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Abstract

Silica-supported Pd catalysts can be used to selectively remove oxygen from biomass-derived
carboxylic acids through decarbonylation. This work aims to improve Pd catalyst stability and selectivity
towards desirable products by varying metal particle size as well as by introducing Sn to the catalyst.
Catalysts were prepared by ion exchange or incipient wetness impregnation of metal precursors on
Davisil 636 silica gel supports, followed by calcination in air and reduction in dihydrogen. Monometallic
Pd and Sn catalysts, in addition to chemically-mixed and physically-mixed PdSn catalysts, were tested for
activity in heptanoic acid conversion. Two-stage reactor beds were used to probe the effect of Sn
proximity on Pd. X-Ray diffraction, hydrogen chemisorption, transmission electron microscopy, and X-
ray absorption near edge structure-temperature-programmed reduction were used to characterize the
catalysts.

The stability of the monometallic Pd catalyst during decarbonylation of heptanoic acid was
influenced by the metal particle size, with smaller particles deactivating slower than larger particles.
Whereas catalyst deactivation was reduced by adding Sn to Pd by impregnation, improved stability was
also observed when Sn/SiO, was physically mixed with Pd/SiO,. The physically mixed PdSn initially
produced products characteristic of monometallic Pd, however, the two bimetallic catalysts showed
similar product selectivities after 10 h on stream. The PdSn catalysts also expanded the reaction network
to include hydrogenation and decarboxylative ketonization, with the primary product shifting from
hexene to heptanal. Scanning transmission electron microscopy-energy dispersive spectroscopy of
physically-mixed PdSn catalyst indicated that Sn migrated to the silica support particles containing Pd. In
situ XANES analysis during butyric acid deoxygenation indicated that SnOy is the primary Sn phase

associated with Pd in both the physically-mixed and chemically-mixed catalysts.



The promotional effect of Sn on Pt catalysts for propane dehydrogenation was also explored.
The high temperatures and reducing conditions of the alkane dehydrogenation reaction are substantially
different from the carboxylic acid reactions and likely result in a more reduced state of the Sn promoter.
Bimetallic PtSn catalysts showed improved stability compared to monometallic Pt catalysts, which
deactivated rapidly with time on stream. X-ray diffraction indicated the presence of Pt,Sny alloys in the
bimetallic catalysts, suggesting that alloy phases play a critical role in improving catalyst stability. The
PtSn particles could be regenerated by an oxidative treatment when supported on alumina but not on
silica. Both Sn and trace amounts of carbon on Pt decreased propane hydrogenolysis activity in the

presence of co-fed dihydrogen.
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1. Introduction
1.1. New carbon feedstocks

The chemical industry has long relied on fossil carbon feedstock sources. A renewed focus on
climate change and recent trends in oil prices have made alternative feedstocks, such as biomass' and
natural gas*®, attractive source of carbons for fuels and fine chemicals. Biomass offers a renewable
carbon source with the potential to limit the environmental impact of chemical production.?” Several
methods are being explored to convert biomass to chemicals, many of which rely on different feedstock
sources that will influence the production route.® The cost and viability of petrochemical-scale
production of biomass-derived chemicals can vary significantly depending on the maturity of the
technology. Thus, fundamental research is critical to continue laying the groundwork to allow for
biomass-derived feedstocks to gain a significant market share in the chemical industry.

One such organization working on fundamental research in the area of biomass valorization is
the Center for Biorenewable Chemicals (CBiRC), a US National Science Foundation Engineering Research
Center headquartered at lowa State University. The scientists at CBiRC are divided into three thrusts.
Thrust 1 focuses on developing new enzymatic biocatalysts for converting sugars to desired building
block molecules. Thrust 2 focuses on designing microbes, such as bacteria and yeast, which can house
the new biocatalysts while resisting deterioration due to the produced molecules. Thrust 3 focuses on
catalytically upgrading the biomass-derived feedstock molecules to value-added chemicals. Several
biomass-derived platform molecules for valorization have been identified and are shown in Figure 1.1.
The platform molecules, such as carboxylic acids, furans, and pyrones, contain higher carbon-to-oxygen
ratios compared to those found in fossil carbon-derived molecules. Thus, a critical focus of the research
in thrust 3, particularly in the carboxylic acid testbed, is the deoxygenation of biomass-derived

molecules.® Several deoxygenation paths can occur during the conversion of carboxylic acids including



decarboxylative ketonization , hydrogenation, decarboxylation, and decarbonylation. The reaction path

depends on factors such as the reaction temperature, catalyst, and the presence of H,.
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Figure 1.1: Biomass-derived platform molecules identified and targeted by CBiRC.
https://www.cbirc.iastate.edu/overview/mission/

A significant portion of the published studies investigating the deoxygenation of biomass-
derived carboxylic acids has utilized co-fed dihydrogen that improved catalyst stability but resulted in
fully saturated hydrocarbon products.’> These saturated products are acceptable if the goal is the
production of biomass-derived diesel-like molecules such as n-heptadecane. However, previous work in
CBiRC targeted a-olefin products, which are valuable commodity chemicals, through decarbonylation in
the absence of co-fed dihydrogen.'®'” Several monometallic catalysts included Pt, Pd, and Rh were
found to be active for the decarbonylation of carboxylic acids, as well as the decarboxylation or organic
acids, but suffered from poor stability and selectivity to higher value a-olefin products.?® It was found
that Pd/SiO, was particularly active for the gas-phase deoxygenation of propanoic acid but suffered from

rapid deactivation in the absence of co-fed dihydrogen.!®



In contrast to biomass-derived molecules, natural gas provides immediate drop-in capability as a
feedstock source of light hydrocarbons. Light alkenes are key building block molecules in the chemical
industry with a variety of applications including the production of plastics and chemical intermediates.
Production of light olefins, including ethene, propene, and butenes, traditionally relies on steam
cracking and fluid catalytic cracking of naphtha and other light oil products. #*° The traditional
production route makes it difficult to scale production to meet the growing demand of light olefins such
as propene. Figure 1.2 shows the current and forecasted production of natural gas in the US. Recent
advances in fracking technologies have led to a substantial increase in the supply of light hydrocarbons,
including propane, allowing for chemical companies to more easily scale production of light olefins to
meet growing demands through new on-purpose dehydrogenation facilities.
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Figure 1.2: US dry natural gas production, in trillion cubic feet, by source courtesy of the EIA, found at
https://www.eia.gov/energyexplained/index.cfm?page=natural_gas_where



