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Abstract

Light olefins like ethylene and propylene are platform chemicals integral to the
chemical industry. Production of polymers, oxygenates, and other important
chemical intermediates demand global production volumes that top 100 million
metric tons per year. Production of these light olefins, traditionally through steam
cracking, is one of the most energy intensive processes in petrochemical sector.
Changing refinery feedstocks (i.e., increased availability of natural gas) have created
both necessity and opportunity for ‘On—Purpose’ propylene technologies to meet
propylene demands. The oxidative dehydrogenation of propane to propylene (ODHP)
is an attractive alternative process to produce propylene. ODHP enables lower
process temperatures and avoids coke deactivation of the catalyst, and has the
potential to significantly ease energy, capital, and material intensities of industrial
propylene production. To—date, metal oxide ODHP catalysts like vanadia—based
catalysts—the previous state of the art ODHP catalyst—do not achieve competitive
propylene yields to make them industrially viable.

The pioneering work of our research group has identified BN—a material renowned
for its chemical inertness—as a highly reactive, selective, and stable ODHP catalyst.
Since this discovery, we have worked to understand the fundamental reaction
mechanisms present and identify structure—performance relationships that may
further develop this class of catalyst. To—date, we have developed extensive
spectroscopic characterization capabilities to identify the oxyfunctionalized boron
layer formed /n situ which contains highly dynamic active species responsible for the
high reactivity and selectivity observed. Understanding the activation of molecular O2
and functionality of the oxyfunctionalized layer has been a highly collaborative
process requiring a myriad of complimentary spectroscopic and reaction studies to
develop fundamental insights. As such, | will provide a comprehensive context of our
evolving knowledge in this collaborative project that have since been published where
possible and will focus mainly on the recent insights made in this work.

The work presented in this dissertation characterizes and probes the reactivity of the
highly dynamic oxyfunctionalized surface layer that has been correlated with the
reactivity and selectivity observed on this catalyst. Herein, the coordination
environment of B and extent of oxyfunctionalization were analyzed via X-ray
Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS), and
Attenuated Total Reflectance IR (ATR-IR) as a function of the reaction progress.
Corresponding reaction studies show direct correlation between the development of
trim—coordinated oxygenated B networks and the increasing reactivity and selectivity
of the reaction during the catalyst’s activation period. The significance of a set of
reaction parameters was then examined to identify process levers conducive to
oxyfunctionalization quantified by XPS.
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The acid—base activity of these surface tri—coordnated B networks in the
oxyfunctionalized layer are examined via two prototypical reactions: (1) isopropanol
decomposition and (2) formic acid decomposition. Catalytic reaction via flow
through reactor and temperature programmed decomposition (TPD) studies using
Diffuse Reflectance Infrared Fourier Transform IR spectroscopy (DRIFTs) and Mass
Spectrometry (MS) are used to extract insights for the adsorption modes of alkoxides
and formates and their decomposition pathways. Observed surface reactions of
isopropoxy intermediates under these conditions are used to understand possible
surface reaction pathways available under ODHP conditions.

The role of O2 in specific homogeneous pathways of the mixed hetero—homogeneous
mechanism previously proposed by us and for supported boron oxide materials are
examined. A simplified model for the surface—initiated radical oxidation chemistry
pathways, was then used to probe a selectivity descriptor based on the different
reactivities of propyl radicals. Using this knowledge, we design, and test model 3D
printed BN based monoliths that optimize homogeneous reaction pathways. These
catalysts are shown to be highly active and selective and stable for ~2.5wks. The
results also suggest that oxygenates may be relevant products from homogeneous
reactions.

“The Boron Project,” as we so lovingly called it, has seen several PhD students
maltriculate as we contributed diligently to uncovering the behavior of this material.
The goal of this work is to highlight new avenues through which we can further
understand surface reactivity, new tools through which we can probe gas phase
radical chemistries, and new catalyst design approaches.
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Chapter 1 — Introduction: Oxidative Dehydrogenation of Propane to Propylene
as a Possible Energy Saving Alternative to Direct Dehydrogenation
Technologies.

