the results from the literature suggest that a wide range of WOx/ZrO; catalysts with varying WOx

domain size will need to be synthesized and evaluated for endothermic fuel cracking.
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5.2 Methods

5.2.1 Materials

n-Dodecane (Sigma-Aldrich, > 99% purity) was used as the feed. n-Tridecane (Sigma-
Aldrich, 99% purity anhydrous) was added as an external standard during gas chromatography
(GC) analysis. The following gases were used for calcination, reduction, TGA, and GC operation:
dry air (GTS Welco Medical Grade), dioxygen (GTS-Welco, 99.999%), helium (GTS-Welco,

99.999%), dihydrogen (GTS-Welco, 99.999%), dinitrogen (GTS-Welco, 99.999%).

To test for background conversion, a pure ZrOz sample was synthesized in the lab.
Amorphous ZrOx(OH)as-2x (MEL Chemicals, XZ01501/09) was calcined to ZrO2 in dry air (100
cm?® mint) at 973 K at 10 K min™, holding for 4 h before being pressed and sized using -40/+100

(150 — 425 um) sieves trays.

5.2.2 Catalyst Synthesis

Amorphous ZrOx(OH)a-2x was impregnated to the point of incipient wetness with a solution
of ammonium metatungstate hydrate ((NH4)eH2W12040- XH20, Aldrich) to give the desired W
wt.%. The samples were dried in air at 383 K overnight and then treated in dry air (100 cm® min-

1y at 973 K at 10 K min and holding for 3 h.
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5.2.3 Catalyst characterization

Elemental analysis of the WO,/ZrO, samples was conducted by Galbraith Laboratories,
Inc. (Knoxville, TN). The W content of the catalysts was measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES). Surface area and pore size distribution were
calculated using the Brunauer, Emmett, Teller (BET) [209] and Barrett, Joyner and Halenda (BJH)
[126] methods, respectively. The N2 adsorption isotherms were measured at 77 K using a
Micromeritics ASAP 2020 automated analyzer. Powder X-ray diffraction (XRD) experiments
were conducted on a PANalytical X’Pert Pro Multi-Purpose diffractometer using monochromatic

Cu Ka radiation (L = 1.54 A). Scans were collected at 20 = 10 — 100° with a 0.05° step size.

Ultraviolet-visible diffuse reflectance spectra of the WOx/ZrO, samples were collected on
a Cary 3E UV-VIS spectrometer with an attached Labsphere DRA-CA-30 diffuse reflectance
apparatus. The direct optical bandgap was calculated from the absorption threshold by methods
detailed in Appendix D. The X-ray absorption spectra associated with the W-L, edge (12,106 KeV)
were recorded in the transmission mode on beamline X18B at the National Synchrotron Light
Source, Brookhaven National Laboratory, Upton, New York. The storage ring operated with an
energy of 2.58 GeV ad 300 mA. The WO/ZrO, samples were ground into fine powders and spread
over Kapton tape and compared to a pure W reference foil. The XAS data were processed using

the Demeter software package [210].

Thermal gravimetric analysis (TGA) of the sample was conducted using a TA Instruments
SDT Q600 in 10% O, balance He (100 cm® mint). The temperature program was a simple linear

ramp from 303 K to 1273 K at a rate of 5 K min™t. Approximately 20 mg of sample was used.
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5.2.4 Catalytic tests

Hydrocarbon conversion reactions were carried out in an upward-flow fixed bed reactor
under supercritical conditions. Catalysts were pressed and sized using -40/+100 (150 — 425 pm)
sieve trays. A titanium reactor (Grade 2 titanium from McMaster-Carr) with an outer diameter of
6.35 mm and an inner diameter (ID) of 4 mm was used to hold the catalyst that was supported
between two glass wool plugs. Before reaction, catalysts were reduced in situ in flowing
dihydrogen (100 cm® min't) while heating at 5 K min™ to 773 K and holding at that temperature
for 2 h. Spent catalysts were regenerated by calcination in dry air (100 cm?® min') while heating at
5 K min* to 873 K and holding at that temperature for 2 h. Following the calcination step, the
catalysts were once again reduced in situ before reaction. Liquid hydrocarbon was fed to the reactor
using a Teledyne Isco 260D high pressure syringe pump. A gas-liquid separator was used to collect
liquid product between sampling intervals. Dinitrogen was used to purge the gas-liquid separator
and to maintain the pressure in the system, which was controlled by a back pressure regulator. The
dinitrogen purge along with the gas-phase products were fed to a gas chromatograph (Shimadzu
GC-2014) equipped with a flame ionization detector (FID). A Restek RT-QS-BOND (30 m, 0.53
mm 1D, 20 um film thickness) column was used to separate the products. A known amount of n-
tridecane (Sigma-Aldrich, 99% purity anhydrous) was added to the liquid products as an external

standard. The liquid products were injected into the GC using an AOC-20i auto sampler.

The peak areas of reactants and products identified by GC were used to determine the
hydrocarbon feed conversion and selectivity of products. The conversion of hydrocarbon feed was

calculated according to and defined as follows:
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X niM;
x

Conversion (C%) = ( > x 100 (5-1)

where n; is the number of carbon atoms in product i, M; is the molar ratio of product i detected to
the initial moles of hydrocarbon feed and x represents the number of carbon atoms in the

hydrocarbon feed.

The selectivity toward product i was calculated on a molar basis and defined as follows:

Molar Selectivity (%) = (ZMI\/iI-) x 100 (5-2)

The total catalyst loading in the reactor for all experiments was approximately 1 g and the
length of the catalyst bed was 5 cm. Reactions with only a bed of ZrO, were also run for all
conditions used in this work to determine the amount of background conversion from pyrolysis.
The hydrocarbon liquid feed rate was held at 0.2 cm® min%, depending on the reaction temperature

and the background conversion was below 0.5% at all times.
5.3 Results and Discussion

5.3.1 Catalyst Characterization

Five WO,/ZrO- catalysts of varying W weight loading, prepared via incipient wetness
impregnation, were characterized using ICP-OES, XRD, UV-vis spectroscopy, N2 adsorption, and

Raman spectroscopy to ensure that catalysts with a range of W surface densities were obtained.