The cost of crude oil is a rising concern as conventional petroleum sources become scarcer.
Historical data suggests that there was a long-run relationship between oil and natural gas in which the
price of natural gas tracked that of crude o0il.2°2 US natural gas prices have ceased to track oil costs
beginning around 2007 (Figure 3), corresponding with the rapid increase in shale gas exploitation.?>#
Long term trends suggest that natural gas costs will continue to deviate from crude oil prices as long as

shale gas remains a viable light alkane source.? Thus, natural gas offers a long term and low cost source

of propane and other light alkanes that are capable of meeting future depends for key building block

molecules.
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Figure 1.3: Crude oil and natural gas prices.?? Reprinted from Energy Policy, 110, Stephen P.A. Brown,
Natural gas vs. oil in U.S. transportation: Will prices confer an advantage to natural gas?, Copyright
2017, with permission from Elsevier.

Indeed, US propane production from natural gas increased from 12.4 billion gallons to 19.6

billion gallons between 2005-2014.% Of this increase, 7.7 billion gallons in 2005 and 14.8 billion gallons



came from shale gas processing.?®> Propane dehydrogenation (PDH) capacity in the US as of 2016 was
approximately 0.6 million tons per year, with an estimated increase of 4.2 million tons per year due to
current planned and proposed on-purpose PDH plants.?®> Figure 1.4 shows an overview of the
operational and planned on-purpose propane dehydrogenation industrial sites around the world. The
two most widely adopted processes are the Catofin process and Oleflex process. The Catofin process
utilizes a chromium-based catalyst which creates environmental concerns due to the toxicity of
chromium compounds. The Oleflex process, which is the most widely adopted process for on-purpose

PDH, utilizes a Sn-promoted Pt/Al,Os catalyst.
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Figure 1.4: World map showing an overview of propane dehydrogenation installations currently in
operation (filled shapes) and installations that have been announced and are expected to start up
before 2018 (unfilled shapes). The numbers represent the maximum production of each plant (x1000
tons per year). The locations of the facilities are approximations. For some of the newly announced PDH
installations, the industrial process to be used remains to be announced. Reprinted with permission
from Sattler, J. J. H. B., Ruiz-Martinez, J., Santillan-Jimenez, E. & Weckhuysen, B. M. Catalytic
Dehydrogenation of Light Alkanes on Metals and Metal Oxides. Chem. Rev. 114, 10613-10653 (2014).
Copyright 2014, American Chemical Society.*



1.2. Tin as a promoter

The use of a secondary metal as a promoter in industrial bimetallic catalysts dates back to 1968
when Exxon researchers added Re to a Pt/Al,0s reforming catalyst.?® The addition of Re promoter
improved the Pt catalyst stability and improved the yield of valuable aromatic products. Tin promoter
was explored in 1969 because Sn was inert under reforming conditions while Re readily catalyzed
hydrogenolysis reactions.?®?” The Sn promoter reduced the rate of Pt reforming catalyst deactivation by
blocking the sites responsible for coke formation, disrupting the Pt ensembles required for
hydrogenolysis, and improving the ability to regenerate the active sites.??° Similar benefits of Pt
promoted by Sn have been observed during the dehydrogenation of light alkanes. Tin on its own is not
particularly active for dehydrogenation reactions. Instead, promotion of Pt with Sn is known to improve
selectivity to light alkenes while reducing coke formation through ensemble dilution, in addition to
aiding in the oxidative regeneration of Pt catalysts.*30-36

The promotion of Pt group metals with Sn has been explored for a variety of biomass-upgrading
reactions.3* The oxophilic Sh species appear to improve the activation of C-O bonds, facilitating the
deoxygenation reactions that are critical to producing drop-in biomass-derived fuels.***% Indeed,
bifunctional catalysts containing an oxophilic metal, such as Sn or Re, and a reduced metal exhibit
desirable deoxygenation behavior due to the activation of C-O bonds on the oxides and hydrogen
activation on the reduced metal, particularly in the reduction of acids to aldehydes via the reverse Mars
and Van Krevelen mechanism (Figure 1.5).39°%%2 |n the reverse Mars and Van Krevelen Mechanism,
oxygen vacancies in a partially reduced metal oxide activate the C-O bond of a carboxylic acid which are

then cleaved in the presence of hydrogen to form an aldehyde. A metal promoter capable of hydrogen



activation is critical for the hydrogenation of the acid and subsequent regeneration of oxygen vacancies.
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Figure 1.5: Proposed reverse Mars and Van Krevelen mechanism for the hydrogenation of acetic acid
over partially reduced iron oxide.?® Reprinted from Applied Catalysis A: General, 221, T. Yokoyama, N.
Yamagata, Hydrogenation of carboxylic acids to the corresponding aldehydes, Copyright 2001, with
permission from Elsevier.

