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ABSTRACT

Non-oxidative methane coupling is the process of converting methane to C2 products
through the C-C coupling of two methyl groups. While C2 products such as ethylene and ethane
are valuable products as potential chemical feedstocks in the petrochemical industry, the process
is limited by low yields of value-added products as the thermodynamic equilibrium favors heavy
hydrocarbons and coke products under traditional continuous heating at high temperatures.
Platinum has shown to be an appropriate catalyst for dissociating methane and adsorbing methyl
groups to eventually form C2 products. Density functional theory (DFT) calculations are used to
identify the reaction mechanism over a single platinum atom catalyst adsorbed on In,03 (111),
V205 (010), ZnO (100), and Ga203 (100) metal oxide supports. Pt/Ga;O3 (100) resulted in the
lowest predicted apparent energy barrier to forming ethane as a result of stable intermediates
along the reaction pathway. Controlling the time dependence of reactor temperature through
dynamic heating profiles can alter the overall reactor performance. The ethylene yield on an
FeC2 on SiO> catalyst was significantly improved to 18% under a controlled heat pulse duration
of 10 ms. The distribution of ethylene yield over various pulse durations and temperature ranges
provides insight into reactor conditions that can best optimize the production of value-added

products in methane conversion.
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Chapter 1

Introduction

Natural gas is one of the most highly utilized sources of energy in the world, accounting
for 24% of the global power generation.! However, methane, the main component of the fuel,
has also drawn significant interest as a feedstock in the petrochemical industry following the
discovery of shale gas reserves in the US.? Due to its economic and environmental advantage,
methane catalytic conversion has been investigated as a strategy to synthesize C2 or higher
hydrocarbons, syngas, methanol, and olefins.>® As a result, the study of oxidative and non-
oxidative coupling of methane has been analyzed as a potential mechanism to convert methane
into value-added products; but these methods have not yet been scalable to industry due to yield
limitations and separation costs.* Single-atom heterogenous catalysis with platinum has been
studied as a potential approach to combat current shortcomings in research due to platinum’s
ability to activate the C-H bond of methane to light hydrocarbons.>® Therein, the application of
single-atom catalysts is explored to provide mechanistic pathways to higher yield of value-added
products such as C2 hydrocarbons and light aromatics at higher conversions of methane.

In addition to catalytic chemistry, the heating profile during methane conversion can be
further manipulated to take advantage of the early-forming C2 products and avoid the
equilibrium preferred aromatics and coke products. While high selectivity to lower value C2
products such as acetylene can be obtained under high temperatures and short residence time,
higher value products such as ethylene and ethane are more difficult to obtain a high yield due to

high rates of reaction to heavier hydrocarbons.>° As such, narrowly controlled heating profiles



present a potential advantage from traditional heating approaches such that value-added, initial
forming of light hydrocarbons is maximized without allowing the reaction to proceed towards
the undesirable equilibrium products.

Computational modeling techniques have enabled robust studies of catalytic performance
without requiring the expenses and resources of laboratory experimentation. Density functional
theory (DFT) calculations can be employed utilizing quantum mechanical first principles
modeling techniques to identify transition states in a catalytic cycle. Through analysis of
potential elementary steps and overall kinetics of a modeled catalytic cycle, the most efficient
path to value-added products can be determined. We will evaluate the effectiveness of four metal
oxide supports with an adsorbed platinum atom based on elementary reaction energetics for a
catalytic cycle coupling methane molecules to form ethane and hydrogen.

Chemkin Pro software provides kinetic modeling tools that can be utilized to run first-
principles-based reactor simulations for a variety of reactor types. This software allows detailed
inputs from statistical thermodynamic calculations, gas-phase and surface kinetics, as well as
transport data.** We will use this modeling tool to develop small scale reactors that allow rapid
heating in a programmable way. Both continuous-stirred tank reactors (CSTR) and plug-flow
reactors (PFR) are used as ideal reactor models to evaluate the product yield of methane
conversion under various heating profiles. To maximize yield of value-added products while
avoiding their rapid degradation, short heating pulses (10-100 ms) can be applied such that the
residence time is sufficiently short enough to avoid reaction equilibrium.

