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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 Xray 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/SiO2 was physically mixed with Pd/SiO2. 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 SnOx is the primary Sn phase
associated with Pd in both the physically-mixed and chemically-mixed catalysts.
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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 PtxSny 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 biomass1–3 and
natural gas4–6, 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.2,7 Several
methods are being explored to convert biomass to chemicals, many of which rely on different feedstock
sources that will influence the production route.8 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 Iowa 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.9 Several deoxygenation paths can occur during the conversion of carboxylic acids including
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decarboxylative ketonization , hydrogenation, decarboxylation, and decarbonylation. The reaction path
depends on factors such as the reaction temperature, catalyst, and the presence of H2.

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 biomassderived carboxylic acids has utilized co-fed dihydrogen that improved catalyst stability but resulted in
fully saturated hydrocarbon products.10–15 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 -olefin products, which are valuable commodity chemicals, through decarbonylation in
the absence of co-fed dihydrogen.16,17 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 -olefin products.18 It was found
that Pd/SiO2 was particularly active for the gas-phase deoxygenation of propanoic acid but suffered from
rapid deactivation in the absence of co-fed dihydrogen.18
2

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. 4,19 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.

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
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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 oil.20–22 US natural gas prices have ceased to track oil costs
beginning around 2007 (Figure 3), corresponding with the rapid increase in shale gas exploitation.22,23
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.24 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.

Figure 1.3: Crude oil and natural gas prices.22 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 2005-2014.25 Of this increase, 7.7 billion gallons in 2005 and 14.8 billion gallons
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came from shale gas processing.25 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.25 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/Al2O3 catalyst.

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.4
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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/Al2O3 reforming catalyst.26 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.26,27 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.26–29 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.4,30–36
The promotion of Pt group metals with Sn has been explored for a variety of biomass-upgrading
reactions.37–47 The oxophilic Sn species appear to improve the activation of C-O bonds, facilitating the
deoxygenation reactions that are critical to producing drop-in biomass-derived fuels.46,48–50 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).39,51,52 In 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
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activation is critical for the hydrogenation of the acid and subsequent regeneration of oxygen vacancies.

Figure 1.5: Proposed reverse Mars and Van Krevelen mechanism for the hydrogenation of acetic acid
over partially reduced iron oxide.39 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 premade, 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
7

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 coimpregnation on a silica support.35 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 H2. For example, well-dispersed Pd/SiO2 can be synthesized by adding PdCl2, which has
been dissolved in a basic solution, to a slurry of acid-washed silica.53,54 Under basic conditions, the Pd2+
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.53–55
The ion exchange technique can be used to produce well-dispersed catalysts with bimetallic
clusters in the 1 nm range.54 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

8

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.56 Bimetallic catalysts with controlled compositions, such as
Pt7Sn3,57 and controlled size distributions can be obtained through colloidal synthesis technique.56–58

1.4. Chemisorption
Chemisorption is the formation of an irreversibly adsorbed monolayer of a reactant molecule on
a substrate, such as a catalyst surface.59 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.60 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.61
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.59 Figure 1.6 displays the characteristic hydrogen chemisorption isotherms for a
commercial 5 wt% Pt/Al2O3 purchased from Sigma-Aldrich. The “Initial” isotherm shows the total mmol
of H2 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
9

subjected to a vacuum. All chemisorption values reported in this dissertation are reported as the total
uptake, or the “Initial” collection of data.

Figure 1.6: Hydrogen chemisorption isotherm for a 5 wt% Pt/Al2O3 catalyst purchased from SigmaAldrich.

It should also be noted that the temperature of the chemisorption analysis will impact the
results.16,59,60 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.16,17,55

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.62 The scattering of the waves within the crystal lattice are governed by Bragg’s law,
shown in equation 1:

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

Eq. 1

where n is a positive integer, λ is the wavelength of the incident wave, and d is the lattice spacing.

Figure 1.7: Illustration of Bragg diffraction. Image sourced from
https://www.britannica.com/science/Bragg-law.63

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 Å for Pt (111) to 2.31 Å for Pt3Sn (111). Furthermore, XRD patterns
can be used to estimate the particle size of a catalyst through the Scherrer equation64 shown in equation
2:

𝜏=

𝐾𝜆
𝛽 cos 𝜃

Eq. 2

where τ is the average size of the nanoparticles, K is a dimensionless shape factor, λ is the X-ray
wavelength, θ is the Bragg angle, and β 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
12

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 higherenergy shell will fill the hole, releasing an X-ray with equivalent energy to the energy difference of the
two shells.65 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.66 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.67 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 O2 environment at 328 K
(Figure 1.8 i-l). 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 darkfield 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,l). 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 Society67

1.7. Diffuse reflectance infrared Fourier transform spectroscopy
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a fast and nondestructive spectroscopic technique that can provide both chemical and structural information about a
solid surface.68 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.69,70 The Kubelka-Munk equation is shown in equation 3:
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𝑓(𝑅∞ ) =

(1−𝑅∞ )2
2𝑅∞

=

𝑘
𝑠

Eq. 3

where R∞ is the absolute reflectance of the layer, s is a scattering coefficient, and k is the molar
absorption coefficient.70 Various probe molecules can be used with the DRIFTS technique including CO,
which can reveal information about exposed metal facets and alloying71, pyridine to probe for acid
sites72,73, and CO2 to probe for base sites73.
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-1 with respect to the singleton frequency.74 Dilution of surface
ensembles through alloying increases the distance between CO molecules resulting in a decrease in COCO 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 2-orbitals of CO resulting in a weakened Pt-CO bond and a shift to lower absorption
frequencies.74 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 12CO and 13CO 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 Ptmetalinert nanoparticles can still be used to identify the presence surface interactions between the two
metals.

15

Figure 1.9: Illustration 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.75 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.

Figure 1.10: Schematic of the (a) absorption process and (b) absorption coefficient μ(E) versus photon
energy E including the fine structure above the edge divided into the XANES and EXAFS regions.75

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.75 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 = ℎ𝜈 − 𝐵𝐸 − 𝜙𝑠
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Eq. 4

where h is the energy of the photon, BE is the binding energy of the atomic orbital from which the
electron originates, and φs is the work function of the spectrometer.76 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,76 which can be caused by the influence of a
promoter through alloy formation or electron donation.

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
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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 H2 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 H2 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 SnOx 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.1–3 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. 4–7
Interest in the deoxygenation of biomass-derived organic acids has increased because of a
higher demand for biodiesel.8 Hydrocarbons can be produced via decarboxylation and decarbonylation
of carboxylic acids. Snåre 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.4 Continuous flow experiments revealed that Pd/C and Pt/C catalysts deactivate rapidly during
deoxygenation reactions utilizing lauric acid as the model acid,9 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. Mäki-Arvela et
al. concluded that coking occurs9 while others indicate that the carbonaceous species on the catalyst
surface are not associated with traditional coke.10,11 Ping et al. reported that the decrease in the rate of
decarbonylation of stearic acid over Pd/SiO2 results from the adsorption of stearic acid on active sites
together with adsorption of unsaturated products and CO.10
Sun et al. recently demonstrated how the stability of Pd catalysts used in deoxygenation
reactions in 10% H2/He at 533 K depends on the Pd particle size and alloying.11 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.12 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.12,13 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.14–20 Electronic effects have been observed in metal-Sn alloys resulting in a decreased
heat of adsorption for CO.21 These reported electronic effects may help decrease the rate of
deactivation due to self-poisoning.22 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.23 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/SiO2 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/SiO2 sample, denoted as Pd/SiO2-H, was synthesized via IE using methods
modified from a previously described procedure.24 For example, the PdCl2 precursor (0.510g, 99%,
Sigma-Aldrich) was dissolved in a solution of aqueous ammonia (5.428 cm3 ammonium hydroxide, ACS
plus, Fisher Scientific, in 282 cm3 distilled deionized water). The metal solution was added dropwise over
10 min to 5.70 g of acid-washed Davisil 636 silica in 114 cm3 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 H2 (99.999%, GTS-Welco) at
623 K for 2 h. A low dispersion Pd/SiO2 sample, denoted as Pd/SiO2-L, was prepared via incipient
wetness impregnation (IWI) with 10 wt% Pd(NO3)2•4NH3 in H2O (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 H2 (99.999%, GTS-Welco) for 2 h.
A Sn/SiO2 catalyst sample with nominally 5.6 wt% Sn was also prepared by IWI using SnCl2 (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 H2 (99.999%, GTS-Welco) for 2 h.
Two types of PdSn/SiO2 samples were prepared. First, Sn was chemically added to a Pd/SiO2-H
sample containing nominally 2.5 wt% Pd by the incipient wetness impregnation method using an
aqueous solution of SnCl2. After Sn impregnation, the PdSn sample was calcined and pre-reduced using
the same procedure as the Sn/SiO2 catalyst. This chemically-mixed sample was denoted as PdSn/SiO2-C.
The chemically-mixed Pd-Sn/SiO2-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/SiO2 sample (5.6 wt% Sn) was mechanically mixed with the Pd/SiO2-H until a
uniform mixture was produced. The physically-mixed bimetallic catalyst, denoted as PdSn/SiO2-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-1.

2.2.2. Dihydrogen chemisorption
The number of available metal surface sites was determined using H2 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 H2 (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 1:1.13,25

2.2.3. X-ray diffraction
Powder X-ray diffraction (XRD) patterns were measured on a PANalytical X’Pert Pro equipped
with monochromatic Cu K-radiation (λ=1.54056 Å) 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 (STEMEDS) 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.
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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 H2 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 (1 1 1) 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 (Io, 100% N2) and the
transmitted (It 70% N2, 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% H2 in He flowed at 100 cm3 min-1 while the temperature ramped at 5 K min-1
from room temperature to 673 K. The catalysts examined by XANES were unreduced samples of Sn/SiO2,
PdSn/SiO2-C, and PdSn/SiO2-P. The relative white line intensity of each Sn sample during H2-TPR was
calculated on the basis of the normalized edge jump of Sn foil using: Ir = I (SnOx sample) / Io (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 cm3 min-1 5% H2/He
during a heating ramp of 10 K min-1 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 cm3
min-1 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.12 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 cm3 min-1 H2 (99.999%, GTS-Welco) at 623 K for 2 h
after heating with a ramp rate of 1 K min-1. The reactor was then cooled to 573 K and purged with 200
cm3 min-1 N2 (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 cm3 min-1 purge of N2 (99.999%, GTS-Welco)
through the condenser and fed to an on-line HP 5890 Series II 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 paper12, we verified the lack of internal and external mass transfer
effects on the measured rates over the supported PdSn/SiO2 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 + 1ℎ𝑒𝑥𝑒𝑛𝑒 + 𝑖ℎ𝑒𝑥𝑒𝑛𝑒 + ℎ𝑒𝑝𝑡𝑎𝑛𝑎𝑙 + ℎ𝑒𝑥𝑎𝑑𝑖𝑒𝑛𝑒 + 2
∗ 𝑡𝑟𝑖𝑑𝑒𝑐𝑎𝑛𝑜𝑛𝑒 + 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 )/(𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑒 𝑜𝑓 ℎ𝑒𝑝𝑡𝑎𝑛𝑜𝑖𝑐 𝑎𝑐𝑖𝑑 𝑓𝑒𝑑)

(1)
A blank run with SiO2 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-1) is therefore calculated according to Eq. 2.
𝑇𝑂𝐹 = 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗

𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑒 𝑜𝑓 ℎ𝑒𝑝𝑡𝑎𝑛𝑜𝑖𝑐 𝑎𝑐𝑖𝑑 𝑓𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙
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(2)

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 = 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠,𝑖

(3)

∑ 𝑥𝑖

Gas phase products, consisting of CO and CO2, were measured relative to a N2 standard and reported as
the %CO in the product gas, defined by Eq. 4.
%𝐶𝑂 =

𝐶𝑂
* 100
𝐶𝑂+𝐶𝑂2

(4)

2.3. Results
2.3.1. Physical properties of Pd/SiO2 and PdSn/SiO2 catalysts
Physical properties of the catalyst samples, including results from H2 chemisorption and particle
size analysis via electron microscopy, are summarized in Table 1. The Pd/SiO2-H catalyst prepared by the
IE method exhibited the highest H/Pd ratio of 0.80 followed by Pd/SiO2-L (H/Pd = 0.32). Only 6.1% of the
Pd was exposed in the PdSn/SiO2-C despite utilizing the same Pd deposition method to prepare Pd/SiO2H. The PdSn/SiO2-P sample mixture also exhibited a decrease in exposed Pd when the sample was
reduced at 623 K in flowing H2 prior to H2 chemisorption (H/Pd = 0.51). No chemisorbed hydrogen was
detected on Sn/SiO2.
Table 2.1: Physical properties of the Pd, Sn, and PdSn catalysts

Catalyst

Pd/SiO2-L
Pd/SiO2-H
Sn/SiO2
PdSn/SiO2-C
PdSn/SiO2-P
aResult
bResult

Hydrogen
chemisorption
(mmol H2/g of
catalyst)

H/Pd ratio

0.076
0.19
0
0.0072
0.059

0.32
0.80
0.061
0.51

Particle
diametera
(nm)
3.1
1.3
-

estimated from 1/(H/Pd).
calculated from ∑ 𝑑3 ⁄∑ 𝑑2 where diameter (d) is measured using STEM images.
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Surfaceweighted
avg.
diameterb
(nm)
2.4 ± 0.5
1.1 ± 0.4
-

Nominal metal
loading (wt %)
Pd

Sn

5
5
2.5
2.5

5.6
2.8
2.8

b

a

c

Figure 2.1: Dark field STEM images of fresh a) Pd/SiO2-L, b) Pd/SiO2-H, and c) Sn/SiO2

Figure 2.1 presents dark field STEM images of the fresh monometallic Pd and Sn catalysts. The
STEM images for Pd/SiO2-L and Pd/SiO2-H show well-dispersed nanoparticles in size ranges of 2.4 ± 0.5
and 1.1 ± 0.4 nm, respectively. As for the Sn/SiO2 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 SiO2.26 Despite depositing the Pd using a technique shown to produce well-
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dispersed nanoparticles,24,27–29 a low amount of Pd was exposed to the gas phase in the PdSn/SiO2-C
catalyst. Moreover, a variety of particle sizes was observed in STEM images, ranging from 1 nm to 100
nm (Fig. A1). Drift-corrected EDS line scans were used to characterize the large particles, defined as
those in excess of 75 nm, in both the fresh and used catalyst samples. Those results, presented in Fig.
A2, indicate the presence of both Pd and Sn in the fresh and used samples.

a)
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b)

Figure 2.2: XRD pattern for fresh and used PdSn/SiO2-C from a) 15°-90° and b) zoomed in to 30°-50°.
Used catalyst was tested for heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.