1.3. Catalyst Synthesis

The catalyst synthesis method plays an important role in developing the final structure and
reactivity of catalysts, particularly when multiple metals are involved. Catalysts can be purchased pre-
made, or more frequently prepared in-house through a variety of synthesis techniques. The most basic
and widely utilized synthesis technique is the incipient wetness impregnation (IWI) technique. The IWI
synthesis method is simply the addition of a metal precursor solutions (i.e. chloroplatinic acid
hexahydrate) to a catalyst support where the volume of precursor solution equal to the pore volume of
the support material. High surface area porous support materials, such as silica, are preferable for

producing well dispersed nanoparticles as they aid in the distribution of the precursor. The solvent for

the precursor is typically water, but can also include ethanol, methanol, acetone, and others. Incipient



wetness impregnation can used to synthesize monometallic, bimetallic, or even trimetallic catalysts. As
the number of metals increases, the order in which they are added can play a significant role in the
structure and reactivity of the catalyst. For example, Pt-Sn catalysts were synthesized through a
sequential impregnation by the addition of Sn precursor prior to Pt precursor, and through co-
impregnation on a silica support.®® Temperature-programmed reduction and chemisorption indicated
that co-impregnation improved the interaction between Pt and Sn resulting in improved catalyst
stability for the dehydrogenation of isobutane.

One method used to improve the nanoparticle dispersion is the ion exchange synthesis
technique. In this synthesis method, catalyst supports are dispersed in a solution in which the pH has
been adjusted to be well above the support material’s point of zero charge. Metal complexes are
electrostatically adsorbed on the catalyst support resulting in well-dispersed nanoparticles following a
mild treatment in H,. For example, well-dispersed Pd/SiO; can be synthesized by adding PdCl,, which has
been dissolved in a basic solution, to a slurry of acid-washed silica.>*** Under basic conditions, the Pd?*
ions can adsorb onto the deprotonated surface hydroxyl groups found on the silica. Acid washing of the
silica is critical to ensuring that the density of hydroxyl groups is sufficient for all of the metal to adsorb.
Metal clusters synthesized by ion exchange on high surface area supports, such as silica gel, are typically
around 1 nm in size and result in nearly all of the metal atoms to be exposed.>*>°

The ion exchange technique can be used to produce well-dispersed catalysts with bimetallic
clusters in the 1 nm range.> However, some elements such as Sn can precipitate under the basic
conditions required to produce a properly exchanged catalyst on a silica support. In these situations, a
colloidal synthesis technique, such as the polyol method, can be employed to control particle size and to
ensure intimate contact between the two metals. The polyol synthesis method utilizes a polyol, such as
ethylene glycol, as the solvent for dissolving common metal precursor salts (i.e. platinum chloride and

tin chloride). The polyol solvents have relatively high boiling points, allowing for the use of elevated



temperatures that are required for synthesizing catalysts that do not easily reduce at low temperatures.
At these elevated temperatures, the polyols are able to reduce metal precursors into nanoparticles
while simultaneously acting as protective capping agents that prevent agglomeration of the metals, thus
controlling the size of the nanoparticles.*® Bimetallic catalysts with controlled compositions, such as

Pt,Sns,%” and controlled size distributions can be obtained through colloidal synthesis technique.>¢8

1.4. Chemisorption

Chemisorption is the formation of an irreversibly adsorbed monolayer of a reactant molecule on
a substrate, such as a catalyst surface.*® This physical phenomenon is exploited as a method for
measuring the available surface sites on a catalyst. Typical probe molecules for measuring the exposed
surface sites of metal nanoparticles include dihydrogen and carbon monoxide. The stoichiometry
between these probe molecules and the catalyst surface will vary depending on the molecule, the metal
on the catalyst, and the nanoparticle size.®® For example, dihydrogen will dissociatively adsorb on Pd
surfaces resulting in a 1:1 H:Pd stoichiometry. In contrast, CO can bridge-bond on Pd surfaces, meaning
that more than one Pd atom can interact with one CO molecule.®!

In a typical chemisorption measurement, the probe gas is dosed in at specific pressures and
allowed to come to equilibrium. The amount of gas adsorbed at each pressure is recorded by the
analysis equipment.®® Figure 1.6 displays the characteristic hydrogen chemisorption isotherms for a
commercial 5 wt% Pt/Al,O; purchased from Sigma-Aldrich. The “Initial” isotherm shows the total mmol
of H, adsorbed per gram of catalyst. The reported chemisorption uptake is calculated by extrapolating
the linear portion of the isotherm to zero pressure in order to estimate the monolayer coverage. After
the “Initial” data collection, the system is pumped down under vacuum, typically for at least one hour,
and the analysis is run a second time. The “Repeat” isotherm shows the uptake on weakly adsorbing

sites, or the sites which the hydrogen was physisorbed and thus removed when the catalyst sample was



subjected to a vacuum. All chemisorption values reported in this dissertation are reported as the total

uptake, or the “Initial” collection of data.

—e— Repeat

Quantity adsorbed (mmol H
o
o
N
<
[ ]
L

T T T T . T T T ! 1
0 100 200 300 400 500
Pressure (mmHgQ)
Figure 1.6: Hydrogen chemisorption isotherm for a 5 wt% Pt/Al,O; catalyst purchased from Sigma-

Aldrich.