In this study, we will examine the energetics of four metal oxide supports, In.Oz (111),
V205 (010), ZnO (100), and Ga.03 (100) with an adsorbed platinum atom in converting methane

to ethane and hydrogen gas as seen in the overall reaction below.



Scheme 1: Methane conversion to ethane and hydrogen gas, where * denotes the metal
surface with an adsorbed platinum atom.
2CH, + % = CyHg + H, +
Additionally, the application of controlled heating ramp temperature profiles will be
simulated to study the reaction products of non-oxidative methane conversion on the
heterogeneous catalyst. The main objectives are to determine the reaction pathway over each
Pt/metal oxide support system and evaluate the overall energetics as well as develop an

optimized temperature profile for yielding value-added C2 products.



Chapter 2

Methods

2.1 Electronic Structure Calculations

Density functional theory was used to determine the transition states and intermediates
for the catalytic cycles with an adsorbed platinum atom on each of the four metal oxide surfaces:
In203(111), V205(010), ZnO(100), and Ga203(100). The Vienna Ab Initio Simulation Package
(VASP) was used to perform the electronic structural calculations, operating on a plane-wave
basis set and modeling ion-electron interactions with the projector augmented wave (PAW)
method.'? The exchange-correlation functional used for the calculations was the Perdew-Burke-
Ernzerhof (PBE) exchange correlation. A cutoff energy of 450 eV was used for the plane-wave
basis set. Structural calculations were iterated until the maximum forces of the modeled atoms
converged to a minimum of 0.02 eV AL, The k-space mesh sample used for the Pt on
In203(111), V205(010), ZnO(100), and Ga203(100) was 2 x 2 x 1,3 x2x1,4%x 2 x 1, and 4 x 2
x1, respectively. To minimize dipole interactions, a sufficiently large vacuum layer of 15A was
chosen to separate the surface slabs. Transition states along the reaction pathway were identified
using the nudged elastic band and dimer methods. The nudged elastic band calculation
determines a starting point for the dimer calculations by attempting to connect the intended
reactant and product.’3*® An example of an identified transition state from Pt on In,O3 (111) can

be found in Figure 20 in Appendix A.



2.2 Frequency Calculation

A normal mode analysis was determined using Partial Hessian Vibrational Analysis
(PHVA) while fixing the metal surface atoms and allowing only the absorbates to be free to
calculate the Hessian matrix.*>'1" Only harmonic frequencies were considered as the system
was modeled as an ideal oscillator and avoids anharmonicities. An additional simplification
made was to replace any low-lying frequency (<50 cm™) with a fixed value of cm™ due to the

inherent error in the calculation.18-2

2.3 Thermochemistry

The thermochemical and kinetic parameters are determined through application of
statistical mechanics and transition state theory. The calculations are run in a Python multiscale
thermochemistry toolbox (pMuTT) which converts ab-initio data to thermochemical properties
such as Gibbs free energy, enthalpy, and entropy in addition to creating input files for kinetic
modeling software.?? The ab initio thermodynamics utilize statistical mechanics which considers
the entropy contributions of equilibrium systems consisting of solid surfaces and gas-phase
species to determine the free energy of each state.?®=° The Gibbs free energy diagrams were

determined at 500K, 1100K, and 1500K at standard pressure of 100 kPa.



2.4 Free Energy of Formation

The reference energy for the determined free energy profiles is based on the calculated
free energy for the adsorbed platinum atom on the surface (G,) and two gas-phase methane
reactants (Gcy,) as seen in equation 1.

Grer = G + 2% Gey, 1)

The change in free energy from the reference state, for each possible intermediate and
product species along the reaction path, is calculated from equation 2 where x and y represent the
stoichiometric coefficients of the adsorbed species on the surface and m is the number of

methane reactant molecules remaining in the gas-phase.