1.1 Bridging the Propylene Gap via “On—Purpose” Production Technologies

The U.S. chemical industry—the largest globally—is a keystone market of the U.S.
economy, contributing nearly 2% of the U.S. GDP ($226 bn) in 2010." This industry
contributes to an ever—improving standard of living, but is also a significant energy
consumer, consuming nearly 24% of the total energy in U.S. manufacturing sector
(2010). This is accompanied by growing CO2 output to sustain our current way of
life. The last few decades have produced diagnostic and prescriptive tools to
promote industry—wide changes through market—based and regulatory solutions. The
petrochemical sector, which derives necessary primary chemicals from petroleum
and natural gas feedstocks, is of particular concern. Primary chemicals like
ammonia, ethylene, propylene, and methanol are essential feedstocks to value—
added products across several industries and accounts for nearly 2/3 of the energy
consumed in the petrochemical sector.?® Rightor et. al. illustrated the energy
required to produce refinery olefins like ethylene and propylene in comparison to
ammonia—infamous for its energy intensive production—and the other top 15
chemicals in 2010 (figure 1.1). 34

Light olefins are essential raw materials with applications across several end-use
industries like automobile manufacturing, coating, packaging, plastics, and more.®

Increasing demand for derivatives like polyethylene, cumene, ethyl benzene, and



polypropylene drive the global market growth of ethylene and propylene. Behind
ethylene, propylene is the second most important petrochemical building block. Blue
Wave Consulting reports a volumetric global propylene market size of 90.6 MT for
2021 with projected growth to 132.1 MT by 2028 (6% CAGR).® PMI reported a
revenue market size of $3.67bn in 2020 with projected growth to $5.66bn by 2030
(4.5% CAGR).” Propylene production has clear implications for several markets, and
the technologies necessary to meet demand are of significant interest. The largest
share of propylene’s global production volume is achieved as a by-product from
refinery naphtha cracking or steam cracking in ethylene production.®'® However,
increasing shale gas availability has motivated the retrofitting of Steam Crackers (SC)
to process shale gas—rich in light alkanes—as a feedstock in the pursuit of cheaper
ethylene.® The reduction in by—produced propylene has been met by technological
innovations to increase propylene capacity or ‘On—-Purpose’ Technologies (OPT)

(figure 1.1b).""
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Propane Dehydrogenation (PDH), reaction 1 (table 1.1), is the primary OPT for
propylene production at commodity scale. PDH is industrially implemented by CB&l
Catofin, Uhde STAR, and DOW Oleflex processes.'® These processes achieve 30—
40% olefin yield, which is economically viable considering the cost differential
between propane and propylene. Although PDH is high yielding, it consumes a
significant amount of energy in the dehydrogenation of the alkane. The endothermic
and equilibrium-limited reaction pathway requires energy and capital-intensive high—

temperature furnace operations (>700 °C) and low—pressure reactor systems to drive

the reaction. Industrial PDH catalysts are often Cr (carcinogenic) or Pt (expensive)



based catalysts. These materials suffer from coke deactivation and can involve
complex regeneration schemes or a series of reactors to sustain olefin yields.
Comparatively, the oxidative dehydrogenation of propane (ODHP) is an attractive
alternative pathway to propylene, reaction 2. This non—equilibrium limited, non-—
deactivating, and highly exothermic pathway overcomes many of the challenges
posed in PDH but suffers from low olefin yield.'® The primary challenge in ODHP is
the facile overoxidation of the alkene or the direct combustion of the alkane to
unselective and thermodynamically stable combustion products like CO and CO: (i.e.
COx), shown in reactions 3 and 4 respectively. So, while some 40 PDH plants have
been issued sine 2011, extensive research into ODH alternatives have also increased
in pace.'*

Table 1.1. Oxidative and direct dehydrogenation reactions of propane to propylene
with corresponding heats of reaction.