It should also be noted that the temperature of the chemisorption analysis will impact the
results.’®>%0 Hydrogen and carbon monoxide chemisorption analysis on metals such at Pt are typically
done at 308 K. However, a bulk Pd-H beta phase will form at 308 K which will ad to the hydrogen uptake
on Pd surface atoms. For this reason, hydrogen chemisorption analysis on Pd is often carried out at
elevated temperatures. The analyses reported in this dissertation utilized 373 K for hydrogen

chemisorption on Pd, which is above the decomposition temperature of the Pd-H beta phase.117>>

1.5. X-Ray diffraction
Powder X-ray diffraction (XRD) is a characterization tool that can reveal valuable information

about a catalyst’s crystal structure and particle size. Characteristic XRD patterns are produced as the
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inner shell electrons of the powder sample reach a sufficient energy that result in intense peaks of
reflected radiation.®? The scattering of the waves within the crystal lattice are governed by Bragg’s law,

shown in equation 1:

nA = 2dsinf Eg. 1

where n is a positive integer, A is the wavelength of the incident wave, and d is the lattice spacing.
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Figure 1.7: lllustration of Bragg diffraction. Image sourced from
https://www.britannica.com/science/Bragg-law.%

An illustration of Bragg diffraction is shown in Figure 1.7. The d spacing identified in an XRD
pattern and the peak location can be used to identify the bulk lattice structures present in a catalyst. In
this dissertation, XRD was frequently used to identify alloy phases that were present in bimetallic
catalysts. Substitution of a different size atom into a metal lattice will shift the diffraction peak position

due to differences in the lattice spacing. For example, substitution of Sn into Pt to form a Pt3Sn alloy
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causes the Pt (111) peak at 39.8° (JCPDS 00-004-0802) to shift to 38.9° (JCPDS 00-035-136) due to the
increase in the d spacing from 2.27 A for Pt (111) to 2.31 A for PtsSn (111). Furthermore, XRD patterns

can be used to estimate the particle size of a catalyst through the Scherrer equation® shown in equation

= K2
- B cos@

Eq. 2

where T is the average size of the nanoparticles, K is a dimensionless shape factor, A is the X-ray
wavelength, 8 is the Bragg angle, and B is the full width half max of the diffraction peak. However, the
accuracy of the Scherrer equation is questionable due to the relative contribution of large particles
compared to smaller particles to XRD patterns due to more scattering events occurring within the larger
particles. Therefore, particle sizes of supported nanoparticles derived from the Scherrer equation should

be validated against chemisorption and microscopy results.

1.6. Electron microscopy

Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM)
are analytical tools that reveal atomic-level insights into catalyst structure and composition. These
microscopy techniques utilize a beam of electrons that is transmitted through a sample to form an
image. High resolution TEM images can reveal details such as particle size distributions and crystal grains
within a nanoparticle sample. Dark-field STEM images can be used to accurately image atomically
dispersed atoms on various catalyst supports. Together, these techniques allow for a relatively accurate
measurement of bimetallic nanoparticle size distributions that are not accurately measured using
techniques such as chemisorption and XRD. Chemisorption can only measure exposed metals that

interact with the probe molecules. In this dissertation, Sn is not active for the chemisorption of
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hydrogen or carbon monoxide. Thus, chemisorption cannot be used to estimate PdSn or PtSn
nanoparticle sizes. X-Ray diffraction is more sensitive towards large particles which makes it ineffective
at measuring the size of very small (~1 nm) particles that may be present in a sample. Microscopy is
therefore the most suited technique for analyzing particle size distributions in bimetallic catalysts when
a wide range of particle sizes are present and when only one metal is active for chemisorption.

Additionally, elemental mapping using energy dispersive X-ray spectroscopy (EDS) is possible
while in STEM mode. Elemental analysis is accomplished by focusing a beam of electrons into a sample.
Electrons from an inner shell are excited and ejected leaving a hole behind. An electron from a higher-
energy shell will fill the hole, releasing an X-ray with equivalent energy to the energy difference of the
two shells.®® The ejected X-rays are measured by an energy-dispersive spectrometer.

The EDS analysis of a catalyst can be used to analyze the composition a single point or to create
a map of several elements and their relative positions.®® Figure 1.8 shows a sample selection of EDS
maps illustrating the location of Pt and Bi with respect to each other on a Pt-Bi bimetallic catalyst.?’ In
Fig 1.8, EDS mapping is used to compare the location of Pt and Bi on the as-prepared catalyst (Figure 1.8
a-d), the catalyst subjected to a pre-treatment condition at 328 K under He in 0.1 M hexanediol (Figure
1.8 e-h), and the catalyst after being used to oxidize 0.1 M hexanediol in an O, environment at 328 K
(Figure 1.8 i-1). The EDS mapping on a state-of-the-art microscope, like the one used to collect the
images in Figure 1.8, can be utilized to map nanoparticles 5 nm and below in diameter. Valuable

information about catalyst restructuring under reaction conditions can be obtained utilized EDS analysis.
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Figure 1.8: STEM-EDS maps of 0.6 Bi-Pt/C (a-d), )0.6 Bi-Pt/C-P (e-h), and 0.6 Bi-Pt/C-R (i-l) including dark-
field STEM images (a,e,i), EDS maps of Pt (b,f,j), EDS maps of Bi (c,g,k) and the overlaid maps of Pt and Bi
(d,h,I). Pt and Bi are shown in blue and red, respectively.Reprinted with permission from Xie, J. et al.

Influence of Dioxygen on the Promotional Effect of Bi during Pt- Catalyzed Oxidation of 1, 6-Hexanediol.
ACS Catal. 6,4206-4217 (2016). Copyright 2016 American Chemical Society®”

1.7. Diffuse reflectance infrared Fourier transform spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a fast and non-
destructive spectroscopic technique that can provide both chemical and structural information about a
solid surface.®® An illustration of diffuse reflectance is shown in Figure 1.9. The DRIFTS spectra are often

reported using Kubelka-Munk units which relate the sample concentration to the scattered radiation

intensity.®>7% The Kubelka-Munk equation is shown in equation 3:
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(1-R)?® k
f(Roo) = 2R =3 Eq.3

where R« is the absolute reflectance of the layer, s is a scattering coefficient, and k is the molar
absorption coefficient.”’ Various probe molecules can be used with the DRIFTS technique including CO,
which can reveal information about exposed metal facets and alloying’?, pyridine to probe for acid
sites’>”3, and CO, to probe for base sites’.