2-m-x

2— 3x—
AGCXHJ*, = GCxHJ*/ + (m — 2) * GCH4 + ( M)

) * Geyg + ( * Gy, — G, (2)

2.5 Reactor Simulations

The reactor simulations were run with CHEMKIN, a software tool package which
combines gas-phase, transport, and surface input data to allow for efficient modeling of chemical
reactions in addition to modeling of the appropriate system of equations for the specified
inputs.3 CHEMKIN was primarily utilized in this study to model continuous-stirred tank reactor
(CSTR) simulations. To model the catalytic reaction kinetics of methane conversion, the
following rate expressions are defined:

r = k(C4)(C)", for adsorption 3

r = k(C,)"™, for desorption 4

r = k[[}(Cs);, forasurface reaction 5)



where r is the reaction rate (moles/cm?s), Cq is the concentration of gaseous components
(moles/cm?3), C~is the surface concentration of free active sites (moles/cm?), Cs is the surface
concentration of a surface species (mol/cm?), n is the reaction order, and k is the rate constant
which must also be further specified.®? The rate constants are based on the desorption/surface

reaction and derived from transition state theory as seen below:

A AGH
kdes,surf = a1 8XP (— E) (6)
AGgds
K = exp (—=25) (1)
kaas = kges * K (8)

where o is the density of active sites (moles/cm?), R is the ideal gas constant, T is the
absolute temperature (K), AG* represents the difference between the free energy of the transition
state and initial reference species, 4G 4 represents the free energy of adsorption, and A is the
pre-exponential factor (s*).3!

To emulate a transient reactor operation, a CSTR model was chosen for this study with a
temporal profile instead of a plug flow reactor model that allows a spatial variation of the
temperature along its axial position. In addition to gas-phase, thermodynamics, and surface input
files, the simulation required inputs were temperature, pressure, volume, residence time, mass
flowrate, catalyst internal surface area, inlet mole fraction of reactants. For all simulations, a
pressure of 1 atm, volume of 7.3 x10° cm?, catalyst internal area of 0.13 cm?, and mass flow rate
of 6.55x10° g*s* was used. The site time, defined as the number of active sites in moles per
inlet flow rate of methane, over the platinum catalyst on each metal oxide support was run at
1.26x10* mol Pt*s/mol CH4.® The residence time and temperature varies based on the heating

profile.



Due to the limitation of recreating computational conditions in a laboratory setting, only
the rise from a lower temperature to the max pulse temperature was considered to avoid results
that could not further be reasonably analyzed experimentally. Additionally, gas-phase kinetics
together with their thermodynamic input files were added in all simulations including the ones
with a Pt heterogeneous catalyst and were taken from a previous study evaluating high
temperature combustion of hydrocarbon fuels.® The data from this study was determined to be
suitable as it allows for simulations to be conducted under the higher temperatures that are

studied under the investigated heating ramp temperature profiles.



Chapter 3

Results and Discussion

We will first compare the energetics of non-oxidative methane coupling to ethane on Pt
on the four metal oxide supports and examine each’s ability to complete a catalytic cycle.
Additionally, we will evaluate the effect of applying various heating ramp temperature profiles
during the process of methane conversion in attempt to maximize the yield of C2-products. In
each section, the Pt catalyst will be compared with an iron-carbide catalyst from previous studies
that has exhibited success in the selective conversion of methane to ethylene.*® Section 3.1 will
consider the reaction progress and free energy of the coupling reaction on Pt for each support.
Section 3.2 will shift to examining reactor simulations under various heat ramp temperature
profiles to compare how the product distribution can be manipulated by pulse duration and peak

temperature.

