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ABSTRACT

Hydrocarbon conversion processes change the molecular weight, structure, and
H/C ratio of the feed stream and are vital for supplying fuels, petrochemicals, and
many other valuable molecules to the world. These processes include cracking,
isomerization, dehydrogenation, hydrotreating, polymerization, and many more.
Zeolites — nanoporous crystalline aluminosilicates that have molecular-sized pores and
channels — are among the most frequently used catalysts. They can be prepared from
just silicon and oxygen — a purely siliceous sample — or with heteroatom substitution
into the framework. If the heteroatom is trivalent, such as aluminum, the framework
becomes negatively charged and a cation must be added for charge balance. When a
proton is used for charge balance, a Brgnsted acid site is generated, and the acid
strength of the proton can be modulated by the trivalent heteroatom substituted into
the framework, affecting the relative rates of the hydrocarbon conversion processes. In
this thesis, we investigated the influence of acid strength on high-pressure catalytic
cracking and dehydrogenation for aircraft endothermic cooling, as well as methanol
conversion to hydrocarbons (MTH), by changing the heteroatom substituted into the
zeolite framework.

The first process investigated was high-pressure catalytic cracking of n-
pentane on acidic H-[AI]ZSM-5 to produce light olefins. Although ethylene and
propylene were the targeted products, these were rapidly consumed via secondary
bimolecular reactions, such as hydride transfer and oligomerization, leading to a

reduction in reaction endothermicity. The second process investigated was high-
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pressure dehydrogenation of Cs-C; normal paraffins using supported molybdenum
carbide nanoparticles. To reduce the secondary bimolecular reactions described above,
weakly acidic H-[B]ZSM-5 was used as a support for molybdenum. By using H-
[B]ZSM-5 as a support instead of y-Al,O3, we were able to maintain high selectivity to
the primary dehydrogenation product (>90%), while observing over a 100 percent
increase in reactant consumption rates.

The final process investigated was methanol conversion to produce olefins,
with the intent of producing olefins larger than ones formed by zeolites such as H-
SAPO-34 and H-[Al]ZSM-5. H-[Fe]Beta was selected for this reaction as iron zeolites
have an acid strength sufficiently strong to catalyze methanol conversion, but slowly
catalyzes hydride transfer reactions, a necessary condition to minimize aromatics
formation. By using H-[Fe]Beta for the conversion of dimethyl ether, olefins were
produced with greater than 90 percent selectivity with isobutene being the major
product.

Our research has shown that by changing the heteroatom substituted into the
zeolite framework, we can adjust the acidity of the catalyst and alter the chemistry of

hydrocarbon conversion processes to enhance selectivity and yield.
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Chapter 1

INTRODUCTION

This thesis addresses controlling the product selectivity of hydrocarbon
conversions by altering the acidity of zeolite catalysts. Solid acid catalyzed
hydrocarbon conversion processes are found in a variety of industries and are
especially critical in petrochemical production. A main challenge of acid catalyzed
hydrocarbon conversion is having fast reaction rates that consume the reactant
molecule(s) and produce the desired products while suppressing side reactions that
produce undesirable products or consume desired ones. Through adjustments in
operating conditions and catalyst design, these undesirable side reactions can be

mitigated and product selectivity controlled.

1.1 Hydrocarbon Conversion Processes

Hydrocarbon conversion processes change the molecular weight, structure, and
H/C ratio of a specific molecular species or more frequently, a mixture of
hydrocarbons of similar molecular weight. These conversions involve hydrocarbons
containing just hydrogen and carbon, or can also involve species containing
heteroatoms, such as oxygen, nitrogen, and sulfur as these are present in fossil fuels in
different amounts. Many types of reactions are utilized to produce fuels and
petrochemicals in refineries and other chemical processes. Figure 1.1 illustrates just a

few.
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Figure 1.1: Example of reactions used in hydrocarbon conversion processes

Conversion processes are used to upgrade low value hydrocarbon sources into
higher value commodity products, fuels, and chemicals. Many hydrocarbon feeds
originate from fossil fuels, such as oil, natural gas, and coal, but these streams can also
be derived from bio-based materials, such as lignocellulosic biomass and fats, or
synthesis gas products. There are numerous end products generated through
hydrocarbon conversion processes, including fuels, polymers/plastics, surfactants,

drugs, food additives, and many more [1-9].



1.1.1 Upgrading Petroleum Oil

Following distillation to separate petroleum oil into different fractions based
on boiling point temperatures, the individual fractions can be upgraded to increase
production of valuable products. Referred to as the “heart of a refinery,” fluidized
catalytic cracking units (FCC) take heavy gas oil from distillation and crack high
molecular weight species into lower molecular weight compounds in the gasoline
fraction, as well as light olefins, ethylene, propylene, and butenes [10]. These light
olefins are then used as feedstocks for polyolefin production [11].

Increasing the octane number of a hydrocarbon feed is required to produce
higher value gasoline and is accomplished in two ways: isomerization and alkylation.
First, straight chain n-paraffins are isomerized, producing branched chain alkanes
which have higher octane number than their parent n-paraffins [12]. Second, light
olefins, such as butenes and pentenes, are alkylated, increasing molecular weight and
branching [13].