Hino et al. [203] demonstrated that interaction between metatungstate groups and
amorphous ZrOx(OH)s-2x during synthesis is critical for creating active sites strong enough to

perform n-pentane isomerization. Therefore, catalysts were synthesized using an amorphous
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ZrOx(OH)s-2x support rather than crystalline ZrO>. XRD analysis, shown in Figure 5-1, revealed
that non-impregnated ZrOx(OH)as-2x support calcined at the 973 K resulted in both monoclinic and
tetragonal ZrO,, while W impregnation led to the stabilization of tetragonal ZrO,, suggesting
interaction between W and the ZrO- support. XRD analysis also detected WO3 crystallites in 27%

WOL/ZrO, after calcination at 973 K.
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Figure 5-1. XRD patterns of WO/ZrO> catalysts and ZrO> support. Patterns are offset for clarity.

The amount of W in the WO,/ZrO> samples was quantified using ICP-OES and a WOx
surface density was calculated using the surface area determined from N adsorption. Barton et al.
reported that the domain size of WOy groups on the surface was tied to the WOy surface density
with three distinct structural motifs characterized by surface density ranges of 0-4 W nm2, 4-8 W
nm2, and > 8 w nm2 The WO4/ZrO, catalysts within these three distinct groups show a
characteristic optical absorption edge energy (Eo). Within the first region, WOy groups exist as

dispersed WOy species that are electronically isolated from each other. These species show a
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constant absorption edge energy of roughly 3.6 eV and are not capable of 0-xylene isomerization
at 523 K. Increasing the WOy surface density leads to a monotonic increase in WOx domain size
until a constant domain size is reached corresponding to a polytungstate monolayer at about 8 W
nm-2. The absorption edge energies for these growing structures shifts linearly from roughly 3.5 to
3.2 eV. Increasing the WOX surface density further leads to the growth of WO3 crystallites and the

absorption edge energy remains at 3.2 eV [204].

In this study the Eo of the WO,/ZrO- catalysts, shown in Figure 5-2, were compared to
various WOy standard compounds that represented different size W domains. The E, of the
WO,/ZrO; catalysts was similar to that of ammonium metatungsate (Eo = 3.1 ev) and ammonium
paratungstate (Eo = 3.5 eV), which represent WOx domains of intermediate (nm) size. A
comparison of the Eo values to the calculated WO\ surface density values is shown in Table 5-1.
The results reported in this study fall roughly within the characteristic ranges discussed by Barton

et al. [204].

9% WO /Zr0, E =366V
10, ——14%WO/ZrO, E =3.5eV
——17% WO, /210, E, =3.4eV
——20% WO, /Zr0, E, =3.4eV
81 —27%W0/zr0, E =3.0eV

[F(R)*hv]"?

Decreasing WOx domain size

0 T YT Y R | A I SR ™
25 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Photon Energy (eV)

Figure 5-2. Optical absorption edge energies of WO/ZrO, catalysts.



Table 5-1. Characterization of synthesized WOx/ZrO: catalysts.
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Wa EoP Surface Area® W Surface density®
(Wt.%) (eV) (m?-g) (W atoms-nm?)
9 3.6 101 2.6
14 3.5 116 3.2
17 3.4 127 3.5
20 3.4 116 4.5
27 3.0 76 9.1

2 obtained via ICP-OES
b Obtained via UV-vis spectroscopy
¢ BET surface areas were determined by N2 adsorption
d W surface densities were calculated from the W loading and catalyst surface area

Raman spectroscopy was used to compare the WO/ZrO- catalysts, shown in Figure 5-3,

to WO3 powder. The spectra showed the development of the WO3 peak at 805 cm™ with increasing

W loading. All of the characterization results confirmed that catalysts with a range of WOx domain

sizes were successfully synthesized: 9% WOx/ZrO; has isolated WOx clusters, 14 to 20%

WOL/ZrO- catalysts have intermediate-sized WOx domains that increase in size with respect to W

weight loading, and 27% WO\/ZrO, has WOs crystallites growing on top of a polytungstate

monolayer.

Intensity (A.U.)
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2500 |
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Figure 5-3. Raman spectra of WO,/ZrO; catalysts. Spectra offset for clarity.
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5.3.2 Catalytic Tests

A plot of the reactivity results over time obtained during the cracking of n-dodecane over
20% WO/ZrO. under supercritical conditions is presented in Figure 5-4. 20% WO\/ZrO-
exhibited ~5% conversion of n-dodecane after 10 min TOS, but deactivated rapidly. Similar results
were seen for all synthesized catalysts, however, 20% WO\/ZrO; was the most active WOx/ZrO>

catalyst on a per weight basis.

10
—8—20% WO,/Zr0,

------- Background conversion

Conversion (%)
D

T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 5-4. Cracking of n-dodecane over 20% WOx/ZrO> at supercritical conditions. Reaction
conditions: T = 698 K total system pressure = 4 MPa, liquid feed flow rate = 0.2 cm3-min™.

One possible cause of deactivation was the in situ carburization of the WOy domains to
WC or W2C [211]. Samples of fresh and spent 20% WO\/ZrO; catalyst were brought to
Brookhaven National Laboratory and examined using XAS to determine the cause of deactivation.
The W Lin XANES, presented in Figure 5-5, showed negligible edge shift in edge energy between
fresh and spent 20% WO,/ZrO catalyst indicating the transformation of tungsten oxide to tungsten
carbide was not the cause of deactivation. Another possible cause of deactivation is coke formation

over the catalyst. To verify that the cause of deactivation was coke formation, thermogravimetric
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analysis (TGA) was performed. The TGA profile of the spent 20% WO,/ZrO2 catalyst is shown

in Figure 5-6. The only region of weight loss started at a temperature of approximately 650 K and

the derivative weight loss

Normalized xu.(E)

peak occurred at 787 K.

—i— \Wmetal reference
| —e— Fresh 2‘0%‘t."‘.’(i)foriC)2

—+ — Spent 20% WO /21O,

3 eV shift

10180 10190 10200
Energy (eV)

10210

10220

Figure 5-5. Comparison of W L XANES for fresh and spent 20% WO/ZrO> catalysts compared

to a reference W foil.

This weight loss behavior is similar to that observed by Yin et al. for the oxidation of coke

generated in situ on an a-alumina catalyst at 1323 K [212]. Negligible weight loss was observed

from 840 K to the final program temperature at 1273 K, implying that the coke was fully removed

after calcination at 840 K. Calcination of spent 20% WOx/ZrO, at 873 K for 2 h resulted in

complete recovery of catalyst activity. These results suggest that coke formation was the cause of

deactivation. Similar results were seen in the literature where n-pentane isomerization performed

in the absence of H2 showed high selectivity to cracking (~50%) and rapid deactivation, suggesting

that Hy is necessary to maintain catalyst activity [203].
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Figure 5-6. Thermogravimetric analysis (TGA) profile of spent 20% WO/ZrO; catalyst in 10%
O3, balance He.