The samples were examined by X-ray diffraction and no features associated with metal particles
were detected on the fresh and used monometallic Pd/SiO2-H catalyst. Figure 2.2 shows the powder Xray diffraction patterns of fresh and used PdSn/SiO2-C together with the positions of selected peaks
from reference Pd (JCDPS 00-005-0681), Pd3Sn2 (JCPDS 00-007-0170), and Pd2Sn(JCPDS 00-026-1297). In
contrast to the results from monometallic Pd/SiO2-H, distinct XRD peaks were observed with fresh and
used PdSn/SiO2-C catalysts. The fresh PdSn/SiO2-C catalyst exhibited a broadened feature with
components at 39.4, 40.2, and 40.7°. The feature positions are close to characteristic XRD peaks of
reference Pd, Pd3Sn2, and Pd2Sn. Used PdSn/SiO2-C exhibited a weak feature at 39.4 characteristic of
Pd2Sn.
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The STEM-HAADF images and results from EDS analyses of a fresh physical mixture of Pd and Sn,
denoted as PdSn/SiO2-P, can be found in the supplemental materials (Fig. A3). The EDS results of the
fresh catalyst sample indicate Pd and Sn are not present on the same support particles. Clearly, the Pd
nanoparticles and the Sn species reside on different silica support particles prior to being subjected to
reaction conditions, including pre-reduction. The EDS analysis of used PdSn/SiO2-P confirmed the
physical migration of Sn after the catalyst was subjected to in situ pre-reduction and reaction conditions
(Fig. A4 and A5). Both Pd and Sn can be found in the same regions of the used catalysts, as well as on
the same support particle (Fig. 2.3). The 3-D STEM-EDS maps (Fig. 2.3) of Pd and Sn illustrate the colocation of the metals with respect to each other in the used PdSn/SiO2-P sample. A 3-D STEM-EDS map
(Fig. 2.4) of used PdSn/SiO2-C, formed by IWI of Sn on Pd/SiO2, is included for comparison.

Figure 2.3: 3-D STEM-EDS map of used PdSn/SiO2-P: a) Pd-L map; b) Sn-L map. Used catalyst was tested
for heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.
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Figure 2.4: 3-D STEM-EDS map of used PdSn/SiO2-C: a) Pd-L map; b) Sn-L map. Used catalyst was tested
for heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.

2.3.2. Catalytic activity in deoxygenation of heptanoic acid
2.3.2.1. Particle size effect

Figure 2.5: a) Conversion and b) TOF of heptanoic acid deoxygenation at 573 K and 0.1 MPa over
Pd/SiO2-L and Pd/SiO2-H. Product selectivities are shown for c) Pd/SiO2-L and d) Pd/SiO2-H.
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Metal particle size is correlated to the stability of catalytic Pd nanoparticles during
deoxygenation reactions of fatty acids when an excess of H2 is present.11 In this study, Pd catalysts with
particles differing in size by about a factor of 2 are compared in an environment devoid of excess co-fed
H2. The conversion of heptanoic acid with time over Pd/SiO2-L and Pd/SiO2-H is shown in Fig. 2.5a. Both
catalysts achieved similar peak conversion of about 17-18% after 1.5 h on stream. The Pd/SiO2-H catalyst
maintained higher conversion after 10 h, exhibiting a 12% conversion of heptanoic acid compared to
4.2% conversion over the Pd/SiO2-L catalyst. At the observed peak of activity, 1.5 h on stream, the
Pd/SiO2-L had a TOF of 0.0045 s-1 compared to Pd/SiO2-H, which had a TOF of 0.0027 s-1. After 10 h on
stream, the TOF exhibited by Pd/SiO2-L had decreased by 71% to 0.0013 TOF s-1. The TOF over Pd/SiO2-H
decreased by 33% to 0.0018 s-1 after 10 h. Evidently initial rate and catalyst stability are inversely related
in this system.
Product distributions characteristic of each monometallic Pd catalyst can be found in Fig. 2.5c
and 5d. The primary liquid phase (C6) product formed over both Pd catalysts is hexene, but more than
70% of these olefinic products are 2 and 3-hexene (i-hexene), while approximately 10% of the product is
1-hexene. Higher selectivity to 1-hexene, the direct alpha olefin product from decarbonylation of
heptanoic acid, is favored at lower conversions, which is consistent with previous studies by Lopez-Ruiz
et al.12,13 The %CO was measured at 0.5 h time on stream and after 10 h time on stream (Table 2). The
total olefin selectivity (1-hexene+i-hexene) is expected to match the %CO in the gas phase products as
both are a result of decarbonylation. The %CO observed at 0.5 h and after 10 h time on stream for both
the Pd/SiO2-L and Pd/SiO2-H are consistent with the observed liquid phase products, i.e. decarbonylation
was the primary reaction path over Pd.
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Table 2.2: The %CO during heptanoic acid conversion at 573 K
%CO
Catalyst
TOS = 0.50 ha
Pd/SiO2-L
Pd/SiO2-H
PdSn/SiO2-C
PdSn/SiO2-P

68
71
8
60

TOS = 10.75 ha
88b
88c
50
39

aTOS

represents time on stream
taken at 10 h time on stream.
cResult taken at 11 h time on stream.
bResult

2.3.3.2. Effect of Sn addition
Monometallic Sn/SiO2 was relatively inactive in heptanoic acid conversion under the examined
reaction conditions at metal loadings comparable to the Pd/SiO2 experiments. For example, conversion
of heptanoic acid after 3 h of time on stream was 0.55%, approximately 0.5% higher than the
background conversion over silica. The primary product over Sn/SiO2 was 7-tridecanone with a
selectivity of 67%. Heptanal, hexadiene, hexane and 1-hexene were the other primary products with
selectivities of 9.7%, 8.4%, 7.4%, and 4.4%, respectively. The remaining 3.1% consisted of an unknown
product. A complete summary of the product distribution formed over Sn/SiO2 can be found in Fig. A6.
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Figure 2.6: a) Conversion of heptanoic acid at 573 K and 0.1 MPa over Pd/SiO2-H, Pd/SiO2-D, PdSn/SiO2C, and PdSn/SiO2-P and selectivity to deoxygenation products over b) PdSn/SiO2-C and c) PdSn/SiO2-P.

The addition of Sn to Pd may have improved the stability of Pd under the deoxygenation
conditions utilized in this study (Fig. 2.6), but the conversions were not consistent between the catalysts.
Most importantly, PdSn/SiO2-C maintained relatively constant 8% conversion of heptanoic acid after the
usual initial break-in period. Likewise, the physical mixture PdSn/SiO2-P exhibited a similar level of
activity and stability as the bimetallic PdSn/SiO2-C catalyst, converting 7% of heptanoic acid after more
than 10 h time on stream. An additional test involving a physical mixture of Pd/SiO 2-H and bare silica,
containing the same amount of Pd/SiO2 as PdSn/SiO2-P and denoted as Pd/SiO2-D, was evaluated to
ensure that the activity and stability of the physical and chemical mixtures of Pd and Sn was the result of
Sn and not the low TOF associated with Pd/SiO2-H. The dilution of Pd/SiO2-H with bare silica, Pd/SiO2-D,
did not alter the product selectivity associated with the monometallic Pd during conversion of heptanoic
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acid. As shown in Fig. 2.6a, the deactivation observed for Pd/SiO2-D, which was tested at the same level
of conversion as the Sn-promoted catalysts, confirms the positive effect of Sn on stabilizing the Pd
catalysts.
The addition of Sn to a Pd catalyst significantly altered the product distribution observed over
monometallic Pd during heptanoic acid conversion. The reaction over PdSn/SiO2-C (Fig. 2.6b) produced
7-tridecanone, formed via decarboxylative ketonization, as a major product with a selectivity of 38% at
0.5 h time on stream. Heptanal, formed via dehydration, was also produced with a selectivity of 28% at
0.5 h time on stream. The selectivities to 1-hexene, i-hexene, hexadiene, and hexane were 3.7%, 2.3%,
1.2%, and 1.2%, respectively. An unknown product was detected at 0.5 h time on stream with a
selectivity of 25%, assuming a similar response factor, but the selectivity decreased to 2% after 2 h. As
the time on stream increased to 10.75 h, the selectivity to 7-tridecanone decreased to 12% and the
selectivity to heptanal increased to 36%. Roughly equal amounts of 1-hexene and i-hexene were
produced with selectivities of 18% and 22 %, respectively, and hexadiene was produced with a
selectivity of 5.9%. Interestingly, hexane was not produced in significant quantities after 10.75 h time on
stream.
Initially, the physical mixture of PdSn/SiO2-P (Fig. 2.6c) had a product distribution that was
largely characteristic of Pd/SiO2-catalyzed heptanoic acid deoxygenation. More than 80% of the initial
products were consistent with a monometallic Pd/SiO2 catalyst, with 7-tridecanone making up the
balance. The product distribution changed with time on stream until the selectivity patterns of
PdSn/SiO2-P and the PdSn/SiO2-C catalysts were nearly identical. Heptanal was the primary
deoxygenated product over the PdSn/SiO2-P catalyst with a selectivity of 42%. Internal double bond
isomers of hexene comprised 14% of the products while 1-hexene was 18%. The 7-tridecanone product
accounted for 15% whereas hexadiene was 9.0% of the products.
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The %CO in the gas phase products observed during the conversion of heptanoic acid over the
PdSn/SiO2-C and PdSn/SiO2-P catalysts is shown in Table 2. The %CO observed over both PdSn catalysts
after 10 h on stream did not match well the selectivity to decarbonylation products. The explanation for
the lower than anticipated %CO observed is unknown, but it might indicate some conversion of CO to
CO2 via the water-gas-shift reaction.

2.3.4. Effect of Sn proximity to Pd
To further probe the promotional effect of Sn on Pd, heptanoic acid was passed through a
reactor containing a Pd/SiO2-H section and a Sn/SiO2 section separated by glass wool to ensure there
was no direct contact between the supported catalysts. The two different catalyst bed configurations
that were tested are illustrated in Fig. 2.7a. The configurations are designated as M1/M2 where M1 was
the catalyst at the bottom of the reactor and was the first to contact the heptanoic acid feed.
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Figure 2.7: a) Configuration of two different catalyst beds in the reactor. Catalyst beds were separated
by glass wool. Configurations are designated as M1/M2 where M1 is the first catalyst to contact the
reagent. b) Conversion of heptanoic acid at 573 K and 0.1 MPa over separated beds of Pd/SiO2-H and
Sn/SiO2. c) Product selectivity during reaction over Pd/Sn configuration. d) Product selectivity over Sn/Pd
configuration.

The general shape of the conversion curves for both configurations (Fig. 2.7b) is nearly identical
to Pd/SiO2-H (Fig. 2.5a) in which there is an increase in conversion to a maximum followed by
deactivation. When heptanoic acid contacted the Pd catalyst first (Pd/Sn), the product distribution
reported in Fig. 2.7c resembled that from a reaction catalyzed by a monometallic Pd/SiO2 catalyst. Most
importantly, 7-tridecanone and heptanal were not observed in the reaction products.
The configuration in which the heptanoic acid contacted Sn/SiO2 prior to Pd/SiO2 (Sn/Pd)
exhibited greater conversion of heptanoic acid compared to the Pd/Sn configuration (Fig. 2.7b). The
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greater heptanoic acid conversion when it contacts the Sn catalyst first is reflected in a new product
distribution (Fig. 2.7d). For the Sn/Pd configuration, 7-tridecanone was formed at a selectivity of 30%
after 10.75 h on stream, whereas i-hexene selectivity was only 42%. The selectivity to 1-hexene and
hexane remained largely unchanged from those produced over the Pd/Sn configuration at 11 and 14%,
respectively.
The percent of CO in the gas phase from each catalyst bed configuration is presented in Table 3.
The %CO is largely consistent with the measured amounts of decarbonylation products versus
decarboxylative ketonization product.
Table 2.3: The %CO during heptanoic acid conversion at 573 K over two separated catalyst beds
%CO
Catalyst
a
configuration
TOS = 0.50 h
TOS = 10.75 ha
Sn/Pd
Pd/Sn
aTOS

64
76

54
94

represents time on stream

2.3.3. In situ XANES analysis
Figure 2.8 shows the Sn K-edge XANES spectra collected over the course of H2 TPR for Sn/SiO2,
PdSn/SiO2-C, and PdSn/SiO2-P catalysts. Compared to bulk SnO230, which has an Eo at 29.2053 keV, all the
unreduced catalyst samples present a very similar spectrum with an identical Eo white line intensity at
298 K, indicating that the oxidation state of Sn in the samples is close to that of SnO 2. During the
temperature ramp in flowing 5% H2/He, the XANES spectrum of Sn/SiO2 revealed a gradual decrease in
the white line intensity up to 508 K (Figs. 8a and 8d), indicating a partial reduction of the supported
SnO2. Addition of Pd, i.e. in PdSn/SiO2-C, promoted a more extensive reduction of the SnO2 as evidenced
by a more substantial decrease in the white line intensity (Figs. 8b and 8d) and likely caused by hydrogen
spill-over31. The white line intensities associated with the physically mixed PdSn/SiO2-P catalyst were
positioned between those of Sn/SiO2 and PdSn/SiO2-C (Figs. 8c and 8d).
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a)

b)

c)

d)

Figure 2.8: In situ Sn K-edge XANES spectra during temperature programmed reduction in 5% H2 of a)
Sn/SiO2, b) PdSn/SiO2-C, c) PdSn/SiO2-P, and d) comparison of white line intensities. Spectra are offset
for clarity.

Figure 2.9 presents the in situ XANES spectra for PdSn/SiO2-C and PdSn/SiO2-P catalysts during
butyric acid conversion at 573K. The XANES spectrum of PdSn/SiO2-P in the presence of butyric acid
remained unchanged from that of pre-reduced PdSn/SiO2-P, indicating the Sn species present under
reaction conditions are likely partially reduced oxides (Fig. 2.9b). The lower intensity of the white line in
the XANES spectrum of pre-reduced PdSn/SiO2-C (Fig. 2.9a) compared to PdSn/SiO2-P (Fig 11b) indicates
the Sn species is more reduced in PdSn/SiO2-C. The presence of butyric acid, however, slightly increased
the white line intensity of PdSn/SiO2-C resulting in an Eo that was very close to that of PdSn/SiO2-P
catalyst (Fig. 2.9b). Thus, the chemical state of the Sn in the bimetallic catalyst during reaction is similar
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to that of the physical mixture.

Figure 2.9: In situ Sn K-edge XANES of a) PdSn/SiO2-C and b) PdSn/SiO2-P during the conversion of
butanoic acid. Spectra for “calcined catalyst” are associated with fresh, unreduced catalyst in flowing N2.
Spectra for “in situ reduction” are associated with the catalyst after reduction in situ at 623 K for 30 min
under 100 cm3 min-1 5% H2/He. Spectra for “reaction conditions” are associated with the catalyst at 573
K after 150 min exposure to butanoic acid in N2.

2.4. Discussion
2.4.1. Structural properties of Pd, Sn, and PdSn catalysts
The lack of XRD features associated with the monometallic catalysts is consistent with the very
high dispersion of the Pd/SiO2 and the Sn/SiO2 samples. In contrast, XRD features were observed for
both the fresh and used PdSn/SiO2-C catalyst, as illustrated in Fig. 2. The expected Pd (111) peak at 40.1°
appeared to be shifted to 39.4 for the fresh and used PdSn/SiO2-C, which is attributed to the
substitution of the larger Sn atom into the Pd lattice. Indeed, the peak at 39.4° is consistent with a
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Pd2Sn alloy.32 An additional peak at 40.7° is observed in the diffraction pattern of the fresh PdSn/SiO2-C
sample, which could suggest a Pd3Sn2 crystal structure, which exhibits a strong diffraction peak at 41.0°.
The peak at 40.7° is, however, absent in the diffraction pattern of the used PdSn/SiO2-C catalyst.

2.4.2. Catalytic performance of Pd, Sn, and PdSn catalysts in deoxygenation of heptanoic acid
2.4.2.1. Activity of Pd catalysts
Deoxygenation of fatty acids over carbon and silica supported noble metal catalysts, including
Pd, has been demonstrated to proceed via decarbonylation and decarboxylation (Schemes 1A and
1B).9,12,13,33 In the present study, the high selectivity to olefin products accompanied by formation of CO
indicates that decarbonylation is the primary route of deoxygenation over monometallic Pd/SiO2
catalysts under the examined reaction conditions. For example, after 10.75 h on stream, hexenes
accounted for 84% of the hydrocarbon products and the %CO found in the gas phase product stream
was 88% (Table 2). The other major product formed over Pd/SiO2 was hexane, with a selectivity of 14%,
which corresponds well to the %CO2 value of 12%. Since the product selectivity exhibited by both
monometallic Pd catalysts was similar, the Pd particle size between 1-2 nm did not affect the preferred
reaction path.
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Scheme 2.1: Deoxygenation of heptanoic acid via A) decarbonylation, B) decarboxylation, C)
decarboxylative ketonization, and D) dehydration.