Hydrotreating units are used primarily to remove O, N and S from a
hydrocarbon stream and to meet emission standards for fuels set by government
agencies. In particular, there are limits to the amount of benzene and sulfur allowed in
fuels, such as gasoline and diesel. Hydrogen is used to saturate aromatics to form

cyclic paraffins and to remove the heteroatoms sulfur, nitrogen, and oxygen.

1.1.2 Upgrading Natural Gas
Natural gas consists primarily of methane, but also contains ethane, propane,

and to a lesser extent, heavier hydrocarbons [14]. Because ethylene and propylene are



by-products of fluidized catalytic cracking, there is an economic balance between
altering selectivity to produce more light olefins over gasoline [15]. Alternatively,
ethane and propane from natural gas can be dehydrogenated to produce the
corresponding olefins and meet demand for these polymer precursors. Of recent
interest has been the direct conversion of methane to value added chemicals. Direct
methane conversion to aromatics is being investigated to provide precursors for
polymers production [16—19]. Another direct conversion of methane is partial
oxidation to methanol, although this process is not practiced at high methane
consumption rates [20—24]. Methanol can then be converted via methanol-to-

hydrocarbon (MTH) processes producing olefins, aromatics, or gasoline [25-27].

1.1.3 Upgrading Bio-based Sources

A renewable form of carbon-based feedstocks is biomass (mostly from plant
origin), a material that encompasses a broad group of compounds. For the purpose of
this thesis, the most relevant source of biomass-derived carbon is lignocellulosic
biomass, a material that is formed primarily of cellulose (a polysaccharide) and lignin
(a phenolic-based polymer) [28]. Once polysaccharides are broken down into their
basic building units (sugars), these sugars can be transformed into valuable chemicals.
For example, ethanol is produced from glucose via fermentation with yeast and can be
blended with gasoline. Another example is production of furans from fructose [29—
32]. These furans can then be converted into a variety of other useful chemicals (Fig

1.2).
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Figure 1.2: Example of fuels, chemicals, and materials produced from biomass
through furanic intermediates

Biomass-derived triglycerides can be broken down via hydrolysis, producing
glycerol and fatty acid salts [33]. Fatty acid salts are surfactants, containing a
hydrophilic carboxylic group and hydrophobic hydrocarbon chains, and are typical
component soaps. Triglycerides can also be upgraded through transesterification with

an alcohol, such as methanol or ethanol, to produce biodiesel [34].
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Figure 1.3: Hydrolysis of triglyceride to produce soaps (top) and transesterification of
triglyceride to produce biodiesel (bottom)

1.1.4 Synthesis Gas

Through steam reforming, hydrocarbons can be transformed into synthesis gas
(syngas) consisting of mostly carbon monoxide and hydrogen [35,36]. Syngas can
then be converted into hydrocarbons in the Fischer-Tropsch process [37,38].
Alternatively, the syngas can be converted to methanol, which can then be
transformed in MTH processes [39]. Through these two methods, syngas represents a
pathway to produce valuable hydrocarbons from low cost coal, natural gas, and

biomass in areas that do not have readily available petroleum sources.

1.2 Hydrocarbon Conversion Catalysis

Nearly all hydrocarbon conversion processes are enhanced using catalysts.
Catalysts are divided into two main groups: homogeneous and heterogeneous.
Homogeneous catalysts are, by definition, in the same phase that the liquid or gas
phase reactions are investigated. Homogeneous catalysts can be as simple as sulfuric

acid or sodium hydroxide, which are used in acid/base chemistry, or more complex as



in organometallic complexes important in pharmaceuticals production (Figure 1.4)

[40].
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Figure 1.4: Palladium organometallic complex formed during aryl-aryl bond formation

Heterogeneous catalysts are present as a different phase than the reactants and
products. Heterogeneous catalysis has been used in this thesis to convert gases and
liquids to produce more valuable species. Simple heterogeneous catalysts are bulk
metals, such as iron in the reverse water gas shift reaction [41], or metal oxides, such
as alumina or silica used in the first catalytic cracking units [10]. Increasing surface
area of a metal catalyst is accomplished by supporting the metal on a porous medium.
The formation of metal nanoparticles allows more active sites to be present per mass
of metal, increasing reaction rates. Another class of catalysts is zeolites, which play an
important role in hydrocarbon conversion processes used industrially and under

investigation for future applications.



1.2.1 Zeolites and Other Crystalline Molecular Sieves

Zeolites are crystalline aluminosilicates that have molecular-sized pores and
channels (Figure 1.5). Zeolites are both naturally occurring and synthetic, with over
200 known structures [42]. Zeolites are also known as molecular sieves, as they can
separate molecules based on molecular size or shape. Zeolites are used in a variety of
applications, including as adsorbents and they are, as a class, the most widely used

solid acid catalyst in the petrochemical industry.