The position of CO bands during IR studies will be influenced by dipole-dipole coupling of
adsorbed CO as well as any electronic promotion effects from alloying. Dipole-dipole coupling can result
in an upward shift of at least 30 cm™ with respect to the singleton frequency.” Dilution of surface
ensembles through alloying increases the distance between CO molecules resulting in a decrease in CO-
CO dipole coupling and a subsequent shift to lower wave numbers. This can be considered a geometric
promotion effect. Electronic, or ligand, effects arise from the donation of electronic charge due to an
added promoter. For example, Pt alloyed with Cu increases the back donation of Pt d-band electrons
into antibonding 2m-orbitals of CO resulting in a weakened Pt-CO bond and a shift to lower absorption
frequencies.” It is difficult to differentiate between the influence of ensemble dilution (geometric
promotion) and ligand effects (electronic promotion) without using techniques such as the isotopic
dilution method that uses mixtures of 2CO and 3CO to remove the effect of CO-CO dipole coupling on
the position of CO-Pt absorption bands. However, significant shifts in the CO absorption bands on Pt-
metalinert Nanoparticles can still be used to identify the presence surface interactions between the two

metals.
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Figure 1.9: lllustration of diffuse reflectance.

1.8. X-Ray absorption spectroscopy

X-Ray absorption spectroscopy (XAS) is a valuable characterization technique that can be used
to determine the oxidation state and local geometry of supported nanoparticles. The collection of XAS
data is generally conducted using synchrotron radiation sources. Each element has a specific energy
required to excite a core electron. For example, the element Sn possesses a K-edge energy of 29.2 KeV.
At this edge energy, a 1s electron in the atom’s core shell will transition to an unoccupied bound state or
to a continuum state at higher energies.

The absorption process of photoelectrons and XAS features are illustrated in Figure 1.10. Two
primary regions exist in XAS data: the near edge and the fine structure. X-ray absorption near-edge
structure (XANES) includes the region very close to the absorption edge. The XANES region is sensitive to

chemical bonding and multiple scattering effects.”® The edge energy location, pre-edge features, and
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white line intensity (maximum intensity of the edge rise) found in the XANES region can be compared to

standard compounds to determine information such as the oxidation state.

(a) (b)
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Figure 1.10: Schematic of the (a) absorption process and (b) absorption coefficient u(E) versus photon
energy E including the fine structure above the edge divided into the XANES and EXAFS regions.”
The fine structure region, known as the extended X-ray absorption fine structure (EXAFS) is
found at photon energies higher than ~30 eV above the edge when the photoelectron is in a free or
continuum state.” In this higher energy region, the EXAFS depends primarily on the atomic arrangement

around the absorber. The coordination numbers, nearest neighbors, and interatomic distances can be

derived from the EXAFS region.

1.9. X-Ray photoelectron spectroscopy

X-Ray photoelectron spectroscopy (XPS) is a technique used to measure the oxidation states and
chemical composition of the outer layers of a material. Samples are irradiated using monoenergetic soft
x-rays. Photoelectrons interact with atoms at depths of tens of angstroms causing electrons to be

emitted by the photoelectric effect, illustrated in Figure 1.11, with kinetic energies given by equation 4:

KE = hv — BE — ¢ Eq. 4
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where hv is the energy of the photon, BE is the binding energy of the atomic orbital from which the
electron originates, and ¢s is the work function of the spectrometer.”® The BE is the difference in energy
between the initial and final states after the photoelectron is ejected. These binding energies for a given
element are unique, thus providing a fingerprint for identifying the presence of elements and their
relative concentrations. In the context of bimetallic catalysts, XPS can reveal information regarding the
surface composition versus bulk composition through a comparison with ICP-OES, as well as the extent
of reduction of oxophilic promoters near the surface of the particles. Shifts in the binding energies arise
due to differences in chemical potential and polarization,”® which can be caused by the influence of a

promoter through alloy formation or electron donation.
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Figure 1.11: The XPS emission process for a model atom. Image sourced from Handbook of X-ray
Photoelectron Spectroscopy. (Perkin-Elmer Corporation, 1992).76

18



1.10. Focus of this work

In this dissertation, the influence of Sn promoter was explored using two different probe reactions.
The first was the conversion of heptanoic acid. The reaction of heptanoic acid over Pd and PdSn catalysts
allowed for the influence of Sn promotor in the presence of oxygenated species to be explored. The
second probe reaction was the conversion of propane which was operated under high temperature

reducing conditions devoid of oxygenated species. The goals of this dissertation are as follows:

1. Understand the influence of Pd particle size on the conversion of heptanoic acid.

2. Elucidate the influence of Sn proximity to Pd catalysts in the presence of oxygenated species.

3. Evaluate the effect of Sn proximity to Pd on its oxidation state.

4. Probe the influence of Sn content and support material on Pt catalysts under reducing
conditions.

5. Investigate the influence of synthesis method on the behavior of Pt-Sn catalysts.

6. Evaluate the influence of co-fed H, during the dehydrogenation of propane over Pt and Pt-Sn

catalysts.
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Chapter 2:

Vapor Phase Deoxygenation of Heptanoic Acid over Silica-Supported

Palladium and Palladium-Tin Catalysts*

*This section is adapted from a manuscript that was published in Journal of Catalysis, Volume 344 of

December 2016, on pages 202-212.