In contrast, the particle size influenced the stability and TOF of the Pd/SiO2 catalyst. Sun et al.
observed that larger particles experienced less severe deactivation while converting octanoic acid over
Pd/SiO2 in the presence of dihydrogen.11 The opposite result was observed in the current work on
conversion of heptanoic acid in absence of dihydrogen. Results in Fig. 2.5 clearly show the catalyst with
larger Pd particles (Pd/SiO2-L) deactivating faster than the catalyst with smaller Pd particles (Pd/SiO2-H).
Smaller Pd particles may deactivate slower because they are catalyzing the reaction at a lower TOF.
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Lugo-José et al. showed that the TOF for hydrodeoxygenation of propanoic acid over Pd/SiO2 remains
constant when particles are between 3.0-12.4 nm, but decreases by a factor of 2-3 as the Pd particles
decreased in size below 3 nm.34 In the present study, lower TOF of the smaller Pd particles may decrease
the rate of self-poisoning which is manifested as more stable activity of the catalyst.

2.4.2.2. Activity of PdSn catalysts
The physical mixture of Pd and Sn, PdSn/SiO2-P, initially exhibited selectivity in heptanoic acid
conversion that was characteristic of monometallic Pd/SiO2-H. The change in product selectivity over the
PdSn/SiO2-P from primarily decarbonylation (typical of monometallic Pd) to primarily dehydration,
decarbonylation and decarboxylative ketonization suggests the catalyst structure changes under
reaction conditions. The EDS analysis of used PdSn/SiO2-P indicates the physical migration of Sn to the
silica support particles containing Pd nanoparticles. Treatment in H2 appears to facilitate some of the Sn
migration during the pre-reduction step, as indicated by the decreased H/Pd from H2 chemisorption
results observed for the PdSn/SiO2-P compared to the Pd/SiO2-H. However, the change in product
selectivity with time on stream suggests that a more substantial migration occurred when heptanoic
acid flowed over the catalyst.
The migrating Sn species during reaction are hypothesized to be volatile tin carboxylates formed
via the reaction between SnOx species and heptanoic acid.35 These tin species may decompose on Pd
sites located on and within nearby silica particles or simply be deposited on the silica support.35 The
SnOx species present in the fresh PdSn/SiO2-P catalyst are extremely well dispersed as indicated by the
lack of observable particles by HR-TEM. The very low heptanal formation rate observed over the Sn/Pd
reactor configuration compared to that observed from the PdSn/SiO2-P and PdSn/SiO2-C catalysts
indicates Sn species are incapable of migrating through the glass wool separating the Sn and Pd catalyst
beds.
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In situ XANES studies suggest that a Pd and Sn bulk alloy is not likely the active phase of the
bimetallic system. Migration and redeposition of Sn in the physical mixture PdSn/SiO2-P forms a partially
reduced SnOx that was responsible for the production of heptanal under reaction conditions. Metal
oxide catalysts possessing moderate strength metal-oxygen bonds, including Fe2O3 and SnO2, have been
shown to be selective for dehydration of carboxylic acids in the presence of H2 through a reverse Mars
and Van Krevelen mechanism (Scheme 1D).36–38 Addition of a metal capable of hydrogen spillover, such
as Pt, facilitates reduction of the metal oxide, thus promoting aldehyde formation.38,39 The hydrogen
required to form oxygen vacancies may come from the water-gas shift reaction on Pd sites. Such a side
reaction is consistent with the observed discrepancy of %CO observed for both PdSn/SiO2-C and
PdSn/SiO2-P.
The product distribution from heptanoic acid conversion over bimetallic PdSn/SiO2-C changed
throughout the course of the 10.75 h run. The XRD patterns for the fresh and used bimetallic catalyst
indicate a change in crystal structure of the metal particles after exposure to reaction conditions.
Nevertheless, the in situ XANES study of PdSn/SiO2-C during butyric acid conversion confirms partially
reduced SnOx species are similar to those present on the physical mixture. Carboxylic acids containing
two -hydrogens, such as heptanoic acid, will undergo decarboxylative ketonization on metal oxide
surfaces that do not contain a prevalence of oxygen vacancies.37,38 Evidently, the initial state of
PdSn/SiO2-C favors production of 7-tridecanone (Fig. 2.6b) which decreases at later times on stream.

2.4.2.3. Stability of PdSn catalysts
The SnOx species surrounding Pd sites in both physically-mixed and chemically-mixed PdSn/SiO2
catalysts appear to promote the stability of the catalyst. Prior work demonstrated SnO x can supply
oxygen-containing species that oxidatively remove CH3CO and CO adsorbed on adjacent noble metal
sites.40,41 In addition, Pd-promoted SnOx/SiO2 has been reported to exhibit higher rates of CO oxidation
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compared to unpromoted SnOx/SiO2.17 Thus, removal of product CO and unreacted heptanoic acid might
be facilitated by the presence of Sn. Although an alloy phase was detected in the chemically mixed
PdSn/SiO2-C, we suspect it resides in the few large bimetallic particles that would likely be irrelevant in
the reaction.

2.5. Conclusion
The reactivity of silica-supported Pd, Sn, and PdSn bimetallic catalysts was evaluated in the
conversion of heptanoic acid. Whereas monometallic Pd converted heptanoic acid primarily through
decarbonylation, addition of Sn altered the reaction network to include dehydration and
decarboxylative ketonization. In addition to altering the product distribution, addition of Sn to Pd
improved the stability of the catalyst. Physically-mixed PdSn/SiO2-P and chemically-mixed PdSn/SiO2-C
catalysts exhibited similar rates and selectivites after long times on stream, suggesting the final state of
the catalyst is similar in both cases. Characterization of a used catalyst revealed a physical migration of
Sn to Pd during reaction over the physical mixture. Analysis of Sn K-edge XANES suggests that the
chemical state of Sn on the PdSn catalysts is a SnOx species that forms under reaction conditions.
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Chapter 3:
Propane Dehydrogenation over Supported Pt-Sn Nanoparticles*

*This section is adapted from a manuscript that was submitted to the Journal of Catalysis in June 2018.

Abstract
The influences of support (SiO2 versus Al2O3), synthesis method (impregnation versus colloidal
synthesis) and Sn loading on the performance of Sn-promoted Pt nanoparticles for propane
dehydrogenation to propene at 773 K were explored. Catalysts were characterized extensively by X-ray
diffraction, temperature-programmed reduction/oxidation, chemisorption, electron microscopy, X-ray
photoelectron spectroscopy, and DRIFTS of adsorbed CO. Catalyst stability and selectivity to propene
were correlated with extent of Pt-Sn interactions within the nanoparticles, which was favored at high Sn
loading, and when the particles were supported on a weakly interacting carrier such as silica. However,
oxidative regeneration irreversibly deactivated bimetallic nanoparticles on silica relative to those on
alumina. The extended performance of Sn-promoted Pt catalysts is an optimization of the Pt-Sn
interactions with the ability to oxidatively redisperse the metals during regeneration.
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3.1. Introduction
Improvements to fracking technology have increased the availability of natural gas and natural
gas liquids thus decreasing the cost of chemicals production.1 The abundant supply of light
hydrocarbons has motivated the development of processes for on-purpose dehydrogenation of light
alkanes to alkenes that are key building-block molecules in the plastics and specialty chemicals
industries.1,2 Several processes that have been commercialized utilize chromium-based catalysts, which
suffer from environmental concerns,2,3 or platinum-based catalysts.2 Supported Pt catalysts in particular
are highly active for the dehydrogenation of light alkanes, including the conversion of propane to
propene. Unfortunately, Pt is also known to catalyze hydrocarbon hydrogenolysis and coke formation at
the conditions required for alkane dehydrogenation.2,4–8 Platinum is therefore typically promoted by a
second metal such as Ga9, Cu10, Zn11,12, and Sn2,5.
Tin is a well-known promoter of Pt group metals that has been studied in a wide variety of
reactions.13–27 For example, the addition of Sn to Pt propane dehydrogenation catalysts increased
selectivity to propene while decreasing catalyst deactivation due to coke formation.5,7,8,28–30 The
promotional role of Sn on Pt catalysts has been attributed to both electronic and geometric effects.2,5,31–
34

Electronic promotion is proposed to occur by the donation of electronic charge from Sn to Pt, which

decreases the heat of ethene32,34 and propene31 adsorption as well as increases the barrier for
dissociative adsorption of light alkanes,31 which is postulated to be the rate determining step for the
dehydrogenation of propane on Pt.2,5,35–37 As an increased barrier of the dissociative chemisorption of
propane will slow the rate of propane dehydrogenation, there is a trade-off between catalytic activity
and stability of Pt-Sn alloys with varying Sn content. Density-functional theory was used to determine
that the binding strength of 1-propyl, a key surface intermediate during the dehydrogenation of
propane, decreases with increasing Sn-alloy content in the following series: Pt(111) > Pt3Sn > Pt2Sn >
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PtSn2.31 The decrease in binding energy of dehydrogenated species on the Pt surface lowers the steady
state coverage of these unsaturated molecules, inhibiting deep dehydrogenation and coke formation.
The geometric effect of adding Sn to Pt results from the dilution of Pt ensembles. Large
ensembles of Pt surface atoms are required for some undesired side reactions including deep
dehydrogenation, which leads to coke formation, and hydrogenolysis. Thus, surface dilution of Pt
ensembles is thought to enhance selectivity to propene during propane dehydrogenation while
decreasing coke formation.2,4,28–30,32,37 The presence of Sn atoms has also been suggested to improve the
regeneration of deactivated Pt/Al2O3 by acting as nucleation sites for mobilized Pt atoms during
oxidative treatments.4,30,38,39
The mode and extent of Sn promotion of Pt depends on many factors including synthesis
method and catalyst support. For example, co-impregnation of an acidic solution containing SnCl2 and
H2PtCl6 forms the bimetallic PtCl2(SnCl3)22- complex that results in a high degree of Pt-Sn interaction
during the post-synthesis thermal treatment.5,30,40 Direct reduction of Pt-Sn/SiO2 prepared by incipient
wetness impregnation was more active than analogous samples treated in inert gas or air prior to
reduction.41 Additionally, the composition of the catalyst support influences the interactions between Pt
and Sn. A support such as SiO2, which interacts weakly with the metals, allows for a greater extent of
metal interaction with themselves, resulting in a higher degree of alloy formation.2,5,42,43 On the
contrary, a support such as Al2O3, which interacts strongly with Sn, stabilizes the promoter in an oxidized
state.2,5,8,44 Alloy formation has only been observed on Al2O3-supported PtSn catalysts with high Sn
loadings.44,45 The Sn is typically found near the Pt-Al2O3 interface or on Pt defect sites as determined by
FTIR spectroscopy utilizing CO as a probe molecule.46
Advanced synthesis techniques have been employed recently to produce a narrow size
distribution of nanoparticles as well as specific Pt:Sn ratios within those nanoparticles. Particle size is
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known to influence catalyst stability and product selectivity for monometallic Pt catalysts47,48 and
bimetallic PtSn catalysts.32 Step sites on monometallic Pt catalysts, which dominate the activity on
smaller particles,48 bind propene more strongly and can lead to the formation of deep dehydrogenation
products during propane dehydrogenation.31 A narrow particle size distribution for the monometallic
and bimetallic catalysts can be achieved using colloidal synthesis techniques.23,32,49–52 In addition,
manipulation of nanoparticle composition will influence the alloy phases that are produced. For
example, increasing the atomic Sn content from 97:3 (Pt:Sn) to 75:25 has been show to increase the
content of Pt3Sn alloy as evidenced by powder X-ray diffraction.52
In the present study, the dehydrogenation of propane to propene was investigated over Pt and
PtSn catalysts. In particular, the influence of the catalyst support (SiO2 versus Al2O3) and the Sn loading
on the catalyst stability and selectivity were investigated, with and without co-fed H2. The performance
of colloidal PtSn nanoparticles synthesized using a modified polyol method is compared to those
synthesized by incipient wetness impregnation. The influence of Sn and the support on the regeneration
of catalysts was also explored.