Figure 1.5: Depiction of zeolite ZSM-5 channels with an approximate relationship to
the size of benzene molecules

The multitude of applications of zeolites as catalysts arises from their unique
structure, variable composition, and thermal stability. Zeolites can be prepared in a

siliceous form — containing only silicon and oxygen — or a heteroatom can be



substituted in place of silicon. If that heteroatom is trivalent, the framework becomes
negatively charged, and a cation must be added to balance the charge. If the cation is a
proton, a Bransted acid site is formed. On the other hand, if a tetravalent transition

metal is substituted into the framework, that metal site can act as a Lewis acid.

@
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Figure 1.6: Example of siliceous framework (left), trivalent aluminum substitution into
the zeolite framework creating a negatively charge framework
accompanied by a proton for charge balance (middle), and tetravalent
titanium substitution (right)

1.2.2 Zeolite Synthesis

Zeolites are normally produced via autogenous hydrothermal synthesis
processes. In this method, a synthesis gel is prepared by mixing a silica source, a metal
source (if necessary), an organic structural directing agent (SDA), and a mineralizing
agent [43]. Typical silica sources include fumed silica, such as Cab-o-sil, or sodium
silicate. Heteroatom sources include metal hydroxides, chlorides, or nitrates. Structural
directing agents, also known as templates, are quaternary ammonium compounds,
such as tetramethylammonium. Hydroxide or fluoride anions are used as mineralizing
agents. All ingredients are mixed together and loaded into a Teflon-lined autoclave.
The autoclave is then heated at a pre-specified temperature and duration of time,

known as crystallization.



During the heating process, the mineralizer breaks down the silica. The silica
then begins to coalesce around the organic template, directing the formation of the
zeolite structure.

When a trivalent heteroatom is incorporated, the framework becomes
negatively charged and the SDA, as well as cation accompanying the mineralizer, aids
in stabilizing the negative charge. Upon completion of crystallization, the resulting
zeolite is filtered, dried, and calcined in air to decompose and remove the SDA.

Following calcination, an ion exchange must be performed to change the
cation balancing the negative charge of the framework. If a proton is desired, the
zeolite is ion exchanged with an ammonium solution. The resulting ammonium form
is heated to decompose and release ammonia, leaving behind a proton. If a metal
cation is desired, a second ion exchange is performed with the ammonium for zeolite

in a metal salt solution.

|= |
Synthesis Gel Crystallization ’ CalcinationT lon Exchange

Figure 1.7: Illustration of zeolite synthesis procedure

There are many factors that affect which zeolite structure is formed. The SDA
plays a major role as it is the “’porogen”, that is, the species that the dissolved silica

polymerizes around. Other factors include temperature, time, molar ratios of materials

10



in the synthesis gel, pH, and cations that accompany the mineralizing agent (Na, K, or

H if fluoride is used) [44-47].

1.2.3 Zeolite Catalysis

Zeolites are thermally stable materials (up to temperatures of 1000 °C or
more), able to withstand the harsh conditions of industrial processes, and tunable,
giving rise to their versatility. Three main attributes of zeolites can be altered to
influence their catalytic activity: zeolite structure (size and shape of pores and
channels), framework heteroatom substitution, and the identity of the cation for charge
balance.

Size and shape of pores and channels influence selectivity of reactions based
on transition state. If the transition state is too large, then these reactions are
suppressed. An example of shape selectivity is the transalkylation of toluene to form
benzene and xylene (Figure 1.8). In this case, H-[AI]ZSM-5 is used to catalyze the
reaction. Because of the size of the channels in ZSM-5, p-xylene is the favored
product, as the transition states required to form o-xylene or m-xylene are larger than

p-Xxylene [48].

11
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Figure 1.8: Transalkylation of toluene on H-[AI]ZSM-5 selectively producing p-
xylene over m-xylene

Heteroatom substitution into the framework influences the acidity of the site.
For the number of possible trivalent heteroatom substitutions, this leads to varying the
Brensted acid strength of the proton added for charge balance. Four trivalent
heteroatoms commonly substituted into the framework are aluminum, gallium, iron,
and boron. Figure 1.9 shows the rate of methanol dehydration to dimethyl ether on
various ZSM-5 catalysts [49]. This probe reaction illustrates the acidity of the zeolite

and how different heteroatom substitution affects acidity.

12



2CH;0H — _ -9 + MO

L Al

L}
< o
= 6'
g @
@& ‘o
- AY
< ¢
o Y
5
é1 b\
°? . Ga ]
o ‘Q\
= N %
18]
© ’\’\. )
ol * e
S m_Fe e e
o .
E h 9w %
S “m *

[ N
B(x40) T 5. é\’
-~ \ \Q
0 . LIPS *

0 1
Cumulative Titrant Uptake / molecules- T

Figure 1.9: Rate of methanol dehydration to dimethyl ether with varying heteroatom
substitution in the zeolite framework. Reprinted from Journal of
Catalysis, Vol. 312, A.J. Jones, R.T. Carr, S.I. Zones, and E. Iglesia, Acid
strength and solvation in catalysis by MFI zeolites and effects of the
identity, concentration and location of framework heteroatoms, 56-68,
2014, with permission from Elsevier [49].