3.1 Platinum Catalyst on In203 (111), V20s (010), Ga20s3 (100), and ZnO (100) Surfaces

Figure 1 highlights the four different metal oxide supports which were introduced in this
study. The binding energy of platinum on each of these surfaces was found to be 351, 469, 165,
and 468 kJ/mol for In.03 (111), V205 (010), Ga203 (100), and ZnO (100), respectively. Figure 1
more clearly visualizes the Pt atom on the different oxide supports and shows Pt coordinating to
two surface oxygens on In20s, four surface oxygens on both V.05 and Ga;O3, and no surface

oxygens on ZnO due to the presence of an oxygen vacancy.
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Figure 1 The top left image is Pt adsorbed on 1n.O3 (111) support, top right is Pt adsorbed
on V.05 (010) support, bottom left is Pt adsorbed on ZnO (100), and bottom right is Pt adsorbed on
Ga,0s3 (100) support

The four studied metal oxide supports follow similar pathways in converting methane
into ethane. Figure 2 highlights the catalytic cycle for ethane production on In2Oz as both
platinum and the neighboring oxygen atoms of the support are involved in the process. The
spillover of hydrogen onto oxygen promotes steric proximity of the two adsorbed methyl groups
on platinum, allowing for the two groups to readily interact to form ethane and desorb from the
surface. However, the strong adsorption of hydrogen onto the neighboring oxygen atoms leads to
a rather stable intermediate D, which limits the ability of the catalyst to complete a full cycle, as

visible in energetics found in Figure 3.



Figure 2 In,O3 (111) ethane production cycle
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Figure 3 Methane coupling free energy diagram over a Pt/In,Os catalyst at 1100K and 100
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(namely, 4 oxygen atoms), this fully oxidized vanadium support was found to be ineffective in
forming ethane. Overall, the proposed pathway followed a consecutive and significant increase
in free energy that was not found to be preferable towards the desired products formation.

Figure 4 V.05 (010) ethane production cycle
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In the case of ZnO, the Pt atom sits in an oxygen vacancy and the absence of nearby
oxygen atoms (see Figure 1) forces the adsorbates to stay on on the platinum atom, limiting the
amount of reaction steps (see Figure 6). However, the free energy of intermediate and transition
states become less favorable for this catalytic cycle (see Figure 7) in comparison to the In.O3
cycle.

Figure 6 ZnO (100) ethane conversion cycle

H.C
SNV Figlee A
Pt P Pt

7\
H CH
T T Y5
. CH T. CH .

N A

Tk C,Hs
Pt H—Pt—H

TR
! V.




14

Figure 7 Methane coupling free energy diagram over a Pt/ZnO catalyst at 1100K and 100
kPa
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Finally considering Ga>O3 the proposed mechanism to ethane production was found to be
the most effective of the four considered metal oxide supports. Comparing this mechanism to
V205 which has a similar active site, there a few key differences. First is the adsorption of the
methyl groups as they both remain on platinum allowing for a closer proximity to form ethane.
Secondly, the hydrogen dissociated from the second adsorbed methyl does not transition to a
neighboring oxygen which avoids the system from being over-stabilized once ethane desorbs.
Lastly, after C-C coupling, an additional step is required for ethane desorption due to the

interaction of ethane with the active site. The overall mechanism is shown in Figure 8.



Figure 8 Ga;Os ethane production cycle
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Figure 9 Methane coupling free energy diagram over a Pt/Ga,Os catalyst at 1100K and 100
kPa
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Figure 10 shows the free energy diagrams from the non-oxidative coupling of methane on
the In203, V205, Ga,03, and ZnO metal oxide supports with an adsorbed Pt atom. The free

energy of the endothermic coupling reaction of two methane molecules to ethane and H> was
found to be 72 kJ/mol at 1100K.

15
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Figure 10 Methane coupling to ethane free energy diagram over a Pt/In,O3 (111), Pt/V,0s

(010), and Pt/Ga,0s3 (100), Pt/ZnO (100) catalyst at 1100K and 100 kPa
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Reaction Progress