Abstract

Silica-supported Pd and PdSn catalysts were prepared by ion exchange or incipient wetness
impregnation and characterized with H, chemisorption, X-ray diffraction, in situ Sn K-edge X-ray
absorption near edge structure (XANES), and transmission electron microscopy. The activity of the
catalysts was evaluated in the deoxygenation of vapor-phase heptanoic acid at 0.1 MPa and 573 K. A Pd
catalyst synthesized via ion exchange formed nanoparticles of 1.1 + 0.4 nm and was more stable in
heptanoic acid conversion compared to a Pd catalyst synthesized via incipient wetness impregnation
having nanoparticles of 2.4 + 0.5 nm. The addition of Sn to a Pd catalyst by either co-impregnation of
precursors or physical mixing of supported monometallic catalysts improved the overall catalyst
stability. Moreover, Sn addition expanded the reaction network from primarily decarbonylation over Pd
to include dehydration and decarboxylative ketonization over PdSn. Electron microscopy confirmed the
physical migration of Sn during catalytic reaction. In situ XANES analysis during the deoxygenation of a
carboxylic acid suggests that partially reduced SnOy is the active Sn phase associated with Pd

nanoparticles under reaction conditions.
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2.1. Introduction

Biomass is a promising alternative feedstock to petroleum and other fossil carbon sources that is
both renewable and readily available.’ Biomass-derived molecules often contain a significantly higher
oxygen content compared to molecules obtained from fossil resources. Therefore, oxygen must be
selectively removed from those biomass-derived compounds to produce chemicals and fuels. This can
be accomplished via several classes of chemical reactions including decarbonylation, decarboxylation,
decarboxylative ketonization, and dehydration. 7

Interest in the deoxygenation of biomass-derived organic acids has increased because of a
higher demand for biodiesel.® Hydrocarbons can be produced via decarboxylation and decarbonylation
of carboxylic acids. Snare et al. investigated a wide variety of metal catalysts for the transformations,
utilizing stearic acid as the model carboxylic acid to produce the diesel-like molecule n-heptadecane at
573 K.* Continuous flow experiments revealed that Pd/C and Pt/C catalysts deactivate rapidly during
deoxygenation reactions utilizing lauric acid as the model acid,’ depending on the concentration of
carboxylic acid in the feed. Faster deactivation occurred when greater concentrations of lauric acid
contacted the catalyst. The specific cause of catalyst deactivation, however, is not clear. Maki-Arvela et
al. concluded that coking occurs® while others indicate that the carbonaceous species on the catalyst
surface are not associated with traditional coke.'®!! Ping et al. reported that the decrease in the rate of
decarbonylation of stearic acid over Pd/SiO; results from the adsorption of stearic acid on active sites
together with adsorption of unsaturated products and CO.%°

Sun et al. recently demonstrated how the stability of Pd catalysts used in deoxygenation
reactions in 10% H,/He at 533 K depends on the Pd particle size and alloying.!! Larger Pd particles were
more stable for the deoxygenation of octanoic acid and alloying Pd with Au further improved the

stability of the catalyst.
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Recent work by Lopez-Ruiz et al. targeted high value alpha olefins formed by the
decarbonylation of concentrated heptanoic acid without co-feeding dihydrogen.'? Alpha olefins are
valuable commodity chemicals used in the production of plastics, synthetic lubricants, surfactants, and
other materials. Carbon-supported Pt and Pd catalysts were shown to be active for the decarbonylation
of heptanoic acid but suffered from rapid deactivation at 573 K and atmospheric pressure.’*3 Low
selectivity to 1-hexene at high conversions was observed for all tested conditions. Indeed, 20%
selectivity to the desired alpha olefin product was only achieved at conversions below 10% under vapor
phase conditions. The majority of products consisted of internal hexene isomers formed by the rapid
isomerization of 1-hexene.

Previous work has shown that Sn can be a beneficial additive to metal catalysts for a range of
chemical reactions.'* % Electronic effects have been observed in metal-Sn alloys resulting in a decreased
heat of adsorption for CO.2! These reported electronic effects may help decrease the rate of
deactivation due to self-poisoning.?? Furthermore, Chiappero et al. have demonstrated that Pt alloyed
with Sn can improve the selectivity to alpha olefins formed during the deoxygenation of methyl esters
under semi-batch conditions at temperatures ranging from 593 K to 623 K and pressures ranging from
0.2 MPa to 1.14 MPa.?® Alpha olefin selectivity improved from 6.5% over Pt to 23% over PtSn at 623 K.

In the present study, vapor phase deoxygenation of heptanoic acid was investigated over Pd and
PdSn catalysts. In particular, the stability of the catalysts and the selectivity to higher value products
without co-fed dihydrogen were explored. Physical mixtures and two stage catalyst beds were also
examined to probe the influence of Sn proximity on the reactivity of Pd nanoparticles. Advanced
microscopy techniques and X-ray absorption near-edge structure (XANES) spectroscopy were utilized to

characterize the catalysts.
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2.2. Experimental Methods

2.2.1. Catalyst synthesis

Two Pd/SiO;, catalyst samples of nominally 5 wt% each were prepared by ion exchange (IE) or
incipient wetness impregnation (IWI) of the Pd precursor using Davisil 636 silica (Sigma-Aldrich) as a
support. A high dispersion Pd/SiO, sample, denoted as Pd/SiO,-H, was synthesized via IE using methods
modified from a previously described procedure.?® For example, the PdCl, precursor (0.510g, 99%,
Sigma-Aldrich) was dissolved in a solution of agueous ammonia (5.428 cm?® ammonium hydroxide, ACS
plus, Fisher Scientific, in 282 ¢cm? distilled deionized water). The metal solution was added dropwise over
10 min to 5.70 g of acid-washed Davisil 636 silica in 114 cm? of distilled deionized water at 343 K. The
metal salt and silica slurry was stirred for 60 min at 343 K, and then cooled to room temperature. The
mixture was washed with water and vacuum dried overnight. After calcination in flowing air (medical
grade, GTS-Welco) at 673 K for 2 h, the sample was pre-reduced in flowing H, (99.999%, GTS-Welco) at
623 K for 2 h. A low dispersion Pd/SiO, sample, denoted as Pd/SiO,-L, was prepared via incipient
wetness impregnation (IWI) with 10 wt% Pd(NOs),#4NH3 in H,O (99.99%, Sigma-Aldrich), which was
further diluted in water prior to impregnation. The sample was calcined in flowing air (medical grade,
GTS-Welco) at 673 K for 2 h, and pre-reduced at 623 K in flowing H, (99.999%, GTS-Welco) for 2 h.