3.2. Experimental methods
3.2.1. Catalyst synthesis
Nominal 1 wt% Pt/SiO2, denoted as 1Pt/SiO2, was synthesized via incipient wetness
impregnation (IWI) using H2PtCl6•6H2O (>37.5% Pt, Sigma-Aldrich) dissolved in distilled, deionized (DI)
water. The catalyst was supported on Davisil 636 SiO2 (Sigma-Aldrich). Following impregnation, the
catalyst was dried overnight in air at 393 K and treated in 100 cm3 min-1 H2 (99.999%, GTS-Welco) at 923
K for 3 h following a 1 K min-1 ramp rate. Alumina-supported nominal 1wt% Pt/Al2O3, denoted as
1Pt/Al2O3, was synthesized by IWI utilizing Al2O3 with a mixed phase (pore size 58Å, ~150 mesh, Sigma-
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Aldrich 267740) and H2PtCl6•6H2O. Following impregnation, the catalyst was dried overnight in air at 393
K and treated in 100 cm3 min-1 air (medical grade, GTS-Welco) at 773 K for 3 h following a 1 K min-1 ramp
rate. After cooling to room temperature, the 1Pt/Al2O3 catalyst was reduced in 100 cm3 min-1 H2 at 923 K
for 3 h following a 1 K min-1 ramp rate.
Bimetallic Pt-Sn/SiO2 catalysts were synthesized by IWI using H2PtCl6•6H2O and SnCl2 (98%,
Sigma-Aldrich) precursors and Davisil 636 SiO2 (Sigma-Aldrich) as the catalyst support. The Pt and Sn
precursors were co-impregnated in an HCl (ACS reagent, 37%, Sigma-Aldrich) solution diluted in DI water
with an HCl to SnCl2 molar ratio of 3 to 1. The catalysts were dried overnight in air at 393 K and then
treated in 100 cm3 min-1 H2 at 923 K for 3 h following a 1 K min-1 ramp rate. The bimetallic catalysts had a
nominal loading of Pt of 1 wt% and a nominal loading of Sn ranging from 0.2 wt% to 2.4 wt%. These
catalysts were denoted as 1PtxSn/SiO2 where x is the nominal Sn weight loading.
Bimetallic Pt-Sn/Al2O3 catalysts were synthesized by IWI using H2PtCl6•6H2O and SnCl2
precursors and the mixed phase Al2O3 support. The Pt and Sn precursors were co-impregnated in an HCl
solution utilizing the same dilution and HCl:SnCl2 molar ratio as the bimetallic SiO2-supported catalysts.
The bimetallic samples were subsequently treated in air and H2 following the same protocol used to
prepare monometallic Pt/Al2O3. The bimetallic alumina-supported catalysts were denoted as
1PtxSn/Al2O3 where x is the nominal Sn weight percent.
A bimetallic nominal 1 wt% Pt and 0.6 wt% Sn supported on SiO2 catalyst was also synthesized
by a modified polyol method.49 In summary, 0.18 g NaOH (reagent grade ≥98%, Sigma-Aldrich) was
dissolved in 50 cm3 ethylene glycol (99.8%, anhydrous, Sigma-Aldrich) at 323 K. The solution was cooled
to room temperature followed by the addition of 0.053 g PtCl4 (99.99%, Sigma-Aldrich) and 0.030 g
SnCl2. The metal precursor solution was stirred for 1 h at room temperature before 2.952 g of SiO2 was
added under stirring conditions. The slurry was then rapidly heated to 463 K where it was held for 2 h
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and stirred under reflux. The mixture was cooled to room temperature, thoroughly washed with DI
water, and dried under vacuum. The catalyst was dried overnight in air at 393 K. Lastly, the catalyst was
treated in 100 cm3 min-1 air (medical grade, GTS-Welco) at 723 K for 1 h to remove any remaining
ethylene glycol, cooled to room temperature, and then treated in 100 cm3 min-1 H2 (99.999%, GTSWelco) at 773 K for 3 h. All ramp rates were 1 K min-1. This polyol-synthesized bimetallic catalyst was
denoted as 1Pt0.6Sn/SiO2-P.
A second bimetallic catalyst synthesized by the polyol method composed of 1 wt% Pt and 0.6
wt% Sn supported on Al2O3 was also prepared.49 For this sample, 0.30 g NaOH was dissolved in 50 cm3
ethylene glycol (99.8%, anhydrous, Sigma-Aldrich) at 323 K. The higher concentration of NaOH, relative
to that used for 1Pt0.6Sn/SiO2-P synthesis, was utilized to ensure that the solution pH was above the
point of zero charge for Al2O3. The solution was then cooled to room temperature followed by the
addition of 0.053 g PtCl4 and 0.030 g SnCl2. The solution containing the metal precursors was stirred for
1 h at room temperature before 2.952 g of Al2O3 was added under stirring conditions. The slurry was
then rapidly heated to 463 K and stirred for 2 h under reflux. The recovered solid was treated the same
way as the 1Pt0.6Sn/SiO2-P catalyst. The polyol-synthesized Al2O3-supported bimetallic catalyst was
denoted as 1Pt0.6Sn/Al2O3-P.
Catalyst compositions of some of the samples were analyzed using inductively coupled plasma
optical emission spectroscopy (ICP-OES) provided by Galbraith Laboratories, Inc. (2323 Sycamore Drive,
Knoxville, TN 37921). Sample calculations for Weisz-Prater criterion can be found in the Supplemental
Materials.
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3.2.2. Catalyst characterization
3.2.2.1. Chemisorption of H2 and CO
The number of exposed Pt surface sites was estimated by H2 and CO chemisorption using a
Micromeritics ASAP 2020 automated adsorption analyzer. All IWI-synthesized catalysts were heated ex
situ at 923 K (or 773 K for polyol-synthesized catalysts), in flowing H2 for 3 h prior to chemisorption
analysis. The catalysts were heated in situ at 1 K min-1 to 723 K under H2 (99.999%, GTS-Welco) and held
at temperature for 2 h. The samples were then cooled to 473 K and evacuated for 2 h before being
cooled to 308 K for H2 chemisorption. This sequence was repeated for CO chemisorption using the same
sample without exposure to air. The amount of exposed Pt was calculated using the total amount of
adsorbed H2 or CO extrapolated to zero pressure. Nominal weight loadings were used for the
calculations of H/Pt and CO/Pt unless otherwise noted.
3.2.2.2. X-Ray diffraction
X-Ray diffraction patterns of the powder samples were measured using a PANalytical X’Pert Pro
equipped with monochromatic Cu Kα-radiation (λ=1.54056Å) utilizing a scan rate of 0.0088 ° s-1 from 15°
to 90°.
3.2.2.3. Temperature-programmed reduction
The Al2O3-supported Pt and Pt-Sn catalysts were probed with temperature programmed
reduction (TPR) using a Micromeritics Autochem II 2920 equipped with a thermal conductivity detector
(TCD). Approximately 100 mg of catalyst that was freshly calcined in flowing air from the synthesis
procedure (prior to reduction in H2) was heated at a rate of 5 K min-1 in 5% H2/Ar (GTS-Welco) to 1073 K.
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3.2.2.4. Transmission electron microscopy
Samples analyzed by scanning transmission electron microscopy (STEM) were prepared by
dispersing the powders in cyclohexane (99.5%, anhydrous, Sigma-Aldrich) and sonicating for 1 h before
mounting on Cu-supported holey carbon grids. The catalyst samples were imaged using an FEI Titan 80300 operating at 300 kV.
3.2.2.5. X-Ray photoelectron spectroscopy
X-Ray photoelectron spectroscopy (XPS) was performed using a Phi VersaProbe III with a
monochromatic Al K X-ray source (1486.6 eV) and a hemispherical analyzer. A magnetic lens with a 100
μm spot size was utilized with a pass energy of 26 eV for region scans at 50 ms per step. Charge
compensation was utilized with a low energy external Ar ion flood gun and an internal electron flood
gun at 1 eV. Spectra were deconvoluted utilizing CasaXPS. The Si 2p3/2 peak for SiO2 (103.5 eV) was used
to reference the peak positions. Peak areas were calculated after subtracting the background and
utilizing curve fitting parameters for Pt and Sn reported previously.53
3.2.2.6. Diffuse reflectance infrared Fourier transform spectroscopy
A Bruker BioRad FTS-60A FTIR spectrometer equipped with a Harrick praying mantis diffuse
reflectance cell with KBr windows was used for the diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) experiments. The spectra are reported in Kubelka-Munk units and were averaged
over 150 scans collected at 1 cm-1 resolution. Alumina-supported catalysts were used as prepared. Silicasupported catalysts were diluted to 50 wt% in Al2O3, which was previously calcined at 773 K, and lightly
ground with a mortar and pestle. Samples were loaded into the diffuse reflectance cell and treated in 20
cm3 min-1 H2 (passed through an OMI-2 purifier) at 773 K for 1 h following a 2 K min-1 ramp rate.
Catalysts were then cooled to 303 K and purged for 30 min with 30 cm3 min-1 He (99.999%, GTS-Welco,
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passed through an OMI-2 purifier). Carbon monoxide (99.9%, GTS-Welco) was passed through a SiO2
trap maintained at 195 K to remove carbonyls. The CO was diluted to approximately 1% in He to give a
total flow rate of approximately 100 cm3 min-1. The catalyst sample was exposed to the dilute CO for 30
min, and was subsequently purged with He. Spectra were collected starting 15 min after the beginning
of the He purge and were recorded every 15 min thereafter.
3.2.2.7. Catalytic dehydrogenation of propane
The catalytic dehydrogenation of propane to propene was performed in a stainless steel
continuous flow reactor in a downward configuration with a 0.64 cm OD. A stainless steel pre-heater
section was located above the reactor. The catalyst bed was supported by quartz wool. For reactions
targeting 2% initial conversion of propane and the effect of co-fed H2, catalysts were diluted with SiO2 to
give a total bed loading of about 300 mg. For reactions in which deactivation and regeneration of the
catalyst were studied, the catalysts were used without diluent. The undiluted catalyst allowed for the
recovery of used catalyst material for additional characterization. Once loaded, catalyst was heated at 1
K min-1 in 100 cm3 min-1 H2 (99.999%, GTS-Welco) and held at 923 K for 3 h for IWI-synthesized catalysts
and at 773 K for polyol-synthesized catalysts. The reactor was then cooled to 773 K and purged with 60
cm3 min-1 N2 (99.999%, GTS-Welco) before initiating the flow of the propane feed mixture. The feed
consisted of 25% propane and 75% N2 with total flow rate varying from 40 cm3 min-1 to 200 cm3 min-1.
Experiments utilizing co-fed H2 had a molar ratio of 1:2:5 for H2:propane: N2. An Agilent 7890A gas
chromatograph equipped with a flame ionization detector and an HP-PLOT/Q column was used to
analyze the reaction products.
The influence of regeneration conditions was investigated by utilizing a synthetic air blend
consisting of 20.7% O2 with balance He (GTS-Welco) to mimic the oxidation treatment required to
remove coke. Typically, catalysts were first used for propane dehydrogenation for 24 h. The reactor was
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subsequently purged with 60 cm3 min-1 N2 (99.999%, GTS-Welco) for 1 h at reaction temperature. The
coke deposits were removed by treatment in 80 cm3 min-1 of synthetic air at 773 K for 1 h and then
purged for 1 h with 60 cm3 min-1 N2. Finally, the catalysts were re-reduced in situ at 773 K in 100 cm3
min-1 in flowing H2 for 2 h and purged for 1 h with 60 cm3 min-1 N2 prior to resuming the flow of the
reaction gas mixture.
Equilibrium conversion at 773 K was calculated to be 33% for a 1:3 propane:N2 feed ratio and
19% for a 1:2:5 H2:propane:N2 feed ratio. The Wiesz-Prater criterion was used to verify the absence of
mass transfer limitations.
3.2.2.8. Temperature-programmed oxidation of coked samples
The weight percent of coke formed on each catalyst was measured using a TA Instruments SDT
Q600 thermogravimetric analyzer (TGA). Approximately 4-10 mg of used catalyst sample was placed in a
small Al2O3 cup that was heated in 20.7% O2/He (GTS-Welco) to 1073 K at a rate of 10 K min-1 for Al2O3
catalysts and 20 K min-1 for SiO2 catalysts. Results from the Al2O3 catalyst support were used to subtract
background water loss from Al2O3-supported catalysts.

3.2.3. Calculation of rate, selectivity, and deactivation
The typical products observed during propane dehydrogenation reactions included methane,
ethane, ethene, and propene. The conversion of propane was calculated on a carbon basis as shown in
equation 1:
∑ 𝑛 𝐹𝑖

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 𝑋 = ∑ 𝑛 𝐹 +3𝐹𝑖
𝑖 𝑖

𝑝𝑟𝑜𝑝𝑎𝑛𝑒

(1)

where ni is the number of carbons in product i flowing at molar flow rate of Fi. The selectivity to propene
was defined on a carbon basis as shown in equation 2:
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𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

3𝐹𝑝𝑟𝑜𝑝𝑒𝑛𝑒

(2)

∑ 𝑛 𝑖 𝐹𝑖

The rate of catalytic conversion of propane was defined as the conversion of propane (equation 1)
multiplied by the molar flow rate of propane (Fpropane) as show in equation 3:
𝑅𝑎𝑡𝑒 = 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 × 𝐹𝑝𝑟𝑜𝑝𝑎𝑛𝑒

(3)

Rates were sometimes normalized by the initial rate of propane conversion, which was estimated by
extrapolation back to time zero. Site-time-yields (STY) were calculated by normalizing the rate by the
amount of exposed Pt measured by CO chemisorption. A first-order deactivation mechanism was
assumed to estimate the initial rate of catalyst deactivation.2,54 The deactivation coefficient, kd (h-1) is
defined by equation 4:

𝑘𝑑 =

1−𝑋𝑡
1−𝑋𝑠𝑡𝑎𝑟𝑡
−ln
𝑋𝑡
𝑋𝑠𝑡𝑎𝑟𝑡

ln

𝑡

(4)

where Xstart is defined as the initial conversion at zero time on stream, Xt is the conversion at time t,
which is defined here as 0.83 h.
A long term deactivation parameter D quantifies the deactivation of the catalyst after the initial rapid
decline in activity over the first 0.83 h on stream and is defined by equation 5:

𝐷=

𝑋𝑡 −𝑋𝑒𝑛𝑑
𝑋𝑡

(5)

where Xt is the conversion at time t, defined at 0.83 h on stream, and Xend is the conversion after 3.1 h on
stream.
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3.3. Results
3.3.1. Catalyst characterization
3.3.1.1. Chemisorption of H2 and CO
Table 3.1 shows the H2 and CO chemisorption results on both SiO2- and Al2O3-supported Pt and
Pt-Sn catalysts. The H/Pt and CO/Pt for 1Pt/SiO2 were 0.33 and 0.30, respectively, while the H/Pt and
CO/Pt for 1Pt/Al2O3 were 0.50 and 0.51, respectively, indicating excellent agreement between the
adsorption of the two probe molecules on the monometallic catalysts.
Table 3.1: Results from chemisorption of H2 and CO on Pt and Pt-Sn catalysts
Catalyst
H/Pt
1Pt/SiO2
0.33
1Pt0.2Sn/SiO2
0.083
1Pt0.6Sn/SiO2a,b
0.044
1Pt1.2Sn/SiO2
0.019
1Pt2.4Sn/SiO2
0.0033
1Pt/Al2O3
0.50
1Pt0.2Sn/Al2O3
0.43
1Pt0.6Sn/Al2O3c
0.33
1Pt1.2Sn/Al2O3
0.20
1Pt2.4Sn/Al2O3
0.14

CO/Pt
0.30
0.11
0.081
0.070
0.033
0.51
0.64
0.61
0.56
0.49

aThree

separate chemisorption analyses were averaged to obtain the H/Pt and CO/Pt for 1Pt0.6Sn/SiO 2.
data was used to calculate H/Pt and CO/Pt for 1Pt0.6Sn/SiO2. The Pt wt% was 0.94% and the Sn wt% was 0.61%.
cICP-OES data was used to calculate H/Pt and CO/Pt for 1Pt0.6Sn/Al O . The Pt wt% was 0.93% and the Sn wt% was 0.68%.
2 3
bICP-OES

For the Pt-Sn/SiO2 catalysts, both the H2 and CO uptake were inhibited as the Sn content
increased. Interestingly, the uptake of H2 was inhibited by Sn to a greater extent than the uptake of CO.
Chemisorption of H2 was also inhibited by Sn on the bimetallic Al2O3-supported catalysts, but not to the
same extent as those supported on SiO2. For example, the addition of 2.4 wt% Sn to 1Pt/SiO2 decreased
the measured H/Pt ratio from 0.33 to 0.0033, whereas addition of 2.4 wt% Sn to 1Pt/Al2O3 only
decreased the H/Pt ratio from 0.50 to 0.14. On the alumina supported catalysts, addition of Sn did not
inhibit CO uptake, which ranged from 0.49 to 0.64 over the entire range of Sn loadings.
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3.3.1.2. X-Ray diffraction
The XRD patterns in the region where low index planes of the metals are present for as
synthesized SiO2-supported Pt and Pt-Sn catalysts are displayed in Figure 3.1. The 1Pt/SiO2 sample
reveals features characteristic of Pt (111) and (200) at 39.8° and 46.1° (JCDPS 00-004-0802), respectively,
whereas the addition of 0.2 wt% Sn shifted the Pt (111) and (200) peaks to lower angles (39.2° and
45.7°) indicative of incorporation of Sn into the Pt lattice. Increasing the Sn content to 0.6 wt% resulted
in features associated with a Pt3Sn alloy of 39.0° and 45.4° (JCDPS 00-035-1360) and with a PtSn alloy at
41.7° and 44.0° (JCDPS 00-025-0614). Addition of 1.2 wt% Sn decreased the intensity of the Pt3Sn alloy
peaks while increasing the intensity of the PtSn alloy peaks. The most heavily Sn-promoted (2.4 wt%)
catalyst had peaks at 41.7° and 44.2°, suggesting the presence of PtSn alloy without any detectable
Pt3Sn alloy. The overlap of peaks from γ-Al2O3 with those of Pt-Sn alloys prevented the characterization
of the alumina-supported catalysts by XRD.

*
*

Figure 3.1: X-ray diffraction patterns of fresh Pt and Pt-Sn catalysts supported on SiO2. Patterns are
offset for clarity and *indicates a pattern was reduced by a factor of 2.
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3.3.1.3. Temperature-programmed reduction
The alumina-supported catalysts were characterized by temperature-programmed reduction as
an alternative to XRD (Figure 3.2). The samples were probed by TPR after the high temperature
oxidative treatment but prior to pre-reduction in H2. The oxidized 1Pt/Al2O3 sample revealed H2 uptake
at 444 K which is characteristic of the reduction of PtOx species.24,55–57 The higher temperature feature at
550 K was attributed to either hydrogen spillover on the catalyst support35,58 or the reduction of
oxychlorinated Pt species that have a strong interaction with the catalyst support.24

Figure 3.2: Temperature-programmed reduction of Al2O3-supported Pt and Pt-Sn catalysts. Patterns are
offset for clarity.