A screening of aluminosilicate catalysts (H-ZSM-5, amorphous silica-alumina, AI-MCM-
41, and Al-Si foam) demonstrated that aluminosilicate catalysts were much more active for n-
dodecane cracking than WO/ZrO- catalysts on a per gram basis, shown in Figure 5-7. Rates over
aluminosilicate catalysts in previous chapters were reported on a Brgnsted acid site basis.
However, the difficulty of quantifying the active site for WOx/ZrO, is well documented.
Santiesteban and coworkers [213] reported a Brgnsted acid density of 4 umol-g* for their most
active WOx/ZrO; catalyst based on the amount of 2,6-dimethylpyridine needed to prevent n-
pentane isomerization reactions. Wong et al. [205] used pyridine adsorption to determine the
Bransted acid density of WOx/ZrO; catalysts and found Brgnsted acid densities ranging from 10.3
—28.8 umol-g*. Both studies were unable to correlate catalytic activity for n-pentane isomerization
to measured Brensted acid densities with n-pentane isomerization activity. It is expected that the
number of Bregnsted acid sites measured using amine adsorption underestimates the number
present during reaction conditions because Brgnsted acid sites on WOx/ZrO> cannot survive

outside of a reducing environment [205,206,214]. The n-propylamine decomposition reaction that
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was used to quantify the number Brgnsted acid sites over aluminosilicate catalysts in previous
chapters was unable to determine the number of Brgnsted acid sites over WOx/ZrOx. Iglesia et al.
reported that WOx domains on a carbide surface catalyzed propylene oligomerization and cracking
reactions at 623 K [215]. This is consistent with the results for the n-propylamine decomposition
reaction over 20% WO/ZrOz, detailed in Error! Reference source not found., where side

reactions resulted in other products besides propylene and ammonia.

Catalyst Loading
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—e— Al-MCM-41 0.400¢g
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Figure 5-7. Cracking of n-dodecane over 20% WOx/ZrO, compared to aluminosilicate catalysts at
supercritical conditions. Reaction conditions: T = 698 K; total system pressure = 4 MPa, liquid
feed flow rate = 0.2 cm®-min.

In general, the Brgnsted acid densities for the tested aluminosilicate materials, found in
Table 4-1, are much higher than the Brgnsted acid densities for WOx/ZrO; catalysts reported in
the literature [213,216,217]. These results suggest that the difference in activity for n-dodecane

cracking on a per gram basis between WOx/ZrO, and aluminosilicate catalysts can be attributed to

the difference in Brgnsted acid density.
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5.4 Conclusions

In this work, we have shown that WO,/ZrO: catalysts with a range of WOx domain sizes
were successfully synthesized. Results from cracking of n-dodecane over WOy/ZrO> catalysts
exhibited a similar loss of activity with time on stream that was observed over aluminosilicate
materials. The cause of the deactivation was investigated using XAS and TGA and was attributed
to coke formation. A comparison to results from n-dodecane cracking over aluminosilicate
catalysts reveals that WOx/ZrO, catalysts are much less active on a per gram basis than
aluminosilicate catalysts. Aircraft applications are volume and weight limited and stable catalysts
with high activity on a per gram basis are desired. Therefore, the results of this study demonstrate
that aluminosilicate catalysts are more attractive than WO/ZrO catalysts for endothermic fuel

cracking.
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6. Conclusions and Future Directions

6.1 Conclusions

The hydrocarbon cracking reaction over solid acid catalysts under supercritical conditions
was investigated in this work. In particular, the interaction of linear, branched, and cyclic
hydrocarbons with catalysts of micro- and mesoporosity was explored. In Chapter 2, reactions of
n-hexane and n-dodecane over H-ZSM-5, H-Y, and AI-MCM-41 were performed at high
pressures. The product distribution of the reaction was strongly influenced by bimolecular

reactions and the hydrocarbon chain length.

Reactions of n-hexane and n-dodecane over H-ZSM-5 and n-dodecane over all three
catalysts resulted in cracking with an activation energy resembling that associated with C-C bond
cleavage. Reactions of n-hexane over H-Y and AI-MCM-41 resulted in primarily isomerization
products and a lower apparent activation energy. A theoretical approach was used to calculate
adsorption isotherms for n-dodecane and n-hexane in H-ZSM-5 and H-Y under reaction
conditions. Plateaus occurred in the adsorption isotherms at pressures below saturation, which
explained the zero-order kinetics observed in the experiments. The difference in product
distribution for n-hexane cracking over H-ZSM-5 and H-Y was attributed to the smaller pores of
H-ZSM-5. Hydride transfer reactions to release isomerized alkoxides may be restricted in H-ZSM-
5. In addition, diffusion coefficients for branched alkanes in H-ZSM-5 were reported to be 2-8
orders of magnitude smaller than linear alkanes. Both of these factors contribute to the secondary
cracking of isomerized products over H-ZSM-5. Thus, H-ZSM-5 was the most active catalyst for

the cracking of linear alkanes.
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In Chapter 3, the endothermic potential of the H-Y/JP-10 catalyst/fuel pairing was
investigated using both fixed bed and micro-flow tube reactor (MFTR) systems. This comparative
study aimed to bridge the gap between laboratory and industrial scale results. Results obtained in
the fixed bed reactor system were used to evaluate important intrinsic Kinetic parameters and
mechanistic insights. These results were then compared to the results obtained at shorter residence
times over catalyst coated quartz tubes in the MFTR system. The shorter residence times in the

MFTR system are closer to those expected in endothermic fuel applications.

Supercritical pyrolytic cracking results in the fixed bed reactor confirmed that JP-10 was
more thermally stable than n-dodecane. The product distribution from both the pyrolytic and
catalytic cracking experiments revealed that cyclopentadiene and cyclopentene were primary
products. GC-MS analysis of the reactor effluent at low and high levels of conversion suggested
that cyclopentadiene and cyclopentene undergo molecular growth reactions to form heavier weight
molecular compounds. The importance of cyclopentadiene and cyclopentene during pyrolytic and

catalytic cracking of JP-10 was also observed in the MFTR system at ambient pressure.