Aluminum is close in size to silicon allowing for a stable substitution. In
addition, aluminum-substituted zeolites to have the strongest acidity. On the other
hand, boron is much smaller than silicon and does not incorporate well into the
framework. Boron remains trigonally bound in the framework instead of tetrahedrally

required to produce the strong Brgnsted acid site (Figure 1.10).
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Figure 1.10: Comparison of aluminum and boron substituted into a zeolite framework
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Finally, the cation added for charge balance can affect reactions. Cations can
be monovalent, like sodium, or divalent, like zinc. Copper exchanged zeolites are used
for selective catalytic reduction of NOx for exhaust gas cleanup [50]. Nickel
exchanged zeolites can be used to promote oligomerization [51]. Sodium exchanged
zeolites can be used as Lewis acids, such as catalyzing dehydration of methyl lactate

[52].

1.3 Challenges in Modern Catalysis

While major hydrocarbon conversion processes today exist primarily in
petroleum refining and polymer production, there remain numerous opportunities to
introduce innovations in catalysis and chemicals productions. Many of these
opportunities exist in producing fuels and chemicals from sources other than
petroleum, such as biomass or methane, and environmental applications, such as
carbon dioxide capture/conversion or NOx reduction in exhaust. Other opportunities
exist in niche applications or process energy reduction as exemplified below.

With the large amount of methane reserves held within shale in the United
States, continued investigation on direct methane conversion, whether through
methanol conversion, Fischer-Tropsch, or MDA, provides a route to utilize natural gas

reserves other than heat production. Conversion of carbon dioxide into chemicals or

14



fuels represents a means to reduce atmospheric amounts of the greenhouse gas. Two
main routes have been proposed: heterogeneous catalytic and electrocatalytic
processes. Using current technologies, carbon dioxide can be converted to fuels
through the reverse water gas shift reaction followed by Fischer-Tropsch, but a single
process has been demonstrated using Fe304/H-[Al]ZSM-5, converting carbon dioxide
and hydrogen directly into gasoline fuel [53]. For electrocatalytic processes, acidic
solutions act as a hydrogen source for converting carbon dioxide to carbon monoxide
or hydrocarbons [54-56].

Besides hydrocarbon conversion processes, catalysts can be employed to
enhance other energy intensive processes. The Haber-Bosch process supplies
ammonia for fertilizer production, but consumes 1-2% of global energy demand and 3-
5% of methane as a hydrogen source [57]. Reductions in energy consumption through
improved catalysts or switching to electrochemical routes would have a large global
impact [58]. Separation processes also consume a large amount of energy in fuels and
chemicals production. Improvements in absorbents or molecular filters, which are
similar, if not the same as catalysts, would represent another reduction in energy

consumption.

1.4 Scope of this Thesis

The focus of this thesis is to investigate the control of selectivity of
hydrocarbon conversions by using zeolite catalysts. The acidity of the zeolite catalysts
was altered by varying the trivalent heteroatom substituted into the framework.
Catalytic activity was further altered by changing the cation added to balance the

framework charge. In this thesis, three hydrocarbon conversions were investigated:
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catalytic cracking of n-pentane with H-[AI]ZSM-5, catalytic dehydrogenation of Cs-C;
alkanes on Mo/H-[B]ZSM-5, and methanol to hydrocarbons with H-[Fe]Beta.

The first process investigated was high-pressure catalytic cracking of n-
pentane on acidic H-[AI]ZSM-5 for aircraft endothermic cooling (Chapter 3). The goal
IS to use endothermic reactions to act as a heat sink for excess thermal energy
produced during combustion. Although ethylene and propylene were the targeted
products, these were rapidly consumed via secondary bimolecular reactions, such as
hydride transfer and oligomerization, leading to a reduction in reaction
endothermicity.

The second process investigated was high-pressure dehydrogenation of Cs-C;
normal paraffins using supported molybdenum carbides (Chapter 4). To reduce the
secondary bimolecular reactions described above, weakly acidic H-[B]ZSM-5 was
used as a support for molybdenum. By using H-[B]ZSM-5 as a support instead of y-
Al,O3, we were able to maintain high selectivity to the primary dehydrogenation
product (>90%), while observing upwards of a two-fold increase in reactant
consumption rates.

The final process investigated was methanol conversion to produce olefins,
with the intent of producing olefins larger than ones formed by zeolites such as H-
SAPO-34 and H-[Al]ZSM-5 (Chapter 5). H-[Fe]Beta was selected for this process as
iron zeolites have an acid strength sufficiently strong to catalyze methanol conversion,
but slowly catalyzes hydride transfer reactions, a necessary condition to minimize
aromatics formation. By using H-[Fe]Beta, conversion of dimethyl ether produced
olefins with greater than 90 percent selectivity. Our research has shown that by

changing the heteroatom substituted into the zeolite framework, we can adjust the
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acidity of the catalyst and alter the chemistry of hydrocarbon conversion processes to

enhance selectivity and yield.
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Chapter 2

EXPERIMENTAL TECHNIQUES

Many experimental and analytical techniques can be used to characterize
zeolites and the reactions they catalyze. Most catalyst characterization techniques
involve spectroscopy, using infrared, visible, ultraviolet, or x-ray radiation. Other
techniques involve adsorption and desorption of molecules to test porosity or acidity.
Catalyst activity is tested by using a reactor to probe a given reaction and analyzing
products through chromatography, mass spectrometry, and spectroscopic techniques,
many which overlap with catalyst characterization. Techniques used to characterize
catalysts and analyze products of hydrocarbon conversions in this thesis are described

below.