The addition of Sn slightly increased the temperature of the main reduction peak of the PtOx
species. Both 0.2 wt% and 0.6 wt% Sn samples have a H2 consumption peak at 459 K, while samples
containing 1.2 wt% and 2.4 wt% Sn shift that feature to 473 K. This shift to higher reduction temperature
suggests an interaction between Pt and Sn species that increases with higher Sn loadings.55 The high
temperature feature found on the 0.2 wt% Sn sample may be similar to the feature found on the
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monometallic Pt catalyst, which is attributed to hydrogen spillover or reduction of oxychlorinated
species. This high temperature feature becomes much broader as the Sn content increases, with H2
consumption occurring as high as 850 K. Tin species interacting with Pt have been shown to have TPR
features between 573-673 K,24,55,59 with those occurring at 700-850 K being attributed to Sn species
interacting with the Al2O3 in the absence of nearby Pt.22,57
3.3.1.4. Diffuse reflectance infrared Fourier transform spectroscopy
The DRIFTS spectra of adsorbed CO on SiO2-supported Pt and Pt-Sn catalysts are shown in Figure
3.3A. The 1Pt/SiO2 sample exhibits an intense band at 2067 cm-1 and a weak band at 1780 cm-1
corresponding to linear-bonded CO and bridge-bonded CO, respectively.22,46,55,60 Addition of a small
amount of Sn, as low as 0.2 wt% Sn, eliminated the weak band associated with bridge-bonded CO. Tin
also slightly shifted the linear-bonded CO absorption band to 2071 cm-1 possibly indicating a
modification of the Pt surface due to the presence of Sn.46 The complication associated with dipolar
coupling of adsorbed CO prevents a definitive conclusion based on line shift. The intensity of the linearbonded CO band also decreased with increasing Sn content, which is consistent with the CO
chemisorption results reported in Table 1.

Figure 3.3: DRIFTS spectra of adsorbed CO on A) SiO2-supported and B) Al2O3-supported Pt and Pt-Sn
catalysts. Spectra are offset for clarity.
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The DRIFTS spectra of adsorbed CO on Al2O3-supported Pt and Pt-Sn catalysts are shown in
Figure 3.3B. Similar to the monometallic SiO2-supported Pt catalyst, the 1Pt/Al2O3 sample exhibited both
linear- and bridge-bonded CO adsorption with features at 2073 cm-1, 2063 cm-1, and 1783 cm-1. The
bands at 2073 cm-1 and 2063 cm-1 are indicative of linear-bonded CO on two different lattice faces of Pt
nanoparticles while the peak at 1783 cm-1 is indicative of bridge-bonded CO.46 Bridge-bonded CO was
again eliminated by the addition of 0.2 wt% Sn on Al2O3-supported catalysts. Increasing Sn content also
eliminated the primary feature at 2063 cm-1 while the feature at 2073 cm-1 remained, indicating
modification to the exposed Pt facets. The linear band at 2073 cm-1 narrowed with increasing Sn
content. A band at 2020 cm-1 has been attributed to adsorption on higher-Miller index sites or on Pt
sites that interact strongly with the Al2O3 support.46 Narrowing of the linear-bonded CO feature suggests
that the sites corresponding to the feature at 2020 cm-1 are where Sn preferentially adsorbs on Pt/Al2O3.
Two new features were observed on the heavily-promoted 2.4 wt% Sn sample at 2010 cm-1 and 1978
cm-1, which perhaps suggests a greater extent of interaction between Pt and Sn on this heavily
promoted sample.

3.3.2. Conversion of propane at constant initial conversion
The conversion of light alkanes to olefins is known to be inhibited by dehydrogenation reaction
products.2,5,29,35–37,61,62 Inhibition of the forward reaction was observed in the present study when varying
the reactant flow rate and the catalyst mass over the range of values displayed in Figure 3.4. As the
extent of product inhibition above propane conversions of 2% was significant, the influence of Sn
promotion on the catalyst performance was evaluated under conditions at which the initial conversion
was about 2%.
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Figure 3.4: Conversion of propane at 773 K and 0.1 MPa total pressure over 1Pt2.4Sn/SiO2 at varying
flow rates and catalyst loadings. Each point represents the average steady-state conversion after at least
4 h of time on stream at each condition sampled every 15 minutes.

3.3.2.1. Influence of Sn loading at 2% initial conversion
Figure 3.5 compares the normalized rate of propane conversion over A) SiO2- and B) Al2O3supported catalysts with an initial propane conversion of ~2%. In both sets of materials, the rate of
propane dehydrogenation declined rapidly over the first hour followed by a much slower rate of decline.
As the Sn content was increased on the silica-supported catalysts, the relative extent of the initial
deactivation decreased. The initial deactivation constant decreased from kd= 1.4 h-1 to kd= 0.22 h-1 as the
Sn content increased from 0 wt% to 2.4 wt%, indicating a much slower rate of deactivation at early time
on stream with Sn loading. The longer term deactivation parameter, D, decreased from 0.66 for Pt/SiO2
to approximately 0 for the 1Pt2.4Sn/SiO2 sample, indicating the highly-promoted catalyst did not
deactivate appreciably after the slight initial deactivation. Whereas Sn promoted catalyst stability for the
silica-supported Pt, the overall rate of conversion was substantially lowered by the presence of Sn. For
example, the rate of propane conversion at 2% conversion over 1 Pt/SiO2 and 1Pt2.4Sn/SiO2 was 0.097
and 0.014 molpropane gcat-1 h-1, respectively.
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Figure 3.5: Normalized rate of propane conversion at 773 K and 0.1 MPa over A) SiO2- and B) Al2O3supported catalysts. The initial conversion over each catalyst was approximately 2%.

In contrast to Pt-Sn/SiO2, the Sn content did not appear to significantly impact the stability of
1Pt/Al2O3 at Sn weight loadings between 0.2-1.2 wt%. The rate of deactivation was slowed on the highly
promoted 2.4 wt% Sn catalyst as measured by the decrease in kd from 1.2 h-1 to 0.62 h-1 for 1Pt/Al2O3
and 1Pt2.4Sn/Al2O3, respectively. The longer term deactivation parameter D remained relatively
constant at a value of approximately 0.5 as Sn content varied from 0 to 1.2 wt% but decreased to 0.24
for the highly loaded 2.4 wt% Sn sample. The values for kd and D are summarized in Table 3.2 and the
conversion versus time plots can be found in Figure B1 of the Supplemental Materials. The selectivity to
propene was greater than 99% during the propane dehydrogenation results reported in Figure 3.5.
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Table 3.2: Parameters kd and D associated with initial and longer term deactivation of Pt-Sn catalysts
during propane dehydrogenation.a
Catalyst
kd (h-1)
D
1Pt/SiO2
1.4
0.66
1Pt0.2Sn/SiO2
1.1
0.3
1Pt0.6Sn/SiO2
0.92
0.2
1Pt1.2Sn/SiO2
0.61
0.081
1Pt2.4Sn/SiO2
0.22
0
1Pt/Al2O3
1.2
0.53
1Pt0.2Sn/Al2O3
1.1
0.52
1Pt0.6Sn/Al2O3
1.6
0.42
1Pt1.2Sn/Al2O3
1.4
0.52
1Pt2.4Sn/Al2O3
0.63
0.24
aInitial

conversion was 2%.

3.3.3. Coke deposition on the catalysts
To explore the level of carbon deposited on the catalysts during propane dehydrogenation,
higher initial propane conversions were employed (~4-8%) over catalysts that were not diluted in the
reactor. Figure 3.6A shows the conversion of propane with time over SiO2-supported Pt-Sn catalysts in
the absence of catalyst diluent. The relative stability of the catalysts at higher conversion was similar to
that reported at low conversion in Figure 3.5A. The monometallic 1Pt/SiO2 deactivated the fastest,
converting 8.0% of the propane at 5 min on stream and only 0.20% after 24 h on stream. The coke
content after 24 h on stream was measured to be 1 wt% from TPO (Supplemental Materials Figure B2).
The addition of 0.6 wt% Sn reduced the rate of deactivation, resulting in a conversion of 7.5% at 5 min
on stream and 3.3% after 24 h on stream. The amount of coke on this sample was 0.9 wt% which is
similar to that on 1Pt/SiO2. The most stable of the three catalysts was promoted by 2.4 wt% Sn, which
had 6.2% conversion at 5 min on stream and 5.1% after 24 h on stream. This sample had only 0.3 wt%
coke after 24 h.
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Figure 3.6: Conversion of propane with time on stream over A) SiO2- and B) Al2O3-supported Pt and PtSn
catalysts at 773 K and 0.1 MPa. The relative amount of coke was determined utilizing TPO.

Figure 3.6B shows the conversion of propane over undiluted Al2O3-supported catalysts at higher
conversions. The overall trend regarding deactivation was similar to that reported in Figure 3.5 at much
lower conversions. The 1Pt2.4Sn/Al2O3 catalyst converted 4.1% of the propane at 5 min on stream and
4.7% after 24 h on stream with only 0.6 wt% coke formed after 24 h. The monometallic 1Pt/Al2O3
catalyst exhibited a conversion of 7.5% at 5 min on stream and 1.0% after 24 h on stream, producing 2.3
wt% of coke, which is consistent with the greater rate of deactivation. The 1Pt0.6Sn/Al2O3 catalyst
converted 7.3% of the propane at 5 min on stream and 0.56% after 24 h and produced 2.7 wt% coke.
Interestingly, the 1Pt0.6Sn/Al2O3 sample deactivated the fastest and produced more coke than the unpromoted 1Pt/Al2O3 sample (Figure 3.6B). This may be explained by the presence of very small Pt
nanoparticles, as evidenced by the number average particle size standard deviation roughly equal to the
average particle size. Smaller Pt nanoparticles possess more steps and kinks, which are suggested to be
where deep dehydrogenation reactions occur, and thus produce coke very rapidly with time on
stream.47 As with the silica catalysts, the most highly promoted catalysts deposited the lowest wt% of
coke.
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3.3.4. Evolution of metal particle size
The metal particle size of fresh samples and catalysts that had been subjected to 24 h of
propane dehydrogenation at 773 K are summarized in Table 3.3. The monometallic 1Pt/SiO2 and
1Pt/Al2O3 catalysts did not exhibit a signification change in Pt particle size after reaction. In the case of
the Sn-promoted SiO2 catalysts, the 0.6 wt% Sn sample increased in number average particle size from
3.8 ± 2.7 nm to 5.1 ± 2.7 nm while the 2.4 wt% Sn sample increased in number average size from 3.4 ±
1.7 nm to 4.5 ± 2.5 nm, despite the observed minimal deactivation of the 2.4 wt% Sn catalyst. For the
alumina-supported catalysts, metal particle size was relatively unaffected by 24 h of reaction.
Table 3.3: Metal particle sizes determined from TEM of fresh, used, and regenerated Pt-Sn catalysts for
propane dehydrogenation.
Number average article size (nm)
Catalyst
24 h on
PostFresh
stream
regeneration
1Pt/SiO2
3.7 ± 2.1
3.6 ± 2.9
5.1 ± 3.6
1Pt0.6Sn/SiO2
3.8 ± 2.7
5.1 ± 2.7
5.4 ± 3.6
1Pt2.4Sn/SiO2
3.4 ± 1.7
4.5 ± 2.5
4.8 ± 2.2
1Pt/Al2O3
2.5 ± 1.8
2.9 ± 1.3
2.3 ± 1.7
1Pt0.6Sn/Al2O3
2.9 ± 3.1
3.1 ± 3.3
3.2 ± 2.0
1Pt2.4Sn/Al2O3
2.8 ± 2.1
2.0 ± 2.1
1.4 ± 0.5
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3.3.5 Regeneration of Pt-Sn catalysts

Figure 3.7: Influence of oxidative regeneration treatment on catalytic performance of A) SiO2-supported
Pt-Sn catalysts, B) first 3 h of SiO2-supported Pt-Sn catalysts C) Al2O3-supported catalysts, and D) first 3 h
of Al2O3-supported Pt-Sn catalysts. Fresh catalysts were treated in 20% O2/He at 773 K for 1 h after initial
24.1 h on stream then re-reduced at 773 K in H2 for 2 h.

The performance of the Pt-Sn catalysts following an oxidative treatment to remove coke in situ
is compared to that of fresh catalysts in Figure 3.7. The regeneration treatment did not significantly
impact the initial conversion over 1Pt/SiO2 (5.8% vs 6.9% over fresh catalyst) and 1Pt/Al2O3 (5.0 % vs
5.4% over fresh catalyst). However, the oxidative treatment utilized in this study substantially decreased
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the initial conversion over Pt-Sn/SiO2 catalysts. For example, the initial conversion over fresh
1Pt0.6Sn/SiO2 was 6.6% compared to an initial conversion of 1.5% over the sample after in situ
regeneration, which corresponds to a 77% loss in activity. In contrast, the unpromoted Pt catalyst
recovered 84% of its initial activity. The overall influence of Sn on the stability of the catalysts as
measured by the deactivation parameters kd and D was relatively unaffected by the regeneration
procedure (Table 3.4).
Table 3.4: Deactivation coefficient, long term deactivation parameter, and initial conversion over A)
SiO2- and B) Al2O3-supported Pt and Pt-Sn catalysts after regeneration.
Catalyst
kd (hr-1)
D
Initial conversion (%)
1Pt/SiO2
1.3
0.91
6.9
1Pt0.6Sn/SiO2
0.48
0.42
6.6
1Pt2.4Sn/SiO2
0.52
0.18
5.2
1Pt/SiO2-Regenerated
2.0
0.78
5.8
1Pt0.6Sn/SiO2- Regenerated
0.44
0.13
1.5
1Pt2.4Sn/SiO2- Regenerated
0.21
0.33
2
1Pt/Al2O3
0.85
0.89
5.4
1Pt0.6Sn/Al2O3
1.2
0.77
4.1
1Pt2.4Sn/Al2O3
0.33
3.3
1Pt/Al2O3- Regenerated
1.6
0.82
5.0
1Pt0.6Sn/Al2O3- Regenerated
1.1
0.75
3.5
1Pt2.4Sn/Al2O3- Regenerated
0.078
0.37
5.1

The oxidation state of Sn in the fresh and regenerated 1Pt0.6Sn/SiO2 samples was analyzed
using XPS (Sn 3d5/2) and the photoemission spectra are shown in Figure 3.8. The fresh sample showed
two Sn features corresponding to Sn(0) and SnOx, of which approximately 43% was Sn(0). After
regeneration, the amount of Sn(0) decreased to 29% and two features corresponding to SnOx species
were observed. The decrease in Sn(0) suggests that restructuring of the bimetallic catalyst, presumably
by de-alloying of the Pt-Sn particles, occurred during the regeneration procedure. The observed
decrease in activity after regeneration was likely caused by additional SnOx species on the Pt surface as
evidenced by the increase in Sn/Pt ratio from 2.2 to 2.5 for the fresh and regenerated samples,
respectively. An enrichment of the Pt surface with SnOx can physically block Pt sites and depress the
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observed catalytic activity. The oxidation state of Pt was also evaluated by XPS (Pt 4f7/2) and
photoemission spectra are provided in Figure B3 in the Supplemental Materials. Both fresh and
regenerated 1Pt0.6Sn/SiO2 were consistent with Pt(0) at 70.6 eV and 70.7 eV, with no features
corresponding to PtOx.