Reaction AH /% Ref.
1 CsHg = CoHe + H2 124 15
p) 2 CgHg + O, — 2 CgHg + 2 H,0 -236 15
3 CsHg + 3 0y — 3 CO + 3 H,0 -1077 '
4 CsHg +4.5 0, > 3 CO, + 3 H,0 -1926  °

1.2 Oxidative Dehydrogenation of Light Alkanes to Olefins

Traditionally, transition metal oxides have been the most promising ODHP catalysts.
Supported vanadium oxides (VOx) are some of the most studied and well
characterized catalytic systems in alkane ODH.'® For example, VOx/SiO2 achieves

60% propylene selectivity at 10% propane conversions, with COx as main



byproducts.’” Several measures have been explored to improve olefin yield on
vanadia catalysts like: tuning of surface acidity, the use of binary or ternary metal
oxide systems, or controlled synthesis of the active site. Unfortunately, these
synthetic approaches which alter surface acidity, near surface electronic properties,
or active site accessibility fail to produce propylene yields necessary for industrial

implementation.

In 2016, Grant ef. a/. identified hBN as a highly reactive and selective catalyst for
ODH. hBN surpassed performance metrics of VO«/SiO2, exhibiting a 79% propylene
selectivity and 12% ethylene selectivity at 14% propane conversion, while CO2 and
CO selectivities totaled 8%.""?" These boron based catalysts are indeed promising,
especially given that the main byproduct is also of value. Since its discovery, several
studies have examined chemical and mechanical pretreatments, controlled synthesis
of model materials, and reactor design schemes to maximize olefin yield. 02223
Other computational and experimental studies have aimed to understand the
fundamental mechanisms at play. The primary challenge in understanding BN
catalyzed ODHP is that the operating catalyst surface is formed under ODHP reaction
temperatures (>500 °C) is highly amorphous and dynamic. Extensive kinetic,
computational, and spectroscopic studies indicate that the oxyfunctionalization of
the BN surface is necessary for ODHP reactivity and that an oxidic boron layer is

24-26

necessary for reactivity. Therefore, generating structure—performance



relationships for this system has required a wide array of analytical and reaction tools

to fully characterize the system under a variety of conditions.

1.3 Thesis research goals and recognitions of peer contributions

Gaining molecular insights in the BN catalyzed ODHP of propane has been a highly
collaborative and creative journey. | am grateful to Dr. Joe Grant for his initial
discovery, as well as Dr. Alyssa Love, Dr. Juan Venegas, Dr. Melissa Cendejas, and
Dr. Lesli Mark all of whom | worked closely with in studying this system.

The goals of the work presented are:

e Characterize the growth of the oxyfunctionalized boron layer and its
relationship to the reaction progress and process parameters

e (Characterize surface acid—base reactivity via isopropanol decomposition
reactions

e Characterize surface acid—base reactivity via formic acid decomposition
reactions

e Examine the role of O2 and probe proposed homogeneous reaction pathways.

e Design new boron—based materials to improve olefin yield
Chapter 2 examined the growth of the oxyfunctionalized layer as a function of the
reaction progress and develops direct correlation between growing tri—coordinated
oxygenated B networks and the increasing reactivity and selectivity of the reaction
during the catalyst’s activation period. The significance of a set of reaction

parameters was then examined to identify process levers conducive to

oxyfunctionalization quantified by XPS. Chapter 3 characterizes the oxyfunctionalized



boron layer and probes its chemical behavior through adsorptive and prototypical
reactions. Probing the surface transformation of a different but relaxed oxide surface
to understand what catalytic properties arise on the post reaction surface. Chapter
4 focused primarily on the kinetic behavior of Oz under variable conditions. A kinetic
model is built to explain empirical results which account for the impact on observed
product distributions. Hypothesized mixed surface—gas reaction mechanisms are
probed experimentally and computationally. The knowledge generated from these
studies are applied to a structured catalyst bed design for boron—catalyzed ODHP.
Chapter 5 summarizes this work and discusses outlooks for further studies on boron—
based catalysts for the partial oxidation of alkanes. Therein, the progress of ODHP

catalysts is also discussed.
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Chapter 2. Characterizing the Growth of the Oxyfunctionalized Layer on BN
and ldentifying the Effect of Reaction Parameters on Layer Growth

Publication in preparation. Supplemental materials for Chapter 2 located in Appendix
B.