2.1 Catalyst Characterization

2.1.1 Powder X-ray Diffraction

X-ray diffraction (XRD) is a spectroscopic technique used to determine a
zeolite’s structure. Incident x-ray beams are scattered by the crystal structure
according to Bragg’s Law (Eq 2.1), where A is the wavelength of light, d is the atomic
spacing, and 0 is the angle of diffraction [59].
niA = 2dsin(6) (Eq.2.1)

When the angle of the incident beam satisfies Bragg’s Law, constructive

inference occurs and a peak is recorded. The peaks are based on the unique d-spacing

18



of a given crystal structure and therefore able to determine which zeolite structure is
present based on the diffraction pattern. X-ray diffraction can also be used to

determine unit cell dimensions and atomic position with the crystal structure.

oot
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Figure 2.1: X-ray diffraction pattern of [Al]ZSM-5

Each peak recorded during X-ray diffraction corresponds to a specific lattice
plane. If the crystal symmetry is known (i.e., cubic or orthorhombic) then the angles of

diffraction at which the peaks occur can be used to determine the unit cell parameters

19



and volume. In Rietveld refinement, a simulated X-ray diffraction pattern is fitted with
a recorded pattern, usually from synchrotron radiation, to determine atomic positions

within the unit cell of a zeolite.

2.1.2 Solid State Nuclear Magnetic Resonance Spectroscopy (SSNMR)

Solid state *°Si NMR spectroscopy is used to determine the degree of
heteroatom incorporation into the framework. If only silicon is present, one peak will
be detected in the Q(4) position, represented as Si(0Al) in Figure 2.2. If a heteroatom
is substituted into the framework, an upfield shift in the NMR signal will be detected
and the area of the peak, through peak deconvolution, is proportional to the amount of
the heteroatom substituted into the framework. One neighboring Al would be Q(3) or
Si(1Al) and so on. Solid state NMR can also be used to detect whether the
heteroatoms are bound in the framework or in extra-framework positions, as in the

case of 2’Al NMR (Fig 2.3).
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Figure 2.2 2°Si NMR of zeolite NaY that has been dehydrated, hydrated, or ion
exchanged with ammonium nitrate (a, ¢, and e) and steam treated NaY
under the same conditions (b, d, f). Reprinted from Microporous and
Mesoporous Materials, VVol. 90, J. Jiao, W. Wang, B. Sulikowski, J.
Weitkamp, and M. Hunger, *°Si and *’Al MAS NMR characterization of
non-hydrated zeolites Y upon adsorption of ammonia, 246-250, 2006,
with permission from Elsevier. [60]

Hydration and cation exchange affects the Si and Al NMR spectra. When a
sample is exposed to water, some of the Si-Al bonds can be hydrated leading to

formation of octahedral aluminum (Al V1) and shifts from Q(2) to Q(3) for example.
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Cation exchange aids in stabilizing heteroatom substitution in the framework and also

causes shifts in NMR spectra.
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Figure 2.3: ¥ Al NMR of zeolite NaY that has been dehydrated, hydrated, or ion
exchanged with ammonium nitrate (a, ¢, and €) and steam treated NaY
under the same conditions (b, d, ). Reprinted from Microporous and
Mesoporous Materials, Vol. 90, J. Jiao, W. Wang, B. Sulikowski, J.
Weitkamp, and M. Hunger, #Si and ’Al MAS NMR characterization of
non-hydrated zeolites Y upon adsorption of ammonia, 246-250, 2006,
with permission from Elsevier. [60]
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2.1.3 Ultraviolet-Visible Spectroscopy (UV/Vis)
UV/Vis spectroscopy is used to detect transition metal incorporation into the
framework. When transition metals are bound tetrahedrally in the framework, ligand-

to-metal charge transfer occurs between oxygen and the metal.

2.1.4 Infrared Spectroscopy

Infrared (IR) spectroscopy is valuable in determining species adsorbed to the
catalyst surface. An IR beam interacts with the bonds of molecules at given
wavelengths based on the resonant frequency of the bond between two atoms and the
vibrational mode that is activated (i.e. stretching or bending). By measuring what
fraction of the IR beam is absorbed at each wavelength, a spectrum is obtained. This
spectrum can aid in elucidating the structure of adsorbed surface species by comparing
the wavenumbers at which the beam is absorbed to those of known bond vibrational

modes.
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Figure 2.4: IR spectra showing the O-H stretching bands of molybdenum impregnated
ZSM-5 samples with different framework compositions

2.1.5 X-ray Fluorescence Spectroscopy

X-ray fluorescence spectroscopy (XRF) is used to determine elemental
composition of materials. X-rays of varying energy are shined onto a sample. The x-
rays excite an inner electron to a higher orbital and when the electron falls back down
(relaxes), a photon is released related to the energy difference between the two
orbitals. Each element has specific energy levels based on their electronic structure,
allowing for elemental identification from energy levels released from the excited

sample.
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2.1.6 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) operates in a similar method of x-ray
fluorescence, but instead of measuring the energy of the photon released from the
fluorescence, the number of photons absorbed by the material is measured. X-rays are
passed through a sample and the energy of the beam is slowly increased. When the
incident beam energy reaches the binding energy of an electron, there is a drastic
increase in the amount of photons absorbed. The binding energy is determined by the
element and oxidation state of the atom.