Figure 3.8: Tin 3d5/2 photoemission spectra of A) fresh and B) regenerated 1Pt0.6Sn/SiO2. The
regenerated sample was tested for propane dehydrogenation for 24 and regenerated in situ in flowing
synthetic air for 1 h at 773 K followed by reduction in flowing H2 for 2 h at 773 K. After regeneration, the
catalyst was then tested for propane dehydrogenation activity for an additional 16 h prior to XPS
analysis.

The effect of regeneration conditions on the conversion of propane over Al2O3-supported Pt and
Pt-Sn catalysts is shown in Figure 3.7C. Unlike the case with SiO2, the highly promoted 2.4 wt% Sn
catalyst on Al2O3 was successfully regenerated without substantial loss of activity. The monometallic
Pt/Al2O3 catalyst exhibited a 93% recovery of the initial activity but its kd increased from 0.85 to 1.6 h-1
as a result of the more rapid deactivation observed post regeneration. The regeneration performance of
the low loaded Sn catalyst (1Pt0.6Sn/Al2O3) was similar to that of unpromoted Pt/Al2O3.
Representative STEM images used to analyze particle sizes of samples after regeneration can be
found in the Supplemental Materials (Figures B4 (SiO2) and B5 (Al2O3)) and a summary of the particle
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sizes can be found in Table 3.3. Minor sintering was observed on the 1Pt/SiO2 sample following reaction
and regeneration. The fresh 1Pt/SiO2 had a number average particle size of 3.7 ± 2.1 nm while the
regenerated sample was 5.1 ± 3.6 nm, which may partially account for the slight decrease in activity and
the more rapid deactivation observed over the regenerated 1Pt/SiO2 catalyst. Additional sintering was
observed on the 1Pt0.6Sn/SiO2 sample. Reaction and regeneration increased the particle size of all of
the Sn-promoted Pt/SiO2 samples investigated (Table3).
In contrast to the silica-supported catalyst, the particle size of the 1Pt2.4/Al2O3 sample actually
decreased after oxidative regeneration treatment, presumably by oxidative redispersion. The
monometallic 1Pt/Al2O3 and 1Pt0.6Sn/Al2O3 experienced little change in metal particle size following
reaction and regeneration.

3.3.6. Pt-Sn catalysts prepared by the polyol method
3.3.6.1. Physical properties of catalysts
Table 3.5: Results for H2 and CO chemisorption on polyol-synthesized catalysts.
Catalyst
H/Pt
CO/Pt
Pt (wt%)a
1Pt0.6Sn/SiO2-P
0.053
0.13
0.66
1Pt0.6Sn/Al2O3-P
0.059
0.51
0.71
a
Weight loadings of Pt and Sn were measured via ICP-OES.

Sn (wt%)a
0.55
0.49

The chemisorption uptakes for the polyol-synthesized catalysts are shown in Table 3.5. The
1Pt0.6Sn/SiO2-P sample had H/Pt and CO/Pt ratios of 0.053 and 0.13, respectively. These chemisorption
results are similar to those observed for the 1Pt0.6Sn/SiO2 sample synthesized by IWI (Table 1). The
hydrogen uptake on 1Pt0.6Sn/Al2O3-P resulted in H/Pt=0.059, which is a low value consistent with the
silica-supported sample, but completely different than the 1Pt0.6Sn/Al2O3-P prepared by IWI
(H/Pt=0.33). Clearly, the method of preparation is very important when alumina is used as a support.
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The uptake of CO on 1Pt0.6Sn/Al2O3-P gave CO/Pt=0.51 which is similar to the analogous catalyst
prepared by IWI.

Figure 3.9: STEM images of A) fresh 1Pt0.6Sn/SiO2-P, B) regenerated 1Pt0.6Sn/SiO2-P, C) fresh
1Pt0.6Sn/Al2O3-P, and D) regenerated 1Pt0.6Sn/Al2O3-P.

Dark-field STEM images of fresh polyol-synthesized catalysts are shown in Figure 3.9 (A & C).
Particle sizes summarized in Table 3.6 illustrate the relative uniformity of sizes achieved by colloidal
synthesis. The average particle size for silica-supported and alumina-supported 1Pt0.6Sn particles
prepared by the polyol method was 3.1 ± 1.5 nm and 3.5 ± 1.1 nm, respectively.
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Table 3.6: Particle size of fresh and regenerated polyol-synthesized catalysts.
Average particle size (nm)
Catalyst
Fresh
Postregeneration
1Pt0.6Sn/SiO2-P
3.1 ± 1.5
3.4 ± 1.2
1Pt0.6Sn/Al2O3-P
3.5 ± 1.1
2.2 ± 0.9

The XRD pattern for the 1Pt0.6Sn/SiO2-P sample is given in Figure B6 in the Supplemental
Materials. Peaks associated with Pt3Sn alloy (39.0° and 45.3°) and PtSn alloy (41.8° and 44.1°) were
present in the pattern, which is consistent with the alloys detected by XRD in the analogous sample
prepared by IWI (Figure 3.1).
Temperature-programmed reduction of the 1Pt0.6Sn/Al2O3-P catalyst shown in Figure B7 of the
Supplemental Materials revealed two major hydrogen uptake features at ~360 K and ~510 K. The
feature at ~510 K is similar to that observed on the Al2O3-supported catalysts prepared by IWI and is
attributed to Pt and Pt-Sn reduction.24,55 The low temperature feature at ~360 K is thought to result
from reduction of surface oxide or chemisorbed oxygen on Pt that was previously reduced during the
polyol synthesis process.
The adsorption of CO on polyol-synthesized catalysts evaluated by DRIFTS is shown in Figure B8
of the Supplemental Materials. The 1Pt0.6Sn/SiO2-P sample displayed a single band at 2064 cm-1
corresponding to linearly adsorbed CO and the intensity of the band was an order of magnitude lower
than that observed on the IWI-synthesized 1Pt0.6Sn/SiO2 catalyst (Figure 3.3A). The 1Pt0.6Sn/Al2O3-P
also showed a single band attributed to linear-bonded CO at 2070 cm-1 and the intensity of the feature
on this Al2O3-supported polyol catalyst was an order of magnitude lower than that associated with CO
on the IWI-synthesized 1Pt0.6Sn/Al2O3 sample (Figure 3.3B).
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3.3.6.2 Conversion of propane over polyol-synthesized Pt-Sn catalysts

Figure 3.10: Conversion of propane with time over A) 1Pt0.6Sn/SiO2-P and B) 1Pt0.6Sn/Al2O3-P at 773 K
and 0.1MPa. A zoomed-in region of the Al2O3-supported catalyst is included for clarity.

Figure 3.10A shows the conversion of propane over both fresh and in situ-regenerated
1Pt0.6Sn/SiO2-P. The initial conversion over the fresh catalyst was 8.7% prior to deactivating to 6.7%
conversion at 0.83 h on stream, resulting in a kd of 0.34 h-1. As the analogous IWI-synthesized
1Pt0.6Sn/SiO2 catalyst exhibited a kd= 0.92 hr-1 (Table 2), apparently the polyol synthesis method
improved the initial catalyst stability. Moreover, the 0.6 wt% Sn SiO2-polyol catalyst remained relatively
stable on stream for 24 h without exhibiting longer term deactivation. Interestingly, the conversion
slowly increased after 3 h on stream. After 24 h the catalyst was subjected to our standard regeneration
treatment in situ and re-evaluated for activity. The regenerated catalyst converted 3.2% of the propane
initially, which is a 63% decrease in the initial conversion rate compared to the fresh catalyst. As with
the catalysts prepared by IWI, we attribute the irreversible loss in catalyst activity to de-alloying and
surface enrichment of SnOx. Since the deactivation of the regenerated sample was negligible, no
deactivation coefficient kd can be reported for the regenerated 1Pt0.6Sn/SiO2-P catalyst. Examination of
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the sample after regeneration did not reveal any significant change in metal particle size (3.1 nm vs 3.4
nm as reported in Table 3.6).
Figure 3.10B displays the conversion of propane during 24h over the fresh and in situregenerated 1Pt0.6Sn/Al2O3-P catalyst. The calculated deactivation parameters kd and D of the fresh
polyol-synthesized alumina-supported catalyst were 1.7 h-1 and 0.78, respectively, but changed to 2.4 h-1
and 0.73 after regeneration. The average particle size was reduced to 2.2 ±0.9 nm following
regeneration (Table 3.6).

3.3.7. Propane conversion with co-fed H2
3.3.7.1. Influence of Sn promoter on propene selectivity
The influence of Sn promotion on the product selectivity in the presence of co-fed H2 was
explored utilizing the 1Pt/Al2O3 and 1Pt0.6Sn/Al2O3-P catalysts (Figure 3.11A). In the absence of co-fed
H2, the selectivity to propene was >99% over all catalysts, with the lone exceptions being the
monometallic Pt catalysts at 5 min on stream. The selectivity to propene in the aforementioned
exceptions was still >98% for those initial conversion points. In contrast, the presence of co-fed H2
decreased the selectivity to propene over the 1Pt/Al2O3 sample when the initial conversion was ~4% or
greater (Figure 3.11), producing methane, ethane, and ethene as side products. The addition of Sn to Pt
has been suggested to improve the selectivity to propene during propane dehydrogenation by diluting
large Pt ensembles that are required for hydrogenolysis.2,29,62 Indeed, the presence of Sn improved the
selectivity to propene even in the presence of co-fed H2 (Figure 3.11A). Hydrogenolysis products were
not detected over the 1Pt0.6Sn/Al2O3-P at conversions below ~7%. The selectivity to propene at 11.8%
conversion over the promoted catalyst was >98%, which is an improvement compared to the 92%
propene selectivity at 11.3% conversion over 1Pt/Al2O3. Interestingly, selectivity to propene increased
with time on stream over 1Pt/Al2O3 (Figure 3.11B), which suggests that trace amounts of coke deposited
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on Pt promote propene selectivity, presumably by disrupting the large ensembles of Pt needed to
catalyze hydrogenolysis.

Figure 3.11: A) Influence of initial conversion on the selectivity to propene measured at 5 min on stream
in the presence of co-fed H2. B) Effect of time on stream on conversion and selectivity over 1Pt/Al2O3.
Total catalyst loading and flow rate were varied to adjust the initial conversion at 773 K. The
H2:propane:N2 ratio was 1:2:5 at a total pressure of 0.1 MPa.

3.3.7.2 Catalytic rate
Co-fed H2 decreased the rate of coke formation and thus improved catalyst stability during
propane dehydrogenation, allowing for the quantification of catalytic rates.5,37 Thus, the conversion and
site time yield (STY, normalized by CO/Pt) of propene over Pt/SiO2 and Pt-Sn/SiO2 in the presence of cofed H2 is shown is Figure 3.12. The initial STY of Pt/SiO2 was about 3 s-1 based on Pt dispersion evaluated
from CO chemisorption. For comparison, Barias et al. report an initial turnover frequency for propane
dehydrogenation of 1 s-1 at 792 K and 0.3 bar propane over their synthesized Pt/SiO2, which compares
very well to the current study.63 Moreover, the turnover rate for isobutane dehydrogenation over
Pt/SiO2 at 773 K as reported by Stagg et al. was about 3 s-1, albeit at a partial pressure of hydrocarbon
that was 2.7 times that used in the current work.30 Although a Weisz-Prater analysis (see Supplemental
Material) indicates the most active Pt/SiO2 catalyst may be slightly affected by transport limitations
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during propane dehydrogenation in H2, the lower observed rates over the Sn-promoted catalysts and
those catalysts that have undergone deactivation are clearly free from transport artifacts.
The STY of the two bimetallic catalysts appeared to be impacted by their respective synthesis
methods. The polyol-synthesized catalyst exhibited initial activity less than half that of the monometallic
catalyst. In contrast, the IWI-synthesized 1Pt0.6Sn/SiO2 sample had an initial STY 40% higher than the
monometallic catalyst. Despite similar H/Pt and CO/Pt ratio observed on the 1Pt0.6Sn/SiO2 catalysts, the
observed initial STY differed by a factor of 3.4.