The endothermic potential of the pyrolytic and catalytic cracking of JP-10 in the MFTR
system was calculated. It was determined that at the same level of conversion (3%), catalytic and
pyrolytic cracking of JP-10 resulted in similar endothermic cooling capacities. Catalytic cracking
of JP-10 failed to significantly increase endothermic cooling capacities at low conversions and
exhibited a high tendency for coke formation at high conversions. These characteristics suggest

that H-Y/JP-10 is an unattractive catalyst/fuel pairing for endothermic fuels.

In Chapter 4, cracking of branched hydrocarbons, mixtures of branched and linear
hydrocarbons, and military jet fuel, JP-8, over micro- and mesoporous aluminosilicate catalysts

was investigated. In general, the TOF observed during the reaction was affected by the presence
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of branched hydrocarbons. H-ZSM-5, which was the most active catalyst for the cracking of linear
alkanes, was much less active for the cracking of isooctane and isododecane. These results are
consistent with results reported by Wang et al. [181] and demonstrate the diffusion limitations of
branched hydrocarbons within H-ZSM-5. Branched molecules exhibited an inhibiting effect on n-
dodecane cracking rates during cracking of a 50/50 mol.% mixture of n-dodecane and isooctane
(50/50 mixture) over H-ZSM-5. In comparison, cracking of the 50/50 mixture over mesoporous
ASA resulted in a higher TOF than for the cracking of the pure components. This promotional
effect demonstrates the importance of proper catalyst/fuel pairing for endothermic fuels comprised

of linear and branched molecules.

A preliminary investigation of the cracking of JP-8 over H-ZSM-5 was performed.
Although gas-phase product formation rates during cracking of n-dodecane over H-ZSM-5 were
stable, gas-phase product formation rates during cracking of JP-8 exhibited severe deactivation. In
contrast, cracking of JP-8 over ASA demonstrated promising stability. The cracking behavior of
the real military fuel suggests that larger pore materials such as wide pore zeolites or mesoporous

aluminosilicates may be promising catalysts for endothermic fuels.

In Chapter 5, non-microporous WO/ZrO: catalysts were synthesized, characterized, and
tested for cracking of n-dodecane activity. It was hypothesized that a non-microporous solid acid
catalyst would exhibit greater stability during hydrocarbon cracking under supercritical conditions.
A thorough characterization of the various samples showed that a range of catalysts with varying
WOy domain sizes was successfully synthesized. Cracking of n-dodecane over WO/ZrO, samples
exhibited similar deactivation behavior as aluminosilicate catalysts. XANES and TGA results
suggested that the loss of activity over time was due to coke formation. In addition, cracking of n-

dodecane over WO\/ZrO, catalyst and the activity on a per gram basis was up to several orders of
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magnitude lower than that of aluminosilicate materials. Thus, it was concluded that WO/ZrO> was

not a suitable catalyst for endothermic fuels.

6.2 Future Directions

6.2.1 Further Investigation into Branched Fuel Mixtures

Understanding the behavior of branched fuel mixtures is important to the rational design of
catalyst/fuel pairings for endothermic fuels. In Chapter 4, catalytic reactions of JP-8 over a H-
ZSM-5 and ASA demonstrated the impact that branched molecules could have during cracking of
a real military jet fuel. A higher rate of gas phase production formation for cracking of JP-8 than
n-dodecane was observed over ASA. It was inferred that branched hydrocarbons could enhance
cracking rates of linear hydrocarbons by providing a source of tertiary carbon atoms. However,
the pore dimensions of the catalyst must be large enough to accommodate both molecules within
the pores to exhibit this promotional effect. The pore size of H-ZSM-5 was too small to readily
accommodate branched fuel molecules. It was expected that a zeolite with a larger pore size would
exhibit the promotional effect of a branched fuel mixture. The results shown for the cracking of a
50/50 mol% mixture of isooctane and n-dodecane over H-Y were mixed. A promotional effect was
seen below ~663 K, but not at higher temperatures. The reason for this temperature dependent
behavior was unclear, however, it may have been an effect of operating near the critical
temperature of n-dodecane (T, = 658 K). Further investigation into this phenomenon should avoid
the potential effect of a phase transition by operating in a region that is well outside of the critical
properties. These experiments should conclude whether a promotional effect due to branched fuel

mixtures exists within a properly sized zeolite.
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6.2.2 Hierarchal zeolites

One of the major goals of this work was to investigate catalyst/fuel molecule pairings to
gain key insights that would help optimize catalyst/fuel pairings. Hierarchal zeolites, also known
as micro-mesoporous zeolites, are another solid acid material that may provide promising results
for endothermic fuel cracking. The hierarchal zeolites have single-unit microporous zeolite
domains connected by networks with ordered mesoporosity. These materials offer improved
diffusion of reactants and products provided by mesopores and shortened diffusion lengths through
micropores. These advantages have resulted in significantly higher activity in the cracking of a
bulky alkylaromatic, 1,3,5-triisopropylbenzene (TIPB), compared to traditional zeolites [218,219].
Hierarchal zeolites can help ensure kinetic control and measurement of intrinsic kinetic parameters

during endothermic fuel cracking experiments.
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Appendix A Supporting Information for Chapter 2

Table A-1. Results at 10 min TOS from conversion of n-hexane on H-ZSM-5.

Pressure 6
(MPa)
Temperature
(K) 558 573 588
Conversion
(%) 3.7 4.1 2.8
T(_)F 0.04 0.14 0.24
(sh)
Molar Selectivity (%)
Methane trace trace trace
Ethylene trace trace trace
Ethane trace trace trace
Propylene 0.1 0.3 0.5
Propane 7.8 9.3 11
Isobutane 13 11 11
C4 species 19 18 20
Cs species 28 29 29
Cs species* 17 17 16
C7 species 8.4 8.5 7.1
Cs species 4.3 4.0 3.5
Co species 1.9 2.1 1.6
C1o species 0.6 0.5 0.3

*Cs species do not include the n-hexane feed and are mainly 2- and 3-methylpentanes.