The analysis of the region surrounding the binding energy is known as x-ray
absorption near edge spectroscopy (XANES), where the edge region is the area of
drastic increase in photon absorption. Following the edge region, is a region analyzed
as extended x-ray absorption fine structure (EXAFS). In this region, the secondary
photon emitted from the excited atom is absorbed by a neighboring atom. The
successive emission and reabsorption gives a pattern known as “wiggles” and is
determined by the first neighbor shell surrounding the atom initially excited. X-ray
absorption is commonly used to determine the oxidation state of metals in catalysts
through XANES and the coordination sphere of metals through EXAFS under reaction

conditions.
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Figure 2.5: Example of XAS setup at a synchrotron light source (top) and XAS spectra
of molybdenum carbide (bottom)

2.1.7 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is useful to visualize crystal morphology
and size with a resolution on the order of nanometers. A concentrated electron beam is
accelerated at a sample under vacuum. Electrons in the beam excite electrons of atoms

on or near the surface of the sample and as these electrons relax, photons are released
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and detected to form an image. Also, electrons can be scattered and collected to form
an image.

Coupled with SEM is energy dispersive X-ray spectroscopy (EDS). EDS
operates on the same principle as x-ray absorption techniques with electrons of the
SEM beam exciting electrons of atoms in the sample and the relaxation energy is
characteristic to each element. The difference between the two techniques is x-ray
absorption or fluorescence yields a bulk composition, whereas EDS yields a map of

elemental distribution on the surface of the sample.

2.1.8 Sample Texture Analysis

Nitrogen adsorption is a technique used to determine surface area, pore
volume, and pore type of materials. As defined by IUPAC, there are three pore types:
micropores, which are less than 2 nm in width, mesopores, which are 2 nm to 50 nm in
width, and macropores, which are larger than 50 nm in width [61]. Depending on the
shape of the isotherm, the type of pore and fraction of porosity contributed can be
determined.

Zeolites are microporous materials and therefor exhibit a Type | adsorption
isotherm, where the internal surface area of the pores is much greater than the external
surface area of the crystals. A large uptake of nitrogen occurs at low partial pressures
as the micropores are filled, followed by a slow increase in nitrogen uptake at higher
partial pressures as the external surface is covered. Zeolites can be modified to contain
mesopores, which results in a Type IV isotherm, where a monolayer forms in the

mesopores before the micropores become saturated as in a Type | isotherm [62].
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2.1.9 Inductively Coupled Plasma Atomic Emission Spectroscopy

It is important to understand the exact elemental composition of a catalyst.
While x-ray absorption works well for most elements, the lightest elements are
undetectable by x-ray techniques. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) is a method to determine elemental composition that is
sensitive to all elements. A sample is ionized in a plasma argon flame. As ionized
atoms from the sample recombine with electrons, photons are emitted. The wavelength
of photons is characteristic of the element and the intensity is proportional to amount
present. In particular for zeolites and other silicates, samples must first be digested
with hydrofluoric acid to obtain an accurate elemental composition. This specialized
ICP analysis with HF digestion requires the use of outside labs, such as Galbraith

Laboratories, Inc.

2.2 Catalyst Testing

2.2.1 Flow Reactor Design
In this thesis, a lab scale packed bed microreactor was used to test catalyst
activity for three hydrocarbon conversions. Figure 2.6 depicts the configuration of the

experimental setup used in this work.
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Figure 2.6: Process flow diagram of the experimental setup used for high pressure
experiments

For high-pressure conversion of n-pentane on H-[AI]ZSM-5 (Chapter 3), a
high-pressure liquid chromatography (HPLC ) pump (Chromtech Series I) was used to
feed pentane, which was contained in a pressurized tank (1L), into the system. Based
on feed flow rates, the feed tank volume constrained reaction time on streams to under
9 hours. For high-pressure catalytic dehydrogenation of alkanes on supported
molybdenum carbides (Chapter 4), two syringe pumps (Teledyne Isco 260D) equipped
with switching valves, which allow continuous flow operation, were used to supply n-
pentane, n-hexane, and n-heptane to the system. For methanol conversion on H-
[Fe]Beta (Chapter 5), a single syringe pump was used to supply dimethyl ether to the

system.
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The system pressure was controlled by a backpressure regulator (Swagelok,
KPB series). The reactor consisted of the catalyst supported by quartz wool inside a
316 SS tube (4.6 mm ID) and the catalyst bed length ranged from approximately 10
mm to 30 mm depending on the amount of catalyst used. Two thermocouples were
installed, one at the bottom and one at the top of the catalyst bed, to monitor the
temperature difference across the bed; the thermocouples also helped maintain the
position of the bed within the reactor tube (Figure 2.7). A preheater (coiled 1/8” tube
wrapped with heating tape) and tubular furnace (Lindberg Blue M) were used to
control the reaction temperature. Gas transfer lines were heated to 453 K using heating
tape to avoid condensation of products. The reactor effluent was analyzed using an
online gas chromatograph (GC) (Agilent 7890B) equipped with a flame ionization

detector (FID).