A Sn/SiO; catalyst sample with nominally 5.6 wt% Sn was also prepared by IWI using SnCl, (98%,
Sigma Aldrich) dissolved in water, calcined in flowing air (medical grade, GTS-Welco) at 673 K for 2 h and
pre-reduced at 623 K in flowing H; (99.999%, GTS-Welco) for 2 h.

Two types of PdSn/SiO, samples were prepared. First, Sn was chemically added to a Pd/SiO,-H
sample containing nominally 2.5 wt% Pd by the incipient wetness impregnation method using an
aqueous solution of SnCl,. After Sn impregnation, the PdSn sample was calcined and pre-reduced using
the same procedure as the Sn/SiO, catalyst. This chemically-mixed sample was denoted as PdSn/SiO,-C.

The chemically-mixed Pd-Sn/SiO,-C sample was prepared with a 1:1 atomic ratio of Pd:Sn having a
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nominal Pd loading of 2.5 wt% and a nominal Sn loading of 2.8 wt%. To prepare a second Sn and Pd
loaded catalyst, the Sn/SiO, sample (5.6 wt% Sn) was mechanically mixed with the Pd/SiO,-H until a
uniform mixture was produced. The physically-mixed bimetallic catalyst, denoted as PdSn/SiO»-P, was
prepared with a 1:1 atomic ratio of Pd:Sn having a nominal Pd loading of 2.5 wt% and a Sn loading of 2.8

wt%. All thermal treatments utilized a temperature ramp rate of 1 K min™,

2.2.2. Dihydrogen chemisorption

The number of available metal surface sites was determined using H, chemisorption on a
Micromeritics ASAP 2020 adsorption system. Each catalyst sample was evacuated for 10 h at 573 K
followed by reduction at 623 K in flowing H> (99.999%, GTS-Welco) for 1 h. After reduction, the system
was evacuated and cooled to 373 K for analysis. The number of available metal sites was determined by
extrapolating the high pressure, linear portion of the isotherm to zero pressure. At 373 K, the

stoichiometric ratio of H to surface Pd is 1:1.132°

2.2.3. X-ray diffraction
Powder X-ray diffraction (XRD) patterns were measured on a PANalytical X’'Pert Pro equipped

with monochromatic Cu Ka-radiation (A=1.54056 A) using a step size of 0.0167113°.

2.2.4. Transmission electron microscopy

The high resolution transmission electron microscopy (HR-TEM) and scanning transmission
electron microscopy (STEM) utilized in the line scan analysis and energy dispersive spectroscopy (STEM-
EDS) maps were performed on an FEI Titan 80-300 operating at 300 kV that is equipped with a Gatan

794 Multi-scan Camera (EFTEM) and an energy dispersive spectrometer for X-ray elemental analysis.

29



Samples analyzed on the FEI Titan 80-300 were prepared by dispersing catalyst samples in cyclohexane
and mounted on holey carbon grids.

Samples for selected area EDS composition analysis were dispersed in ethanol and mounted on
holey carbon grids for examination in a JEOL 2010F 200 kV scanning transmission electron microscope
equipped with an Oxford Aztec Energy Dispersive System for elemental analysis. Images were recorded
in high angle annular dark field (HAADF) mode. Elemental compositions were acquired in selected

regions of the sample, as indicated by "boxes" shown in the HAADF-STEM image.

2.2.5. X-ray absorption near-edge structure

The in situ Sn K-edge X-ray absorption near-edge structure (XANES) analysis during temperature
programmed reduction (TPR) in H; was conducted at the 8C beamline in the Pohang Light Source (PLS)
operating with a 3.0 GeV ring energy and a 300 mA ring current. A Si (111) double crystal
monochromator was employed to vary the X-ray photon energy. The XANES spectra were obtained in
the transmission mode using ionization gas chambers to detect the primary (l,, 100% N,) and the
transmitted (I 70% N,, balance Ar) beam intensities. Higher order harmonic contamination was
eliminated by detuning the monochromator to reduce the incident X-ray intensity by about 30%. Energy
calibration was performed using a standard Sn foil. A self-supported catalyst wafer was loaded into an
in situ quartz reactor with a 25.4 mm external diameter. A quartz sample holder with a 15 mm external
diameter was positioned in the center of the reactor with a thermocouple port located just about the
sample. A mixture of 5% H, in He flowed at 100 cm3 min™? while the temperature ramped at 5 K min*
from room temperature to 673 K. The catalysts examined by XANES were unreduced samples of Sn/SiO5,
PdSn/SiO,-C, and PdSn/SiO,-P. The relative white line intensity of each Sn sample during H>-TPR was

calculated on the basis of the normalized edge jump of Sn foil using: I, =1 (SnOx sample) / I, (Sn foil).
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The in situ Sn K-edge XANES spectra were also collected during butyric acid (99+%, Alfa Aesar)
deoxygenation at the same beamline. Butyric acid was chosen as the probe molecule because of its high
vapor pressure relative to heptanoic acid. A catalyst sample was pressed into a wafer that was placed
directly in the quartz sample holder described above and reduced in situ in 100 cm® min™? 5% H,/He
during a heating ramp of 10 K min™ to a temperature of 623 K, after which the temperature was
constant for 30 min before cooling to the reaction temperature of 573 K. Dinitrogen flowing at 500 cm?
min*was bubbled through liquid butyric acid maintained at room temperature and the mixture was fed

to the catalyst held at 573 K for XANES collection. The TPR results were processed using WinXAS 3.1

software and the in situ deoxygenation reaction results were processed using Athena software.