To evaluate the energy span for each catalytic cycle, application of the Murdoch
procedure was considered.3* The procedure segments portions of the reaction profile based on
the energy of intermediates in comparison to the reactants, only constituting a new reaction
segment when an intermediate has a lower free energy than the reactants or previous
intermediate. The reaction segment with the largest difference between the reactant or
intermediate that begins the reaction segment and the highest transition state in that segment

would dictate the energy span of the catalytic cycle. An example of this procedure is shown in
Figure 11, which was applied to Pt on In2Os. For this cycle, there is only one intermediate with
lower energy than the initial reactants, therefore there are only two segments of the reaction

profile to consider, taking the difference between TS-BC and reactant A. as well as TS-FA and

intermediate D. with the larger of the two differences determining the energy span.
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Figure 11 Energy span determination using the Murdoch procedure for methane coupling
on Pt/In,O3 (111) catalyst
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Reaction Progress
The determined energy span for Pt on In.O3 at 1100K was found to be 375 kJ/mol. The
same procedure was applied to the platinum catalyst on each of the four metal oxide supports and
the results are available in Figure 12 for different temperatures. Based on the assessment of the
energy spans at 1100K, Ga.O3 appears to have the most promising energetics with the lowest
apparent energy span of 282 kJ/mol.

It is also interesting to consider how the energetics of the catalysts change with
temperature as the entropic contributions become more significant. As temperature increases, the
significance of entropy losses makes surface intermediates and transition states less stable
compared to the gas-phase reactants, thus leading to an increase in the energy span for each of
catalyst with respect to temperature. Interestingly, however, the energy span increases faster with
temperature on some supports compared to others (see Figure 12). The support whose energy

span is least influenced by temperature, namely Ga»Os, is found to be the most promising one
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over the complete temperature range. Figure 13 depicts the energy diagram of platinum on
Ga03 as the temperature rises, showcasing how the energy span is kept relatively constant over
a wide range of temperature.

Figure 12 Energy span for platinum catalyst on In,Os, V20s, ZnO, and Ga;0s3 as a function
of temperature at 100 kPa
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Figure 13 Pt/Ga,0O; catalyst free energy diagram for methane coupling at 500K, 1100K and
1500K. All three energetics determined at 100 kPa
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Reaction Progress

At 500K, the limiting step considered in the energy span is between intermediate N and
the transition state at TS-QR. As temperature reaches to 1500K, the limiting transition state
changes from TS-QR to TS-OP, shifting from the reserve spillover of hydrogen to the C-C
coupling on the Pt atom. The main consideration for this change in rate determining steps is
driven by entropic factors that are linked to ethane desorption from the surface. At low
temperatures, ethane adsorption is preferable to ethane desorbing into the gas-phase as visible in
the slight increase in free energy between the two steps. However, as the temperature rises and
the entropy contribution to the free energy begins to dominate, ethane becomes more favorable
in the gas-phase, which accounts for the desorption of ethane having a lower energy than the
adsorbed ethane after exceeding 500K. Similarly, this also leads to a significant destabilization
of TS-OP (which consists of two adsorbed methyl groups) with respect to gas-phase ethane at

higher temperatures.
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3.2 Heat Ramp Simulations

Due to the preference of heavy hydrocarbons and coke products formation at equilibrium
conditions seen in methane combustion at high temperatures, a controlled heating profile limiting
the residence time at high temperatures is explored as a potential solution to yield higher-value
products such as ethane and ethylene. In order to accomplish a high selectivity of these products
with a sufficient conversion of methane, various heating ramps where considered to maximize
both of these considerations. A temperature ramp profile was applied to methane on each of the
four metal oxide supports and Figure 14 depicts four different heat pulses applied with a duration
of 50 ms, 100 ms, 200 ms, and 300 ms.

Figure 14 Temperature profiles during methane conversion on Pt catalyst. Data was only
collected during the duration of the heat pulse

1600

1400

1200

1000

800

Temperature [K]

600

400 - B!
50 ms Pulse

100 ms Pulse
200 - 200 ms Pulse i
300 ms Pulse

1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time [ms]

Ultimately, using the heating profiles did not have any impact on kinetics and reaction

products for platinum on In203, V20s, and ZnO, however, the Ga>Oz did have interesting results.
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Figure 15 compares the conversion of methane under a 100 ms heating ramp temperature profile
when the catalyst is present and removed. While the catalyst was effective in increasing the
overall conversion from 1% to 11% in only 100 ms, the yield of value-added products was not
seen to be significant as seen in Figure 16. This was mainly attributed to the lack catalytic
pathways since the catalyst was modeled to yield only ethane which reaches a selectivity of 97%,
however, quickly reverts to the equilibrium dominated products and degrades in higher
hydrocarbons. It would be worth considering to model additional pathways to other value-added
products such as ethylene.