Table A-2. Results at 10 min TOS from conversion of n-hexane on H-Y.
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Pressure

(MPa) 4
Temperature
(K) 623 648 673
Conversion
(%) 7.0 7.8 6.7
TOF 0.04 0.05 0.08
(s
Molar Selectivity (%0)
Methane 0.1 0.4 0.3
Ethylene 0.1 0.2 0.1
Ethane 0.3 0.7 0.4
Propylene trace 0.1 trace
Propane 1.2 4.0 4.6
Isobutane 0.9 2.3 3.3
Ca species 0.6 1.1 1.9
Cs species 2.3 3.2 5.3
Cs species™ 94 87 82
Cr species 0.4 0.6 1.1
Cs species 0.1 0.1 0.8
Co species trace trace 0.4
C1o species trace trace trace

*Cs species do not include the n-hexane feed and are mainly 2- and 3-methylpentanes and

2,3-dimethylbutane.
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Table A-3. Results at 10 min TOS from conversion of n-hexane on H-Y.

Pressure 6
(MPa)
Temperature 623 648 673 698
(K)
Conversion
(%) 1.4 2.1 3.5 3.0
TOF 0.03 0.05 0.08 0.14
(sh)
Molar Selectivity (%0)
Methane trace trace 0.1 0.4
Ethylene trace trace trace 0.2
Ethane trace 0.1 0.1 1.0
Propylene trace trace trace 0.7
Propane 2.3 4.1 6.9 13
Isobutane 4.9 4.9 4.8 6.4
Ca species 2.2 2.8 3.8 5.3
Cs species 5.0 5.6 11 13
Cs species™ 78 78 70 59
Cr species 1.5 0.6 0.6 0.1
Cs species 2.4 1.4 0.6 --
Co species 2.7 1.6 1.6 1.0
Cio Species 0.8 0.8 0.3 0.4

*Cs species do not include the n-hexane feed and are mainly 2- and 3-
methylpentanes and 2,3-dimethylbutane.




Table A-4. Results at 10 min TOS from
conversion of n-hexane on AI-MCM-41.

Pressure 6
(MPa)
Temperature
(K) 598
Conversion
(%) 0.8
TOF
(sY) 0.005
Molar Selectivity (%)
Methane 1.2
Ethylene 0.7
Ethane 1.6
Propylene 4.3
Propane 21
Isobutane 5.2
C4 species 9.3
Cs species 9.3
Ce species™ 47
Cr species trace
Cs species trace
Co species 0.4
C1o species trace

*Cs species do not include the n-hexane

feed and are mainly 2- and 3-

methylpentanes
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Table A-5. Effect of pressure on results at 10 min TOS from

conversion of n-hexane on H-ZSM-5.

Pressure
(MPa) 4 0
Temperature
(K) 573
Conversion
(%) 35 4.1
TOF
() 0.13 0.14
Molar Selectivity (%)
Methane 0.1 trace
Ethylene 0.2 trace
Ethane 0.2 trace
Propylene 0.8 0.3
Propane 13 9.3
Isobutane 13 11
C4 species 20 18
Cs species 28 29
Ce species* 9.5 17
C7 species 7.7 8.5
Cs species 4.4 4.0
Co species 2.4 2.1
Cio species 0.5 0.5

*Cs species do not include the n-hexane feed and are mainly 2- and

3-methylpentanes
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Table A-6. Effect of pressure on results at 10 min TOS from

conversion of n-hexane on H-Y.

Pressure
(MPa) 4 0
Temperature
(K) 673
Conversion
(%) 6.7 35
TOF
() 0.08 0.08
Molar Selectivity (%)
Methane 0.3 0.1
Ethylene 0.2 trace
Ethane 0.4 0.1
Propylene 0.1 trace
Propane 4.6 7.0
Isoutane 3.3 4.8
C4 species 1.9 3.8
Cs species 5.3 10.9
Ce species* 82 70
C7 species 1.1 0.6
Cs species 0.8 0.6
Co species 0.4 1.6
Cio species trace 0.3

*Cs species do not include the n-hexane feed and are mainly 2- and

3-methylpentanes and 2,3-dimethylbutane.
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Table A-7. Results at 10 min TOS from conversion of n-dodecane on H-ZSM-5.

Pressure 6
(MPa)
Temperature 558 573 588 698
(K)
Conversion
(%) 3.7 4.4 54 8.1
TC_)F 0.03 0.24 0.44 1.4
(sh)
Molar Selectivity (%0)
Methane trace trace trace trace
Ethylene trace trace trace trace
Ethane trace trace trace 0.1
Propylene 0.3 0.5 0.4 0.9
Propane 6.7 7.6 5.6 6.8
Isobutane 54 4.9 4.2 5.7
Ca species 16 17 16 18
Cs species 24 25 24 25
Cs species 18 18 19 17
Cr species 12 11 12 11
Cs species 9.7 8.8 9.3 8.3
Co species 59 5.3 6.1 4.2
Cio species 1.5 2.1 2.5 2.8
Cu1 species 0.5 0.1 0.2 0.5




Table A-8. Results at 10 min TOS from conversion of n-dodecane on H-Y.
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Pressure

(MPa) 6
Temperature
(K) 663 678 693
Conversion
(%) 4.8 4.4 5.4
TOF 0.13 0.24 0.44
(sh
Molar Selectivity (%0)
Methane trace trace trace
Ethylene trace trace trace
Ethane trace trace 0.2
Propylene 0.5 0.7 1.1
Propane 3.9 5.4 5.2
Isobutane 13 14 13
Ca species 7.8 8.6 9.6
Cs species 25 24 23
Cs species 17 18 19
C7 species 12 12 13
Cs species 7.1 7.5 7.8
Co species 2.9 2.2 2.2
Cio species 8.2 3.8 2.6
Cu1 species 2.7 3.6 3.8




Table A-9. Results at 10 min TOS from conversion of n-dodecane on AI-MCM-41.
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Pressure

(MPa) 6
Temperature
(K) 653 668 683
Conversion
(%) 5.9 4.3 5.6
TOF 0.04 0.08 0.19
(sh)
Molar Selectivity (%0)
Methane trace trace trace
Ethylene trace trace trace
Ethane trace 0.1 0.3
Propylene 0.8 2.1 1.9
Propane 6.2 7.4 6.7
Isobutane 12 9.7 9.2
Ca species 15 18 16
Cs species 27 26 25
Cs species 17 17 17
Cr species 9.4 9.7 11
Cs species 6.5 6.3 7.1
Co species 2.9 2.5 4.0
C1o species 1.3 0.7 0.9
C11 species 1.1 0.6 1.3
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Figure A-1. Adsorption isotherms of hexane (left column) and dodecane (right column) isomers
in H-ZSM-5 at T =590 K (top row) and in H-Y at T = 675 and 695 K (bottom row), respectively.
The orange lines denote the feed pressure, while the violet lines indicate the upper limit of the
partial pressure for the isomer products, by assuming that linear alkanes are only converted via

isomerization reactions.
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Figure A-2. A representative snapshot of adsorbed n-dodecane molecules in H-ZSM-5 at T = 590
K and p = 10 MPa. The silicon, oxygen, and carbon atoms are shown in yellow, red, and gray,
respectively, and hydrogen atoms are omitted for clarity. In order to maximize packing and further
saturate the channels, n-dodecane has to be localized either within two zig-zag or two straight
channels (I-shape), or within a zig-zag channel and a straight channel (L-shape).