2.2.6. Catalytic deoxygenation of heptanoic acid

Catalysts were evaluated for activity in the deoxygenation of heptanoic acid in a continuous
upward flow reactor as described previously.!? In summary, the reactor consisted of a 0.64 cm OD x
0.089 cm wall thickness stainless steel tube that is 15 cm in length. A pre-heating section of the same
material was 10 cm in length. Glass wool was placed above and below the catalyst to maintain the
position of the bed. Aluminum heating jackets surrounded the reactor and pre-heating section to
facilitate uniform heat transfer.

A liquid feed consisting of 95 wt% heptanoic acid (>98%, Sigma-Aldrich) and 5 wt% dodecane
(>99%, Sigma-Aldrich) was pumped from an ISCO 500D syringe pump into the pre-heating section where
the feed was vaporized. Dodecane was included in the feed as an internal standard.

The catalysts were reduced in situ with 150 cm® min™ H;, (99.999%, GTS-Welco) at 623 K for 2 h
after heating with a ramp rate of 1 K min™. The reactor was then cooled to 573 K and purged with 200

cm® min™ N, (99.999%, GTS-Welco) for 1 h.
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Liquid-phase products were separated in a condenser positioned above the outlet of the
reactor. Initial time on stream was defined as the time which liquid began to enter the condenser.
Gaseous products were continuously removed by a 7 cm® min? purge of N, (99.999%, GTS-Welco)
through the condenser and fed to an on-line HP 5890 Series Il gas chromatograph equipped with a
ShinCarbon 80/100 packed column and a thermal conductivity detector (TCD). Liquid-phase products
were analyzed using an Agilent 7890 gas chromatograph equipped with a ZB-FFAP column and a flame
ionization detector (FID).

Using the mass transfer criteria on the conversion of heptanoic acid over supported Pt catalysts
described in a previously published paper!?, we verified the lack of internal and external mass transfer

effects on the measured rates over the supported PdSn/SiO, catalysts used in the current work.

2.2.7. Calculation of rates and selectivity
Conversion was defined as the total rate of formation of the deoxygenation products divided by
the molar feed rate of reagent as shown in Eq. 1. In this work, conversion was always less than 20%.

Conversion = (total molar formation rate of hexane + 1-hexene + i-hexene + heptanal + hexadiene + 2
* tridecanone + unknown)/(molar rate of heptanoic acid fed)

(1)

A blank run with SiO, support revealed a background conversion that was below 0.1%, and thus

background conversion was neglected in this study. The reaction rate over monometallic Pd catalysts

was reported as a turnover frequency (TOF), or reaction rate normalized by the number of available

surface sites, to properly account for the difference in Pd particle size between the samples. We

assumed that the particle size of the active Pd catalyst was equal to the size measured on fresh catalyst
sample. The TOF (s?) is therefore calculated according to Eq. 2.

molar rate of heptanoic acid fed

TOF =C J
onversion * moles of surface metal (2)
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Liquid product selectivities were defined by molar rates of product formation divided by total molar rate

of formation of all products as shown in Eq. 3.

molar rate of formation of product, x;

Selectivity = (3)

total molar rate of formation of products, Y x;

Gas phase products, consisting of CO and CO,, were measured relative to a N, standard and reported as
the %CO in the product gas, defined by Eq. 4.

_ Co
%CO0 —m*loo (4)

2.3. Results

2.3.1. Physical properties of Pd/SiO2 and PdSn/SiO; catalysts

Physical properties of the catalyst samples, including results from H, chemisorption and particle
size analysis via electron microscopy, are summarized in Table 1. The Pd/SiO»-H catalyst prepared by the
IE method exhibited the highest H/Pd ratio of 0.80 followed by Pd/SiO,-L (H/Pd = 0.32). Only 6.1% of the
Pd was exposed in the PdSn/SiO,-C despite utilizing the same Pd deposition method to prepare Pd/SiO,-
H. The PdSn/SiO»-P sample mixture also exhibited a decrease in exposed Pd when the sample was
reduced at 623 K in flowing H, prior to H, chemisorption (H/Pd = 0.51). No chemisorbed hydrogen was
detected on Sn/SiO,.

Table 2.1: Physical properties of the Pd, Sn, and PdSn catalysts

Hydrogen . Sur_face- Nominal metal
. . Particle weighted . o
chemisorption . ) loading (wt %)
Catalyst H/Pd ratio diameter® avg.
(mmol H,/g of . b
(nm) diameter
catalyst) Pd Sn
(nm)
Pd/SiOs-L 0.076 0.32 3.1 2.4+0.5 5 -
Pd/SiO,-H 0.19 0.80 1.3 1.1+04 5 -
Sn/SiO, 0 - - - - 5.6
PdSn/SiO,-C 0.0072 0.061 - - 2.5 2.8
PdSn/SiO,-P 0.059 0.51 - 2.5 2.8

aResult estimated from 1/(H/Pd).
bResult calculated from Y. d3 /Y. d? where diameter (d) is measured using STEM images.
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Figure 2.1: Dark field STEM images of fresh a) Pd/SiO,-L, b) Pd/SiO,-H, and c) Sn/SiO,

Figure 2.1 presents dark field STEM images of the fresh monometallic Pd and Sn catalysts. The
STEM images for Pd/SiO,-L and Pd/SiO>-H show well-dispersed nanoparticles in size ranges of 2.4 + 0.5
and 1.1 + 0.4 nm, respectively. As for the Sn/SiO, sample, individual nanoparticles were not observed in
STEM, but the EDS results confirmed the presence of Sn (not shown) suggesting that Sn may be

dispersed as single atoms on Si0,.2° Despite depositing the Pd using a technique shown to produce well-
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