Vertical axi Reactor Effluent
ertical axis Outlet

Quartz Wool

Th I Th I
ermocouple Catalyst Bed ermocouple

f

Feed Inlet

Figure 2.7: Example of reactor tube containing catalyst packed bed
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2.2.2 Design Safety Considerations

Before construction, strength and chemical compatibility of all materials that
could come into contact with reactants and potential products must be reviewed. All
tubing and valve bodies are made of 316 stainless steel (SS), which has an “excellent”
chemical compatibility rating for hydrocarbons. Swagelok was the manufacturer of the
tubing and valves and reports pressure ratings for each component up to a temperature
of 810 K. 316 SS tubing (0.635 cm O.D.) had the lowest pressure rating at a
temperature of 810 K of approximately 267 bar. This pressure rating is 4 times the
highest pressure tested with the experimental setup. Chemical compatibility of seals in
the valves and back-pressure regulator must also be considered. All valves had
polytetrafluoroethylene (PTFE) seals, which are resistant to hydrocarbons, and the
back-pressure regulator had high temperature, chemically resistant Kalrez seals.

After ensuring no undesirable reactions will occur with materials used
to construct the experimental setup and those materials are structurally sound under
experimental conditions, steps must be taken to avoid over pressurization. A pressure
relief valve was installed with a relief setting 10% greater than highest pressure tested.
Pumps which supply reactants to the system were programmed to turn off in case of
over-pressurization. Finally, connections were leak tested by pressurizing the
experimental setup with inert nitrogen and a flammables leak detector was used during

experimental testing to ensure no leaks had formed.

2.2.3 Chromatography
Chromatography is an analytical technique used to separate chemical
compounds in a feed stream. In the experimental setup, the feed stream is the effluent

of the reactor and a gas chromatograph (GC) is used for analysis. Reactor effluent is
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constantly fed through a sample loop (150 pL) in a 6-way valve. When an injection is
taken, the contents of the sample loop are introduced to a GC column with helium,
which is a diluent and mobile phase. A GC column consists of a stationary phase with
which the compounds of the reactor effluent interact. Stronger interaction of a
compound with the stationary phase results in increased time it takes for a compound
to elute out of the GC column creating the separation needed for analysis. After
leaving the GC column, compounds are analyzed with a flame ionization detector

(FID).

Signal

Sample
Inlet

Carrier Gas ——————1

Detector

GC Column

GC Oven

Figure 2.8: Simplified schematic of gas chromatograph
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Figure 2.9: Example GC chromatogram from catalytic dehydrogenation of n-pentane
using a polar alumina column for separation
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A FID consists of a hydrogen-fueled flame that burns the compounds as they
leave the GC column. Burning of hydrocarbons creates charged ions that pass through
a pair of electrodes creating a current. Measured current is proportional to the amount
of a compound and strongly influenced by carbon number of the compound. Because
FID analysis relies on combustion, only hydrocarbons can be analyzed. Another
common detector utilized is a thermal conductivity detector (TCD) which can be
added to detect non-hydrocarbon compounds, such as hydrogen and carbon dioxide. A
TCD operates by detecting the decrease in thermal conductivity of the mobile phase
(usually argon or helium) and is proportional to the concentration of the compound

present.

2.2.4 Mass Spectrometry

Mass spectrometry (MS) uses electrons to break apart molecules and measures
mass to charge ratios of the fragments formed. Hard ionization causes extensive
fragmentation of the parent molecule and the resulting fragmentation pattern acts as a
“fingerprint”. Comparing this “fingerprint” to fragmentation pattern databases allows
for identification of the parent molecule. Mass spectrometry is commonly paired with
gas chromatography, where GC provides separation and quantification and MS

provides identification of the compound.
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Chapter 3

CATALYTIC n-PENTANE CONVERSION ON H-ZSM-5 AT HIGH
PRESSURE
In this chapter, catalytic conversion of n-pentane on H-[AI]ZSM-5 is discussed
as a potential reactant/catalyst system for aircraft endothermic cooling. H-[AI]ZSM-5
is a strong solid acid catalyst utilized in a variety of hydrocarbon conversions.
Specifically, cracking reactions were targeted with the production of light olefins

ethylene and propylene.