134

Table A-10. Results at 10 min TOS from cracked products during conversion
of n-hexane on H-Y*.

Pressure 6
(MPa)
Temperature 623 648 673 698
(K)
Conversion
(%) 0.4 0.5 0.9 1.0
Loll): 0.005 0.006 0.02 0.05
Molar Selectivity (%0)
Methane 0.1 0.2 0.3 0.9
Ethylene trace 0.1 0.1 0.5
Ethane 0.1 0.6 0.3 2.5
Propylene trace 0.2 0.1 1.7
Propane 8.7 19 23 30
Isobutane 18 23 16 16
Ca species 8.5 13 13 13
Cs species 19 25 37 32
Ce species n/a n/a n/a n/a
C7 species 5.8 1.6 1.9 0.3
Cs species 9.3 6.4 1.9 -
Co species 17 7.4 55 2.4
Cio Species 13 3.6 1.1 1.0

*Ce isomers (2- and 3-methylpentanes and 2,3-dimethylbutane) were not included
in these results.
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Figure A-3. Arrhenius-type plot for reactions of n-hexane over H-Y at 6 MPa. TOFs calculated
from the products of isomerization and cracking reactions are represented by (m). TOFs calculated
from only the products of cracking reactions are represented by (e).
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Appendix B Supporting Information for Chapter 3

Cracking of JP-10 over H-ZSM-5 and H-Y

Cracking of JP-10 over H-Y revealed excellent conversion of the hydrocarbon relative to
H-ZSM-5. Cracking of JP-10 over H-ZSM-5 resulted in negligible conversion, shown in Table
B-1. This was expected as the kinetic diameter of JP-10 (0.6 nm) is larger than the pore diameter
of H-ZSM-5 (~0.55 nm). Therefore, JP-10 cannot access the interior of the zeolite. H-Y has a pore
diameter (0.74 nm) large enough to accommodate JP-10, thus emphasizing the importance of

proper catalyst/fuel pairing.

Table B-1. Cracking of JP-10 over H-ZSM-5 and H-Y at
733 K and 6 MPa.

Loading in Bransted
Conwv. g Acid Sitesin  TOF
Catalyst reactor
(%) (mg) reactor (s1)
) (umol)
H-ZSM-5 0.2 20 11 0.02
H-Y 3.0 15 2.4 3.3

Cracking of JP-10 over AI-MCM-41

Catalytic conversion of JP-10 over AI-MCM-41 and H-Y was performed under
supercritical conditions. The transient performance of the two samples at 718 K is demonstrated
in Figure B-1. H-Y was a more active catalyst for JP-10 cracking than AI-MCM-41, as evidenced

by the difference in TOF. A mild deactivation of the catalyst was observed over AI-MCM-41 after
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40 minutes, whereas a faster rate of deactivation was seen over H-Y. The product distribution
during cracking of JP-10 over AI-MCM-41 is detailed in Table B-2. Cracking of JP-10 over Al-
MCM-41 and H-Y (refer to Table 3-4) shared several characteristics. Butene, cyclopentadiene,
cyclopentene, cyclohexadiene, benzene, toluene, substituted indenes, and naphthalenes were the
major products during cracking of JP-10. A high apparent activation energy (~190 kJ mol™) was
observed for this reaction over both AI-MCM-41 and H-Y, shown in Figure B-2. This observation

suggests that C-C bond cleavage is the kinetically-relevant step over both catalysts.

Table B-2. Results at 10 min TOS from the conversion of JP-10 over AI-MCM-41 in
a fixed bed flow reactor at 6 MPa.

Temperature
) (K) | 688 703 718
onversion
(%) 2.1 2.9 3.0
T(Sol)F 0.087 0.17 0.33
Molar Selectivity (%0)

Methane 0.1 0.1 0.1
Ethylene 0.1 0.1 0.2
Ethane trace trace 0.1
Propylene 0.3 1.0 1.0
Propane 2.9 2.3 2.5
Butene/Butadiene 12 7.4 7.6
Other C4 species 2.8 3.9 3.9
Cs species! 15 17 17
Cs species? 14 11 11
C7 species® 9.9 9.2 9.2
Cs species? 4.4 7.0 6.9
Co species 2.1 0.9 0.9
JP-10 isomers® 7.9 10 9.9
Other Cio species® 28 29 29
> Cio Species 0.9 0.5 0.5

Experiments were performed at a liquid JP-10 feed flow rate of 1.2 cm® min™.

Cs species are mainly cyclopentene/cyclopentane, and cyclopentadiene.

Cs species are mainly cyclohexadiene, 1,3-hexadiene, and benzene.

C7 species are toluene and other unknown species.

Csspecies are ethylbenzenes, xylene, and other unknown species.

JP-10 isomers do not include the JP-10 feed and the adamantane and endo-isomer
impurities within the feed has been subtracted.

asrwONE
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6. Other Cyo species do not include the JP-10 feed and are substituted indenes and
naphthalene

a) b)
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Figure B-1. a) TOF and b) normalized TOF of JP-10 cracking versus time on stream over H-Y
(o) and AI-MCM-41 (m) at 718 K and 6 MPa and ~3% conversion.
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Figure B-2. Arrhenius-type plots for reactions of JP-10 over H-Y (o) and AI-MCM-41 (m) at 6
MPa.
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Gas Chromatography Mass Spectrometry (GC-MS) analysis of JP-10 cracking products at
high and moderate levels of conversion

The reactor effluent from the cracking of JP-10 over H-Y at high (78%) and moderate
(16%) levels of conversion was sent to Galbraith Laboratories and analyzed via GC-MS. Products
were identified via MS and the FID response areas from similar products were summed and listed
in Table B-3. The product distribution shifts from predominantly methyl indenes at moderate

conversion to substituted benzenes, naphthalenes, and phenanthrenes at high conversion.