Figure 3.12: Conversion of propane over A) SiO2- and B) Al2O3-supported Pt and Pt-Sn catalysts. STY
normalized by CO/Pt over C) SiO2- and D) Al2O3-supported Pt and Pt-Sn catalysts. The reaction
temperature was 773 K at 0.1 MPa total pressure. Total catalyst loading and flow rates were varied to
adjust the conversion. The H2:propane:N2 ratio was 1:2:5.
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3.4. Discussion
3.4.1. Influence of catalyst support and Sn loading
3.4.1.1. SiO2 support
Hydrogen chemisorption was inhibited by increasing the Sn content on Pt/SiO2, and this
inhibition has been attributed to the disruption of Pt ensembles by Sn.64 The dissociative adsorption of
H2, which is required for hydrogen chemisorption, requires adjacent Pt sites and can be inhibited by the
formation of Pt-Sn alloys or by SnOx surface species blocking these pairwise ensembles. Interestingly, CO
chemisorption was not inhibited by Pt-Sn to the same extent as observed with hydrogen chemisorption.
For example, the H/Pt and CO/Pt ratios on the 1Pt2.4Sn/SiO2 sample were 0.3% and 3%, respectively.
The disparity between the chemisorption results on this heavily promoted sample suggests disruption of
Pt ensembles because CO chemisorption can occur on isolated Pt surface sites while hydrogen
chemisorption may not. Furthermore, charge donation from Sn to Pt has been reported previously and
will alter the electronic structure of Pt.64 This so-called ligand effect may also influence the
chemisorption of hydrogen as the dissociative adsorption of H2 on Pt-Sn alloys can become a more
activated process compared to Pt alone. A third alternative for the difference between H/Pt and CO/Pt
on the silica-supported samples is CO induced surface segregation of Pt during the chemisorption
experiment.
Computational modeling has suggested Pt-Sn alloys can improve the stability of propane
dehydrogenation activity while decreasing the catalyst activity by increasing the barrier for dissociative
adsorption of propane.31 Alloys with greater Sn contents (i.e. Pt2Sn or PtSn2) have been proposed to
exhibit lower activity compared to Pt3Sn alloy and unalloyed Pt.31 Indeed, XRD characterization reported
here showed that as the Sn content is increased on SiO2-supported catalysts, the PtSn content increased
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while Pt3Sn content decreased until only PtSn alloy was present at 2.4wt% Sn loading (Figure 3.1). The
trend in the normalized rate of propane conversion over SiO2-supported catalysts (Figure 3.5) supports
the idea that Pt-Sn alloy formation improves stability while decreasing activity. In Figure 3.5, similar
catalyst loadings were used to achieve approximately 2% initial conversion for the 0.6 wt% Sn catalyst
and the 1.2 wt% Sn catalyst. However, the rate differed by a factor of ~2 with observed rates over
1Pt0.6Sn/SiO2 and 1Pt1.2Sn/SiO2 equal to 0.28 and 0.13 molpropane gcat-1 h-1, respectively . The 2.4 wt% Sn
catalyst only showed features indicative of the PtSn alloy, exhibited the most stable activity, but
exhibited the lowest rate at 0.014 molpropane gcat-1 h-1.
The relative amount of coke formed on each catalyst also decreased with increasing Sn content.
Tin is known to inhibit the side reactions leading to coke formation and can also help coke precursors
migrate from Pt sites to the catalyst support.2,7 It is speculated that the similar amount of coke on the
0.6 wt% Sn catalyst compared to 1Pt/SiO2 indicates that the coke resides on the SiO2 surface instead of
on the Pt sites due to the coke precursor mobility of Sn-promoted catalysts. The total amount of coke
was actually highest on the 1Pt2.4Sn/SiO2 despite having the lowest relative amount of coke (wt%). The
disconnect between relative and total amount of coke arises from the total amount of catalyst in the
reactor. A total of 250 mg of 1Pt2.4Sn/SiO2 was used in Figure 3.6, compared to 50 mg of 1Pt/SiO2. The
higher amount of silica support and sustained reactivity in the 2.4 wt% Sn sample allows for more coke
precursors to be captured by the support over 24 h on stream.
Attempts to regenerate the bimetallic SiO2-supported catalysts proved to be unsuccessful. The
XPS results from regenerated 1Pt0.6Sn/SiO2 suggest that some Sn de-alloyed from the bimetallic
particles and migrated to the Pt nanoparticle surface and support surface, as evidenced by the increase
in Sn/Pt surface ratio from 2.2 to 2.5 post-regeneration. These results are consistent with those
reported by Xie et al. who demonstrated that Pt-Sn/C forms Pt-Sn alloy after reduction but de-alloys and
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phase segregates following the aqueous phase oxidation of 1,6-hexanediol.53 Freakley et al. observed a
similar enrichment of SnOx on Pd nanoparticle surfaces following a calcination-reduction treatment
which was attributed to a stronger affinity between SnOx and Pd than between the SnOx and TiO2
support.65
3.4.1.2. Al2O3 support
Similar to the SiO2-supported catalysts, the bimetallic Al2O3-supported catalysts exhibited a
decrease in H/Pt with the addition of Sn. However, the CO chemisorption uptake did not appear to be
impacted to the same extent as the hydrogen chemisorption. The majority of the Sn, however, likely
resided on the Al2O3 surface due to its strong interaction with the support material instead of on the Pt
nanoparticle surface.2,4,5,45,46,57,66 Since Sn exhibits weaker interactions with SiO2, any excess SnOx could
interact with Pt sites resulting in a significant decrease to both H/Pt and CO/Pt on the silica-supported
samples. The CO DRIFTS results (Figure 3.3B) on the alumina-supported catalysts suggest that any Sn on
the Pt surface resides on higher Miller index sites such as the steps and kinks, as evidenced by the
narrowing on the linear adsorption band.46 The difference between H and CO adsorption on Pt-Sn/Al2O3
is quite intriguing and may result from a higher barrier to dissociative chemisorption of H2 on bimetallic
particles.
In contrast to the SiO2-supported catalysts, an improvement in catalyst stability (Figure 3.5B)
was only observed at the relatively high 2.4 wt% Sn loading. This 1Pt2.4Sn/Al2O3 sample was also the
only one examined to exhibit bands for linear-adsorbed CO at 2010 and 1978 cm-1, which suggested a
higher degree of interaction between the Pt and Sn species. Such interaction is consistent with the
improved catalyst stability observed even at higher conversions (Figure 3.6B). A higher Sn content was
shown to reduce coke formation on the 2.4 wt% Sn catalyst and thus improve the catalyst stability,
which was consistent with the Pt-Sn/SiO2 catalysts. Recent work by Pham et al. has suggested that the
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deactivation of Al2O3-supported PtSn catalysts may be due to particle sintering in addition to coke
formation.4 It appears that the relative coke content after 24 h on stream observed in our work
correlated well with the observed deactivation trends while sintering played a minor role in the extent
of deactivation under the reaction conditions used in this study.
The widely utilized Oleflex industrial propane dehydrogenation process is known to utilize a PtSn/Al2O3 catalyst system.2 The contrast between the ability to regenerate Pt-Sn on SiO2 compared to
Al2O3 highlights one of the reasons why Al2O3 is utilized in the industrial process. Regeneration of all
three of the examined Pt-Sn/Al2O3 catalysts resulted in recovery of the catalytic activity as well as
redispersion of Pt-Sn nanoparticles (Tables 3 & 6). Pham et al. demonstrated that Sn can act as a
nucleation site for Pt redispersion during regeneration, aiding in the recovery of catalytic activity.4 This
explains the unique activity and particle size change observed on the 1Pt2.4Sn/Al2O3 and
1Pt0.6Sn/Al2O3-P samples after regeneration.

3.4.2. Influence of synthesis method
The polyol synthesis method has been demonstrated to produce monodisperse bimetallic
nanoparticles49,67 and our results reported in Table 3.6 are consistent with those reports. For example,
the fresh 1Pt0.6Sn/SiO2-P sample had an average particle size of 3.1 ± 1.5 nm whereas the fresh
1Pt0.6Sn/SiO2 prepared via traditional incipient wetness impregnation had an average particle size of
3.8 ± 2.7 nm. The greater standard deviation associated with catalysts prepared by incipient wetness
impregnation is indicative of a wider distribution of particle sizes than the sample prepared by the polyol
synthesis method.
A second advantage of the polyol synthesis method is the creation of bimetallic precursor
particles in solution prior to depositing them on the support. Therefore, the Pt-Sn interaction can be
achieved before the affinity of the supports for Sn affects the formation of bimetallic particles. Reactivity
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results of the polyol-synthesized silica-supported catalysts were consistent with a more extensive
interaction between Pt and Sn than an analogous sample prepared by standard impregnation of metal
precursors. Unfortunately, oxidative regeneration of 1Pt0.6Sn/SiO2-P irreversibly deactivated the
catalyst, presumably by de-alloying the Pt particles. The strong interaction of Sn with the alumina
support ultimately resulted in promoted catalysts that were similar in performance regardless of
preparation method. Indeed, the oxidative regeneration of 1Pt0.6Sn/Al2O3-P (Figure 3.10B) was very
similar to the analogous catalyst prepared by incipient wetness impregnation (Figure 3.7C).

3.5. Conclusion
The reactivity of SiO2- and Al2O3-supported Pt and Pt-Sn catalysts for propane dehydrogenation
is affected by the strength of interaction of Sn with Pt relative to the support. Low weight loadings of Sn
were much less effective at promoting propene selectivity and stability of Pt/Al2O3 than Pt/SiO2 during
propane dehydrogenation because of the high affinity of Sn species for the alumina. The primary factor
influencing catalyst deactivation was the deposition of coke, regardless of the support. In contrast to the
alumina-supported catalysts, oxidative regeneration of SiO2-supported catalysts caused irreversible loss
of activity attributed to the segregation of SnOx species to the surfaces of the bimetallic particles.
Although preforming bimetallic particles via a colloidal synthesis method achieved a narrower particle
size distribution, the performance of the catalyst was still correlated with the interaction of metals with
the support.
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4. Conclusion and future work
4.1. Concluding remarks
The influence of Sn promoter on Pd and Pt catalysts was explored utilizing two probe reactions.
The first probe reaction was the conversion of heptanoic acid over supported Pd and Pd-Sn catalysts.
The second probe reaction was the conversion of propane over Pt and Pt-Sn catalysts. The goal was to
elucidate the role of Sn as a promoter in the presence of oxygenated species and in a high temperature
reducing environment.
The conversion of heptanoic acid over supported Pd catalysts resulted in rapid deactivation and
poor selectivity to the -olefin product. The rate of deactivation of monometallic Pd/SiO2 was reduced
by decreasing the Pd nanoparticle size through an ion exchange synthesize technique. The improved
stability was attributed to a lower turnover frequency which was approximately 50% of that over
nanoparticles 2 times larger. However, the reaction path remained unchanged over the more stable
nanoparticles and no improvement to the selectivity of -olefin products was observed.
The Pd/SiO2 catalyst was further stabilized upon the addition of Sn. Catalyst containing
chemically mixed Pd-Sn (both metal precursors added to the same support) and catalyst containing a
physical mixture of Pd-Sn (Pd/SiO2 + Sn/SiO2 mixed until uniform) resulted in stable conversion of
heptanoic acid over 10.75 h. The addition of Sn expanded the reaction path to include hydrogenation
and decarboxylative ketonization products. The hydrogenation product, heptanal, was the major
product over both the chemically and physically mixed catalysts. Tin was found to be mobile in the
presence of the oxygenated species, resulting in the deposition of Sn species on or around Pd
nanoparticles in the physical mixture. A two-stage reactor configuration containing Pd/SiO2 and Sn/SiO2
separated by quartz wool indicated that the improved stability of Pd/SiO2 and the expansion of the
reaction path to include hydrogenation required Pd and Sn to have intimate contact through a physical
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or chemical mixture. X-Ray absorption near edge structure (XANES) was used to probe the oxidation
state of Sn under reaction conditions. Both Pd-Sn catalysts contained partially reduced SnOx species
under reaction conditions.
A brief summary of the possible sites responsible for the product distribution over PdSn/SiO2 is shown in
Figure 4.1.
1. The decarbonylation path occurs on the exposed Pd sites. Tin on its own could not produce
olefin products.
2. Hydrogenation of carboxylic acids to aldehydes is possible on partially reduced metal oxides
which were present on the bimetallic catalysts under reaction conditions.
3. A key factor in maintaining the hydrogenation activity on SnOx sites is the availability of H2. The
%CO in the product stream was lower than expected over both Pd-Sn catalysts, which suggests
that the water-gas shift is occurring and producing H2. This likely occurs on exposed Pd sites.
4. Dehydrogenation of alkanes has been reported on Pd and Pd-Sn catalysts.1 The
dehydrogenation of olefins is therefore speculated to take place on Pd sites or Pd-Sn alloy sites
that may exist at the interface of Pd and SnOx surface species.
5. Decarboxylative ketonization of carboxylic acids to ketones can proceed on metal oxides
without the presence of H2. The sites responsible for producing the observed ketonization
products may be SnOx species that are relatively far from Pd sites and are unable to be reached
by H2 spillover. Alternatively, a reactive intermediate may form on SnOx sites that can then react
over Pd to form 7-tridecanone, similar to what is believed to occur when Pd and Sn are
separated by quartz wool in the two stage reactor configuration.
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Figure 4.1: Illustration of heptanoic acid conversion over Pd-Sn/SiO2.

In contrast to the heptanoic acid study, the high temperature reducing conditions in the absence
of oxygenated species allowed for Pt-Sn alloys to form. Silica-supported Pt-Sn catalysts exhibited
improved stability compared to Pt/SiO2. The relative stability improved with increasing Sn content
although a subsequent decrease in activity was observed. For example, 1Pt2.4Sn/SiO2 was more stable
than 1Pt1.2Sn/SiO2 but was an order of magnitude less active at a 2% initial conversion (0.014 versus
0.13 molpropane gcat-1 h-1, respectively). The improved stability over Pt-Sn alloys can be partially attributed
to electronic effects arising from the donation of electronic charge from Sn to Pt. The barrier for
dissociative adsorption of propane increases with incorporation of Sn into Pt and reduces the activity of
the catalyst as this adsorption step is believed to be rate determining. These Pt-Sn alloys decrease the
barrier for desorption of propene which reduces the surface coverage of this dehydrogenated species
leading to a reduced rate of deep dehydrogenation and coke formation.
Alumina-supported Pt-Sn catalysts did not exhibit improved stability compared to unpromoted
Pt at relatively low levels of Sn promotion (0.2 to 1.2 wt% Sn). Tin is known to have a strong interaction
with alumina which stabilizes it in an oxidized state. The majority of Sn on Pt-Sn/Al2O3 catalysts likely
resides at the interface between Pt and Al2O3 as SnOx.
Oxidative regeneration of Pt-Sn catalysts was possible on Al2O3 but not on SiO2. An irreversible
loss of activity occurred when Pt-Sn/SiO2 was treated in synthetic air to remove coke from the catalyst
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surface. The silica-supported Pt-Sn catalysts experienced de-alloying due to exposure to oxidizing
conditions, similar to what was observed during the study of Pd-Sn catalysts for heptanoic acid
conversion. Even preforming bimetallic Pt-Sn nanoparticles through a polyol synthesis method could not
stabilize Pt-Sn/SiO2 during oxidative treatments. The performance of Pt-Sn catalysts during propane
dehydrogenation was ultimately correlated with the interaction of metals with the support material.

4.2 Future work
4.2.1. Low energy ion scattering
Significant gaps remain in our understanding of the surface composition of the silica- and aluminasupported Pt-Sn catalysts described in this dissertation. Low energy ion scattering (LEIS) is a
characterization technique that probes the elemental composition of the outermost atomic layer of a
material.2 Characterization techniques capable of probing the outermost layers of nanoparticles may
reveal greater insight into the observed differences of Pt-Sn/SiO2 and Pt-Sn/Al2O3, particularly with
regards to the chemisorption results. The LEIS technique can also elucidate the differences between the
polyol- and IWI-synthesized 1Pt0.6Sn/SiO2 that may give rise to the discrepancy in activity observed on
the two catalysts.

4.2.2. Ceria-promoted Pt dehydrogenation catalysts
Oxidative regeneration of deactivated catalysts remains a key obstacle in commercializing Pt-Sn/SiO2
which has been demonstrated to exhibit improved stability compared to analogous catalysts supported
on alumina. A more mild oxidative regeneration may be possible by promoting Pt-Sn/SiO2 with Ce which
has been demonstrated to lower the temperature required for the catalytic oxidation of coke.3 Ceria is
also known to interact with PtOx species, which can form during high temperature oxidative treatments,
and can reduce the extent of Pt sintering.4
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4.2.3 Synthesis of encapsulated nanoparticles
Our initial efforts to synthesize monodisperse Pt-Sn nanoparticles with well-defined composition utilized
strong capping agents to maintain a narrow particle size distribution. Mild oxidative treatments were
unable to adequately remove the capping agents and resulted in no catalytic activity. Oxidative
treatments at higher temperatures were not explored due to the possible phase segregation of Pt and
Sn. One possible way forward would be to encapsulate the pre-formed Pt-Sn nanoparticles with a
porous layer of silica, known as the ship-in-a-bottle synthesis. Maligal-Ganesh et al. successfully applied
this technique to a variety of Pt-Metal bimetallic catalysts, including Pt-Sn, Pt-Zn, and Pt-Pb (Figure 4.2).5
By encapsulating the nanoparticles in mesoporous silica, high temperature oxidative treatment at 773 K
was successfully utilized to remove capping agents and coke without a significant migration of Sn. The
well-defined Pt-Sn alloy was reformed through a mild reductive treatment at 573 K. A full recovery of
activity of Pt-Sn particles encapsulated by mesoporous silica was demonstrated following oxidative
removal of coke deposited during furfural hydrogenation.5

Figure 4.2: Schematic is shown for the ship-in-a-bottle synthesis of intermetallic NP using a mesoporous
silica-shell enclosure in a solvent-reducing agent such as tetraethylene glycol. Mn+ is the metal precursor,
e.g., Sn2+ from SnCl2 • 2H2O.5 Maligal-Ganesh, R. V. et al. A Ship-in-a-Bottle Strategy to Synthesize
Encapsulated Intermetallic Nanoparticle Catalysts: Exemplified for Furfural Hydrogenation. ACS Catal. 6,
1754–1763 (2016). Copyright 2016, American Chemical Society.
103

The ship-in-a-bottle synthesis technique is not without its drawbacks. The silica-encapsulated PtSn nanoparticles are in the range of 20-30 nm and thus require some form of support in order to be
used successfully in a flow system. Quartz sand is one possible material that can be used to support the
encapsulated nanoparticles for use in gas-phase flow reactors.

4.2.4 Shape control of nanoparticles
Colloidal synthesis methods can be used to produce well-defined nanoparticle shapes that allow
for the exposure of specific lattice faces.6–8 Figure 4.3 shows Pt nanoparticles with a cubic structure
exposing only the Pt (100) lattice and an octahedral structure exposing only the Pt (111) lattice.9 Yang et
al. demonstrated through experiment and computational studies that Pt (111) lattices can improve the
selectivity towards propene due to its weakened binding strength of propene and increased barrier for
C-H bond cleavage in propene dehydrogenation compared to Pt (100) surfaces.9 Such a level of control
could be utilized in the optimization of bimetallic catalysts for a variety of applications, including the
dehydrogenation of light alkanes over Pt-Sn catalysts.