3.1 Introduction

This investigation is motivated by the need to develop more efficient cooling
technologies for the practical use of new hypersonic engines. The flight of aircraft and
missiles at hypersonic speeds (greater than Mach 5) is hindered by overheating of the
engine and electronic components caused by the high rate of fuel combustion and air
friction [63]. Aircraft are currently cooled by passive and active methods: when
passive cooling is used, cold air from the atmosphere is passed through the engine,
whereas when active cooling is used, onboard jet fuel is used as a heat sink [64]. In
such cases, the maximum amount of heat that can be removed is determined by the
heat capacity, thermal stability, and initial temperature of the fuel. Chemical additives
(e.g. 1,2,3,4-tetrahydroquinoline and tetralin) and special fuels (e.g. exo-
tetrahydrodicyclopentadiene) with greater heat capacity and thermal stability have
been designed for this purpose, but future hypersonic vehicles will exceed the cooling

capacity of these special fuels [65,66].
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Cooling capacity can be improved by utilizing so-called endothermic fuels,
which undergo endothermic chemical reactions driven by the thermal energy removed
from the aircraft [67,68] and a target endothermic reaction is the cracking of
hydrocarbons on solid catalysts. For several decades, zeolites have been used as
catalysts for cracking of crude oil [69,70], but there are only a few reports of zeolite-
based high-pressure cracking for endothermic fuel applications [71-74]. To maximize
endothermicity, the selective cracking of alkanes to produce an alkene and a smaller
alkane is the preferred reaction. It is also desired to further crack the alkene and alkane
to produce hydrogen, ethene, and methane, as these have better mixing and

combustion characteristics than larger molecules [75].

Fuel Catalyst
Reservoir | > Cell

Jet Engine | &—

Figure 3.1: Simplified process flow diagram for proposed aircraft endothermic cooling

Zeolite catalyzed cracking of alkanes proceeds via two major mechanisms:
monomolecular and bimolecular [76]. Monomolecular (i.e. protolytic) cracking
reactions typically occur at low pressures and high temperatures [77-83]. In this
mechanism, a proton from the zeolite acid site is transferred to the adsorbed alkane to
form a pentacoordinated alkanium ion that immediately undergoes protolytic cracking

to form a neutral paraffin or molecular hydrogen and a surface alkoxide. The surface
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alkoxide can desorb to produce an olefin and reform the zeolite acid site [84—88]. This
sequence leads to a predictable, but approximate, product distribution. For example,
the protolytic cracking of butane can only yield three product pairs: hydrogen and
butene, methane and propene, or ethane and ethene. Surface alkoxides can also
undergo further cracking through B-scission reactions.

Alkoxides may also participate in bimolecular reactions, such as hydride
transfer, oligomerization, and alkylation [70]. In bimolecular reactions, a molecule in
the gas phase reacts with a chemisorbed olefin on the surface of the zeolite. The
simplest way to detect bimolecular reactions is to observe molecules that cannot be
formed from monomolecular cracking; for example, the production of pentane from
hexane. Methane and pentene can be produced from protolytic cracking of hexane.
Pentene then can be converted to pentane through hydride transfer. Pentane can also
be formed by cracking larger molecules that formed through oligomerization.

There have been a few investigations of the supercritical cracking of
hydrocarbons on zeolites. Dardas et al. investigated the effects of supercritical
pressures on the conversion and selectivity of n-heptane cracking on Y-type zeolites.
The supercritical pressures increased the conversion and paraffin yield and decreased
the amount of deactivation observed when compared to subcritical pressures [71].
Xian et al. studied supercritical cracking of n-dodecane on wall-coated H-[Al]ZSM-5
catalysts and reported that nanocrystalline catalyst particles produced higher
conversions and higher selectivity to ethylene and propylene than microcrystal size
particles [72]. Kim et al. found that high pressure conversion of methylcyclohexane on
H-[AI]ZSM-5 yielded higher heats of reactions as compared to H-[Al]Beta and H-

[AITY [89]. Luo et al. have investigated the cracking of n-hexane on various zeolites.
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H-[AI]ZSM-5 exhibited a higher pressure dependency on rates and higher activation
energies than H-[AIJUSY, H-[Al]Mordenite, and H-[Al]Beta, but had better selectivity
towards olefins and lower susceptibility to deactivation [73,74]. In addition, the
cracking of hexane on ZSM-5 exhibited monomolecular-like reaction kinetics under
all pressures, but at high pressures on USY, mordenite, and zeolite beta, bimolecular
reactions were the dominant reaction channels. Finally, Wang et al. found that heavily
branched iso-dodecane (mainly 2,2,4,6,6-pentamethylheptane) could affect conversion
of n-dodecane on H-[AI]ZSM-5 by acting as an inert dilutent (positive) or by resisting
diffusion (negative) [90].

The solid acid zeolite H-[Al]ZSM-5 was chosen as the catalyst because it is
thermally stable, readily available, and known to increase the yield of light olefins in
industrial fluidized catalytic cracking units [91]. Pentane was selected because it is the
simplest liquid hydrocarbon at STP and has a high cooling potential (pentane cracking
to ethane and propylene has a heat of reaction of 1.15 MJ/kg). In addition, n-pentane
cannot form neutral aromatic species by cyclization and dehydrogenation without
molecular weight growth [92]. It was found that under all reaction conditions
investigated, bimolecular reactions were the dominant reaction channels for the high-
pressure conversion of pentane on H-[AI]ZSM-5. Smaller alkanes (Cs, C4) with higher
H/C ratios than pentane were produced, while larger speci