Table B-3. Notable products during moderate and high conversion of JP-10 over H-Y.*

Moderate High
Product % of Total FID Response Area

Dimethyl benzenes 4.4 2.3
Trimethyl-benzenes 3.5 4.5
Diethyl-benzenes 14 9.4
Methyl-indenes 14 5.6
Naphthalenes 7.5 5.6
Methyl-naphthalenes -- 4.4
Dimethyl-naphthalenes -- 3.5
Ethyl-naphthalenes -- 14
Phenanthrenes -- 0.9
Methyl-phenanthrenes -- 2.0
Dimethyl-phenanthrenes -- 1.7

*Product analysis was performed by Galbraith Laboratories using GC-MS.
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Appendix C  Supporting Information for Chapter 4

Cracking of isooctane, n-dodecane, and a 50/50 mol.% mixture of isooctane and n-dodecane
over H-ZSM-5 under supercritical conditions

Product distributions during cracking of isooctane, n-dodecane, and a 50/50 mol.% mixture
of isooctane and n-dodecane (50/50 mixture) over H-ZSM-5 at 698 K and 3 MPa are shown in
Table C-1. It was assumed that only n-dodecane was cracked during cracking of the 50/50 mixture
because cracking of isooctane over H-ZSM-5 resulted in negligible conversion. In addition, the

product distribution during cracking of the 50/50 mixture was very similar to that of n-dodecane.

Table C-1. Cracking of isooctane, n-dodecane, and a 50/50 mol.% mixture
of isooctane and n-dodecane over H-ZSM-5 at 698 K and 3 MPa.

Reactant Isooctane n-Dodecane 50/50 Mixture
Conversion

(%) trace 6.9 1.8

TOF

() - 1.2 0.317

Molar Selectivity (%0)

<C2 -- 0.7 0.8
Cs -- 11 5.7
iCs” -- 9.9 12
Cs -- 14 15
Cs -- 23 25
Cs -- 15 16
C7 -- 10 9.3
Cs -- 8.0 8.7
Co -- 4.9 4.0
Cio -- 2.4 3.0
Cu -- 0.7 0.4

" TOF for cracking of the 50/50 mixture was calculated based on the assumption
that only n-dodecane was cracked.
*1C41s predominantly isobutane. Only trace amounts of isobutene were detected.
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Cracking of isooctane, n-dodecane, and a 50/50 mol.% mixture of isooctane and n-dodecane
over amorphous silica-alumina (ASA) under supercritical conditions

Product distributions during cracking of isooctane, n-dodecane, and a 50/50 mixture over
ASA at 698 K and 3 MPa are shown in Table C-2. In contrast to the results over H-ZSM-5, ASA

was able to effectively catalyze isooctane cracking. The product distribution during cracking of

the 50/50 mixture has characteristics of both isooctane and n-dodecane cracking.

Table C-2. Cracking of isooctane, n-dodecane, and a 50/50 mol.%o
mixture of isooctane and n-dodecane over ASA at 698 K and 3 MPa.

Reactant Isooctane n-Dodecane 50/50 Mixture
Conversion
(%) 2.6 11 15
TC_)F 0.01 0.03 0.047
(sh
Molar Selectivity (%)
<C2 1.9 0.9 3.9
Cs 8.1 9.8 19
iCs" 60 11 19
Cs 1.3 17 1.1
Cs 17 26 22
Cs 6.0 16 12
C7 5.0 8.1 6.1
Cs 0.9 5.3 1.7
Co -- 3.1 2.0
C1o -- 1.7 0.8
Cu -- 1.6 0.2

T TOF for cracking of the 50/50 mixture was calculated based on the
assumption that both isooctane and n-dodecane were cracked.

*1C4is predominantly isobutane. Only trace amounts of isobutene were
detected.
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Cracking of n-dodecane over H-Y under subcritical and supercritical conditions

Product distributions during cracking of n-dodecane above and below the critical

temperature of n-dodecane (T, = 658 K) are shown in Table C-3. No major shift in product

distribution was observed during the transition from subcritical to supercritical conditions.

Table C-3. Results at 10 min TOS from conversion of n-dodecane on H-Y.

Pressure 6
(MPa)
Temperature 633 648 663 678 693
(K)
Conversion
(%) 3.1 4.6 4.8 4.4 5.4
-Esol)F 0.062 0.080 0.13 0.24 0.44
Molar Selectivity (%0)
Methane trace trace trace trace trace
Ethylene trace trace trace trace trace
Ethane trace trace trace trace 0.2
Propylene 0.3 0.3 0.5 0.7 1.1
Propane 5.6 3.5 3.9 54 5.2
Isobutane 13 13 13 14 13
Ca species 8.1 6.8 7.8 8.6 9.6
Cs species 25 25 25 24 23
Cs species 19 19 17 18 19
Cr species 14 13 12 12 13
Cs species 7.6 7.2 7.1 7.5 7.8
Co species 2.9 3.0 2.9 2.2 2.2
Cio species 3.4 7.0 8.2 3.8 2.6
Ci1 species 1.1 2.7 2.7 3.6 3.8
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Gas Chromatography (GC) analysis of JP-8

A GC chromatogram of JP-8 is shown in Figure C-1. GC analysis of the liquid phase

products of JP-8 was not possible due to the number of components in JP-8.

UV (XLUU,UJ)
Chromatogram

75

5.0
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10 20 30 40 50 60 70 80 [5H) 100 110 120 min

Figure C-1. GC Chromatogram for JP-8.
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Appendix D Supporting Information for Chapter 5

Method for determining UV-visible absorption edge energy (Eo) adapted from Barton et al.
[204].