104

Figure 4.3: Pt nanoparticles of different shapes: cubic 11.5nm (upper left) and octahedral 12 nm (upper
right). The bottom two geometries are ideal cubic and octahedral models.9 Reprinted from Journal of
Molecular Catalysis A: Chemical, 395, Ming-Lei Yang,Jun Zhu,Yi-An Zhu,Zhi-Jun Sui,Ying-Da Yu,Xing-Gui
Zhou,De Chen, Tuning selectivity and stability in propane dehydrogenation by shaping Pt particles: A
combined experimental and DFT study, Copyright 2014, with permission from Elsevier.

4.2.5 Alternatives to Pt group catalysts
Recently, Xie et al. demonstrated that Co-N-C catalysts were active for the dehydrogenation of
propane to propene, exhibiting activity about one order of magnitude lower than Pt/SiO2.10 Deactivation
of Co-N-C catalysts during propane conversion likely occurred due to coke formation, similar to Pt-based
catalysts. Ion-exchanged Co/SiO2 was also active for the dehydrogenation of propane. These Co/SiO2
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catalysts were two orders of magnitude lower in activity compared to Pt/SiO2 but they offer a critical
advantage over Co-N-C: silica-supported Co can be oxidatively regenerated without altering the
structure of the catalyst or support material. Similar oxidative regeneration treatments cannot be used
with carbon-supported catalysts. Silica-supported Co catalysts may be explored for further optimization
of activity, perhaps through promotion with a second metal.
Both classes of Co catalysts offer interesting alternative catalytic materials for use in the
reactions that traditionally utilize Pt group catalysts. It may be worth testing their behavior in the
conversion of biomass-derived molecules, such as carboxylic acids, due to their Pt-like activity but at a
significantly reduced cost. Additionally, atomically-dispersed Co/SiO2 in particular contains fewer
possible active sites compared to Pd-Sn/SiO2. This may limit the possible reaction paths during the
conversion of carboxylic acids.
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Appendix A:
Supplemental materials for 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.
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Figure A1: STEM image of fresh [(a) and (b)] and used [(c) and (d)] PdSn/SiO2-C. Used catalyst was tested
for heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.
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Figure A2: STEM-EDS line scan of large nanoparticles found on a) fresh and b) used PdSn/SiO2-C. Used
catalyst was tested for heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.
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a)

b)

Figure A3: Elemental compositions of selected a) Pd-rich regions and b) Sn-rich regions in a fresh sample
of PdSn/SiO2-P.
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Figure A4: Elemental compositions of selected regions in used PdSn/SiO2-P. Used catalyst was tested for
heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.
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Figure A5: Elemental compositions of individual particles in a used sample of PdSn/SiO2-P. Used catalyst
was tested for heptanoic acid conversion at 573 K and 0.1 MPa for 10.75 h.
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a)

b)

Figure A6: a) Conversion of heptanoic acid at 573 K and 0.1 MPa over Sn/SiO2 and b) Selectivity to
deoxygenation products over Sn/SiO2.
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Appendix B:
Supplemental materials for Chapter 3

Propane Dehydrogenation over Supported Pt-Sn Nanoparticles

*This section is adapted from a manuscript submitted to Journal of Catalysis in June 2018.

A)

B)

Figure B1: Conversion of propane at 773 K and 0.1 MPa total pressure (N2:propane = 3:1) over A) SiO2and B) Al2O3-supported Pt and PtSn catalysts. Flow rates and catalyst loadings were varied to target a 2%
initial conversion.
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A)

B)

Figure B2: Temperature-programmed oxidation of coke on used A) SiO2- and B) Al2O3-supported
catalysts. The SiO2-supported catalysts were treated at a ramp rate of 20 K min-1 and the Al2O3supported catalysts were treated at a ramp rate of 10 K min-1. The flow rate of 20.7% O2/He was 100 cm3
min-1.
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Figure B3: Pt 4f7/2 photoemission spectra of on A) fresh and B) regenerated and re-reduced
1Pt0.6Sn/SiO2.
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Fresh

24 h on stream

Regenerated

Figure B4: STEM images of fresh, used, and regenerated of A-C) 1Pt/SiO2, D-F) 1Pt0.6Sn/SiO2 and G-I)
1Pt2.4Sn/SiO2.
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Fresh

24 h on stream

Regenerated

Figure B5: STEM images of fresh, used, and regenerated A-C) 1Pt/Al2O3, D-F) 1Pt0.6Sn/Al2O3 and G-I)
1Pt2.4Sn/Al2O3.
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*

Figure B6: XRD pattern of 1Pt0.6Sn/SiO2-P compared to that of the IWI-synthesized 1Pt0.6Sn/SiO2
sample. Patterns are offset for clarity.
*Pattern was reduced by a factor of two.

Figure B7: Temperature-programmed reduction of 1Pt0.6Sn/Al2O3-P with a 5 K min -1 ramp rate.
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A)

B)

Figure B8: DRIFTS of adsorbed CO on A) 1Pt0.6Sn/SiO2-P and B) 1Pt0.6Sn/Al2O3-P.
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Weisz-Prater calculation:
Sample Weisz-Prater (φI) calculations for internal mass transfer limitations per gram of catalyst
associated with 1Pt/SiO2 in the presence of H2 are below. The rate of reaction was the highest over this
sample and will represent the worst case scenario for the φI calculation.
Equation 1 defines the Weisz-Prater criterion for internal mass transfer limitations of the first order
reaction of propane over 1Pt/SiO2 depicted in Figure 3.12:
𝜑𝐼 =

2𝜌
𝑟𝑜𝑏𝑠 𝑅𝑝
𝑝

<1

𝐷𝐸 𝐶𝑠

Eq. 1

where robs is the observed rate, Rp is the radius of the support particle, ρp is the density of the support
particle, DE is the effective diffusivity of propane, and Cs is the propane concentration at the catalyst
surface.
robs= 1.78x10-1 mol h-1 gcat-1
The following parameters were used in the calculation.
Largest Rp= 0.025 cm
Smallest Rp= 0.0125 cm
ρp=0.83 g cm-3
The surface concentration of propane was calculated from the ideal gas law:
Cs= n V-1 = P R-1 T-1
Cs= 3.94x10-3 mol L-1
The effective diffusivity, DE, is derived from the molecular diffusivity of propane in N2 (DAB) (ignoring the
small fraction of H2 in the feed) and the Knudsen diffusivity (Dk) in the catalysts shown in equation 2:
𝜀

1

𝐷𝐸 = 𝜏 (𝐷

𝐴𝐵

1

−1

+𝐷 )
𝑘

Eq. 2

where ε is the porosity and τ is the tortuosity of the silica. The values for ε and τ are assumed to be 0.5
and 3, respectively, according the Davis and Davis.1
An empirical relation from Cussler (5.1-9) was used to calculate the value for DAB and is shown in
equation 3:2

𝐷𝐴𝐵 =

1
2
1
1
−3
1.75
10 𝑇
+
(𝑀
)
𝑝𝑟𝑜𝑝𝑎𝑛𝑒 𝑀𝑁2
1
1 2
𝑝[(∑𝑖 𝑉𝑖1 )3 +(∑𝑖 𝑉𝑖2 )3 ]
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Eq. 3

where T is the temperature in Kelvins, M is the molecular weight of a designated species, p is the system
pressure in atmospheres, and Vij is the atomic and structure diffusion volume increments provided in
Cussler.2
Substituting the appropriate values, the diffusivity of propane in nitrogen at our reaction conditions is:
DAB= 0.788 cm2 s-1
The Knudsen diffusivity is calculated from equation 4:1
𝐷𝑘 = 4850𝐷𝑝 (𝑀

𝑇

𝑝𝑟𝑜𝑝𝑎𝑛𝑒

1
2

)

Eq. 4

where Dp is the diameter of the pore in cm (6x10-7 cm for Davisil 636). Substituting in the appropriate
values yields:
Dk= 1.22x10-2 cm2 s-1
Plugging in the values for DAB and Dk into equation 2 gives an effective diffusivity of propane:
DE= 1.99x10-3 cm2 s-1
Plugging in values into equation 1:
𝑔
𝑚𝑜𝑙
1ℎ
) (. 025 𝑐𝑚)2 (0.83
)(
)
ℎ ∗ 𝑔𝑐𝑎𝑡
𝑐𝑚3 3600 𝑠
𝑐𝑚2
𝑚𝑜𝑙
1𝐿
(0.00199 𝑠 ) (0.00394 𝐿 )
1000 𝑐𝑚3

(0.178
𝜑𝐼 =

For the largest particles with a radius of 0.025 cm:
φI=3.25 for the largest catalyst particles of Rp=0.025 cm
For the smallest silica particle size (Rp=0.0125 cm) the parameter can be recalculated:
𝑔
𝑚𝑜𝑙
1ℎ
) (. 0125 𝑐𝑚)2 (0.83
)(
)
ℎ ∗ 𝑔𝑐𝑎𝑡
𝑐𝑚3 3600 𝑠
𝑐𝑚2
𝑚𝑜𝑙
1𝐿
(0.00199 𝑠 ) (0.00394 𝐿 )
1000 𝑐𝑚3

(0.178
𝜑𝐼 =

φI=0.814
These calculations suggest that the most active catalyst (Pt/SiO2) is operating on the edge of transport
limitations for the rate. All of the promoted catalysts have lower specific rates (per gram) and are
therefore free of artifacts from transport limitations.
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The Weisz-Prater criterion was applied to 1Pt/Al2O3.
Robs= 6.46x10-2 mol h-1 gcat-1
Rp= 0.005 cm
ρp= 2 g cm-3
Dp = 6x10-7 cm
The effective diffusivity, DE, will be the same as the Pt/SiO2.
DE=1.99x10-3 cm2 s-1
Plugging in values into equation 1:
𝑔
𝑚𝑜𝑙
1ℎ
) (. 005 𝑐𝑚)2 (2
)(
)
ℎ ∗ 𝑔𝑐𝑎𝑡
𝑐𝑚3 3600 𝑠
𝑐𝑚2
𝑚𝑜𝑙
1𝐿
(0.00199
) (0.00394
)
𝑠
𝐿 1000 𝑐𝑚3

(0.0646
𝜑𝐼 =

φI=0.114
The 1Pt/Al2O3 catalyst was free of artifacts from transport limitations.
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Appendix C:
Calculation of propane equilibrium conversion

The equilibrium conversion of propane is derived from the equilibrium constant Kp which is
defined in equation 1:
𝑥(ℎ+𝑥)𝑃

𝐾𝑝 = (1−𝑥)(1+𝑖+ℎ+𝑥)

(1)

where x is the equilibrium conversion, i is the initial molar ratio of inert to propane, h is the initial molar
ratio of dihydrogen to propane, and P is the system pressure. The equilibrium constant Kp can be related
to the Gibb’s free energy, the entropy, the enthalpy, and the temperature of the system through
equation 2.
−𝑅𝑇 ln 𝐾𝑝 =△ 𝐺𝑟 =△ 𝐻𝑟 − 𝑇 △ 𝑆𝑟
(2)
The enthalpy of the reaction, ΔHr was calculated using equation 3:
𝑇

△ 𝐻𝑟 =△ 𝐻 ∘ + ∫298 𝐶𝑝 𝑑𝑡
(3)
where the reference state ΔH° was taken from Yaws Handbook of Thermodynamic and Physical
Properties of Chemical Compounds1 and the equation for Cp was derived from heat capacity data
provided by National Institute of Science and Technology (NIST). The entropy of the reaction was
calculated using equation 4:
𝑇

△ 𝑆𝑟 =△ 𝑆 ∘ + ∫298
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𝐶𝑝
𝑇

𝑑𝑡

(4)

where ΔS° was taken from Yaws Handbook1 and the equation for Cp was derived from heat capacity data
provided by NIST. Enthalpy and entropy values for dihydrogen were calculated from equations provided
by NIST.
Figure 1 contains an example of the NIST data used to derive the equations for propane and propene Cp.
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Figure C1: Heat capacity data for A) propane and B) propene. Values used to derive the Cp equations are
taken from NIST.

References for Appendix C

126

1.

Yaws, C. L. Yaws Handbook of Thermodynamic Properties. (Gulf Publishing Company, 2007).

Appendix D:

Sample chromatogram of propane conversion products over Pt/Al 2O3 with co-fed H2

Figure D1: Sample chromatogram utilizing an Agilent 7890A gas chromatograph equipped with an FID
detector and an HP-PLOT/Q column.
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Appendix E:
Summary of other published works

Xie, J., Duan, P., Kaylor, N., Zheng, Yin, K., Huang, B., Schmidt-Rohr, K., Davis, R.J. Deactivation of
Supported Pt Catalysts during Alcohol Oxidation Elucidated by Spectroscopic and Kinetic Analyses. ACS
Catal. 7, 6745–6756 (2017).

The selective oxidation of 1,6-hexanediol with O2 to product aldehydes and acids occurs readily
in water over supported Pt nanoparticles. The initial turnover frequency of 0.54 s–1 (at 343 K and 1 MPa
O2) decreases significantly with reaction time because of product competitive adsorption and
irreversible adsorption of unknown strongly bonded species. To identify the poisoning species, in situ
surface-enhanced Raman spectroscopy (SERS) and solid-state 13C nuclear magnetic resonance (NMR)
spectroscopy were applied in this work. In situ SERS during 1,6-hexanediol oxidation revealed an
accumulation of di-σ-bonded olefinic species with features at ∼1150 and ∼1460 cm–1 on the poisoned
Pt surface. Consistent with SERS, 13C NMR spectroscopy of a Pt catalyst deactivated by oxidation of 13Clabeled 1,4-butanediol revealed a C═C peak associated with ethylene. Molecules containing olefinic
groups are 2 orders of magnitude more effective at competing for Pt surface sites in comparison to the
aldehyde and acid products from alcohol oxidation. The poisoning olefinic species were generated by
decarbonylation of product aldehyde (as revealed by head space analysis) and could be easily removed
from the deactivated catalyst by mild treatment in H2.
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Xie, J., Kammert, J.D., Kaylor, N., Zheng, J.W., Choi, E., Pham, H.N., Sang, X., Stavitski, E., Ettenkofer, K.,
Unonic, R.R., Datye, A.K., Davis, R.J. Atomically Dispersed Co and Cu on N ‑ Doped Carbon for Reactions
Involving C − H Activation. ACS Catal. 8, 3875–3884 (2018).

Atomically dispersed Co(II) cations coordinated to nitrogen in a carbon matrix (Co-N-C) catalyze
oxidative dehydrogenation of benzyl alcohol in water with a specific activity approaching that of
supported Pt nanoparticles. Whereas Cu(II) cations in N-doped carbon also catalyze the reaction, they
are about an order of magnitude less active compared with Co(II) cations. Results from X-ray absorption
spectroscopy suggest that oxygen is also bound to N-coordinated Co(II) sites but that it can be partially
removed by H2 treatments at 523–750 K. The N-coordinated Co(II) sites remained cationic in H2 up to
750 K, and these stable sites were demonstrated to be active for propane dehydrogenation. In situ
characterization of Cu(II) in N-doped carbon revealed that reduction of the metal in H2 started at about
473 K, indicating a much lower thermal stability of Cu(II) in H2relative to Co(II). The demonstrated high
catalytic activity and thermal stability of Co-N-C in reducing environments suggests that this material
may have broad utility in a variety of catalytic transformations.
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