Figure 15 Methane conversion with Pt on Ga,Os; present (solid blue) and absent (dashed
blue) during 100 ms heat ramp from 500K to 1500K
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Figure 16 Selectivity and Yield of ethylene and ethane over 100 ms heat ramp. The solid
lines represent the selectivity of the products and the dashed lines represents the yield of the
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The effect of a heat ramp temperature profile was further considered on a more developed
heterogenous catalyst model, namely FeC> on SiO, from Toraman et al.*® In comparison to the
single pathway that was modeled in the four previously discussed catalysts, FeC> on SiO2 was
found to be highly selective towards ethylene. Therefore, several temperature profiles at higher
temperatures were applied in the present study in an attempt to increase the overall methane
conversion with ethylene being the target product.

The applied temperature ramps included a 400K increase from a initial to final
temperature over the course of 10 ms, 20 ms, 50 ms, 75 ms, and 100 ms. Figure 17 highlights
each of these pulse durations that were applied at a starting temperature of 1100K. The starting
temperature for each pulse varied between 1100K, 1150K, 1200K, and 1250K as shown in

Figure 18 for a fixed pulse duration (50 ms) and this was repeated for the different pulse
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durations (10, 25, 75, 100 ms). Additionally, data was only collected from the initial point of a

temperature increase until the temperature reaches its highest temperature.

Figure 17 Heat ramp temperature profiles for FeC; catalyst on SiO,. The figure highlights
all the different heat ramp durations considered at a starting temperature of 1100K and ending

temperature of 1500K.
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Figure 18 Heat ramp temperature profiles for FeC; catalyst on SiO,. The pulse length for
each of the four initial considered starting temperatures is 50 ms.
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The results of these simulations are visualized in Figure 19 which highlights the yield of

ethylene at each pulse duration and end temperature of the pulse. Ultimately, the maximum yield

of ethylene determined was 18% which underwent a 10 ms heating ramp starting at 1250K and
ending at 1650K. The distribution of results indicates that shorter pulses at higher temperatures
were most effective in producing high yields of ethylene. This was attributed to the higher
average temperature of the pulse which increases methane conversion to ethylene and a short
residence time that does not extend beyond the early induction period of the reaction that favors
C2-C3 product formation. Longer pulse durations at higher temperatures exceed this initial

reaction timescale and rapidly begin to degrade the initially formed C2 products into heavier

hydrocarbons which are preferred at equilibrium.
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Figure 19 Map of C2H4 yields at each pulse duration and temperature profile analyzed.
The y-axis accounts for the final temperature of the heating ramp, therefore the initial temperature
is 400K lower at each point.
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Chapter 4

Summary and Conclusion

We studied non-oxidative methane coupling to form ethane on In203 (111), V205 (010),
ZnO (100), and Ga203 (100) metal oxide support with an adsorbed platinum atom. Based on the
energetics from DFT calculations and application of the Murdoch procedure to identify the rate
determining steps of each mechanism and the resulting energy span, platinum adsorbed on Ga;0s
(100) had the lowest energy span and was the only catalyst that was able to form significant
amounts of ethane.

Furthermore, prior work on non-oxidative coupling of methane over a highly selective
catalyst has highlighted the importance of quenching the gas-phase chemistry that is omnipresent
at high temperatures in order to avoid significant selectivity loss.'® Therefore, controlled heat
ramp temperature profiles were studied under short residence times from 10-300 ms. Ultimately,
an applied heating ramp temperature profile from 1250K to 1650K over a 10 ms duration was
determined to significantly improve the yield of ethylene to 18% on the silica supported FeC;

catalyst.
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Appendix A

Supporting Information

Figure 20 Transition state identified for ethane formation on the Pt/In203 (111)
catalyst where Pt is pink, oxygen is red, hydrogen is white, and carbon is orange
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