Ultraviolet-visible diffuse reflectance spectra of the WOx/ZrO, samples were collected on
a Cary 3E UV-VIS spectrometer with an attached Labsphere DRA-CA-30 diffuse reflectance
apparatus. Equation D-2 represents the Kubelka-Monk function for infinitely thick samples, F(R«)
[220]. F(R-) was used to convert reflectance spectra (Rsampie) into equivalent absorption spectra

using the reflectance of Labsphere Spectralon reflectance standard (USRS-99-020) as a reference

(Rreference) .
Roo _ Rsample (D-l)
Rreference
_ 2 i ici
F(Roo) _ (1-Rw) _ a(absorption coef ficient) (D-2)

2Ro0 S(scattering coef ficient)
A plot of (F(Rwo)-hv)¥" vs hy was used to determine the absorption edge energy (Eo). Eo can be
determined from the y-intercept of a linear fit to the absorption edge from F(Roo)-hv)* vs hyv. An
appropriate choice of n results in a plot that is linear near the absorption edge. Barton et al. [204]
used n = 2 to define the absorption edge for WO./ZrO, samples. An example of this determination

is shown in Figure D-1.
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Figure D-1. Absorption edge energy (Eo) of 20% WO,/ZrO, determined by the intercept of a linear
fit to the absorption edge.

The Eo of various WOy standard compounds was measured in-house and compared to
values reported by Barton et al. [204], presented in Table D-1. The values measured by Barton et

al. were higher than those measured in-house by ~0.1 eV.

Table D-1. Absorption edge energies (Eo) of various WOx standard compounds

WO3@ AMT®) APT(O) NazWQ4@
Eo 25 3.1 3.5 4.7
Eo® 2.59 3.23 3.54 4.89

(&) WOsrepresents an extended 3-d crystalline network of distorted octahedra

(b) Ammonium metatungstate (AMT): (NH4)sH2W 12040 represents WOx domains of
intermediate (nm) size (W12)

(c) Ammonium paratungstate (APT): (NH4)10H2W12041 represents WOy domains of
intermediate (nm) size (W12)

(d) Na,WOj4 represents isolated W®* centers

(e) Values reported by Barton et al. [204]
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Raman spectra of reference compounds WO3 and m-ZrO..

Raman spectra of m-ZrO: (prepared from ZrOx(OH)a-2x) and WO3 powder (Sigma-Aldrich,
99.9%) were collected as references for WOx/ZrO, samples and presented in Figure D-2.
Characteristic peaks for WO3 were seen at ~805 and ~719 cm™. Characteristic peaks for m-ZrO2

were observed at ~649 and ~474 cm™.
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Raman shift (cm™)

Figure D-2. Raman spectra of m-ZrO, and WO:s.
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Procedure for n-propylamine decomposition experiments and analysis of the results over
WOx/ZrO2

Gorte and coworkers [89,221,222] demonstrated that alkylamines are protonated by
Brensted acid sites and decompose to alkenes and ammonia at ~650 K via a Hoffmann-elimination

reaction, shown below:

HRNH, + ZOH — HRNH7 -ZO"~
HRNH+ZO~ — R + NH; + ZOH

Thus, a Brensted-acid site density can be quantified from the amount of amine that reacts
over asample. A schematic of the setup used to obtain the Brgnsted-acid site density measurements

is shown in Figure E-2. The design for the setup was adapted from Kresnawahjuesa et al. [125].

A larger sample and longer catalyst bed of WOx/ZrO- relative to aluminosilicate materials
was required to obtain a measurable propylene signal (m/z = 41) during n-propylamine
decomposition experiments. For example, 100 mg of H-ZSM-5 was used compared to 1830 mg of
WO,/ZrOz. It is likely that the longer residence time during WOx/ZrO, n-propylamine
decomposition experiments resulted in secondary reactions of propylene. This is supported by the
presence of a heavier mass peak (m/z = 56) corresponding to hexane or hexene molecules. This
peak was not observed during experiments over aluminosilicate samples. It is likely that other
products were also formed, but only mass peaks corresponding to ammonia (m/z = 17), n-
propylamine (m/z = 30), propylene (m/z = 41), and hexene/hexane (m/z = 56) were tracked. The
MS traces for propylene and hexene/hexane are shown in Figure D-3. Figure D-4 and Table D-2

demonstrate the determination of the Brgnsted-acid site density for H-ZSM-5.
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Figure D-3. MS traces for propylene and hexene/hexane during n-propylamine decomposition

over 20% WO/ ZrO».
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Figure D-4. a) MS traces for propylene and hexene/hexane during n-propylamine decomposition
over H-ZSM-5. b) MS trace for a propylene pulse used to calibrate the propylene MS signal.

Table D-2. Measurement of Brgnsted-acid site density of H-ZSM-5.

Propylene pulse for calibration

Propylene detected during experiment

Moles of propylene 8.26 x 10°
Area of peak 2.99 x 10710
Area/mole 3.63x10°

Area of Peak 1.99 x 10°%0
Moles of propylene 5.51 x 10
Catalyst loading 0.100
(9)
Brensted Acid
Density 550

(umol g™)
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Cracking of n-dodecane over 20% WOx/ZrO2z under supercritical conditions

The product distribution during cracking of n-dodecane over 20% WO/ZrO, under
supercritical conditions is shown in Table D-3. Overall, the product distribution was similar to that
seen during cracking of n-dodecane over aluminosilicate materials under supercritical conditions
(Table A-7, Table A-8, and Table A-9), however, the selectivity toward < C products was higher

during cracking of n-dodecane over 20% WO/ZrO,.

Table D-3. Results at 10 min TOS from conversion of
n-dodecane over 20% WOx/ZrO2 at 698 K and 4 MPa.

Conversion

(%) 4.7
Molar Selectivity (%0)

Methane 3.7
Ethylene 0.2
Ethane 2.1
Propylene 1.5
Propane 11
Isobutane 18
Ca species 8.0
Cs species 20
Ces species 14
C7 species 10
Cs species 7.2
Co species 2.0
Cio species 1.7
C11 species 0.7
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Appendix E Experimental Details

N, L 1 % >| Gas sampling

Pressure
Condensefr--- e relief
valve
""""""""" Liquid sampling
Cooling RN
section
Air
--------------- Fixed Bed
Reactor
He * P S -~ Heating
Jacket

Preheater Section

_’,ivv - :

High pressure syringe pump
feeding liquid feed

Figure E-1. Schematic diagram of the upward-flow fixed bed reactor.

H, II MFC f ii Propylene

Capillary tubin
10% 0,/90% He |~ MFC prary tuoing

He —{ MFC I-—%

Vent
Liquid bubbler .y 6-way sampling valve
(n-propylamine) -+ Voo Quartz U-tube

Held in ice bath reactor with heater

Vent

Figure E-2. Schematic diagram of setup used for the n-propylamine decomposition experiments.
Gas flows were measured using mass flow controllers (MFCs) and decomposition products were
analyzed using a mass spectrometer (MS).