Section 2.3 includes X-ray Raman Spectroscopy from an ongoing manuscript:

Cendejas, M. C.; Paredes, O.; Agbi, T.O.; Jansen, J.H.; Kurumbail, U.; Dong, S.;
Sokaras, D.; Bare S. R.; Hermans, |., Tracking Surface Changes on hBN during the
Oxidative Dehydrogenation of Propane Using Operando X—-Ray Raman
Spectroscopy, (Manuscript in preparation, 2022)

Personal contributions to manuscript. | contributed to characterization data, data

analysis, data interpretation and experimental insights with the primary author.

Section 2.3 also includes statistical experiments initially thought of by Dr. Joe T
Grant, who provided preliminary data. Personal contributions: | reran experiments run
by Dr. Joe T Grant. | designed additional DoE’s (appendix) and ran all additional
catalytic reactions and XPS analyses. | provided the data interpretation for his and
my data, which have since been combined as duplicates and triplicates within the
overall study.

2.1. A Brief Introduction to Boron Oxide Catalysts for the Partial Oxidation of Light
Alkanes to Alkenes and Oxygenates

The early work of Yasushi ef. a/. demonstrated that composite catalysts composed
of boron oxide (B203) and additional oxides (e.g. MgO, Al>Os, P-0Os) were active and
selective for the partial oxidation of ethane to ethylene and acetaldehyde.’ Kinetic

studies by Hatano and coworkers for the selective partial oxidation of methane,
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ethane, and propane over on mixed boron phosphorous oxides (B—P-0) further
suggested contributions of gas phase reactivity to the overall reaction mechanism .2
Later, Buyevskaya ef. a/. extended this mechanism to the describe the selective
partial oxidation of propane propylene over B203 / Al20Oz — on of the highest
performing supported boron oxide ODHP catalysts at the time.*™® Although identifying
the specific speciation of boron active sites is an ongoing research goal of the field,
consistent across these studies was the correlation between tri-coordinated
oxygenated boron species and catalytic performance. These BOx and B-OH motifs
were necessary and active reactive oxygen species (ROS) in the reaction mechanism
for the partial oxidation of alkanes and have since been observed across various
borides independent of the heteroatom, supported boron materials, and boron fixed
in zeolitic frameworks recently.®® Although promising, facile hydrolysis and
volatilization of B203, which has a melting point of 450 °C, make B2Os supported
catalysts unstable as they would leach boron and diminish in catalytic performance.
Efforts have been made to stabilized BOx phases on metal oxide supports or within
zeolitic frameworks. However, BOy leaching still occurred and some metal oxide
supports readily interacted with reaction intermediates and diminished olefin
yeilds.®*” We observed this in our characterization and study of silica supported BOx
catalysts for ODHP.” We also observed that immobilization of BO3 units within an

MWW zeolitic framework exhibited little to no catalytic reactivity for ODHP.°



12

Thus, the observation of BN as a highly stable and active ODHP catalyst that features
similar BOx properties brought renewed energy to boron—based catalysts for ODHP.
The anti—oxidation properties of BN make it an attractive material for protective
coatings and lubricants. BN oxidation conventionally occurs above 900-1000 °C in
air or pure O2 environments. However, we show that BN readily oxyfunctionalizes
between 400—-500 °C under alkane/air mixtures (e.g., typical ODHP conditions).%1%:1
This oxyfunctionalization features BO3s like coordination environments where B sites
may feature 1 to 2 hydroxyl groups that contribute uniquely to catalytic
performance.'? Herein we aim to characterize the growth of this oxyfunctionalized
layer and probe the reactivity of these hydroxyl features to aid structure—performance
relationships.

2.2. Characterizing the growth of the oxyfunctionalized layer on BN under ODHP
Commercial BN exhibit relative amounts of O impurity that alter the initial activation
period of BN for ODHP. Generally, an activation period on several commercial BN
samples has been observed under a variety of conditions. During the activation
period, propane and oxygen conversions increase significantly and product
selectivity is improved. To understand the significance of this activation period, we
tracked the growth of oxyfunctionalized layer and the reaction using propane as the

main alkane. Note, TOS is also referred to as reaction progress during this transient

period.
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We examined this activation period by treating 300 mg BN samples independently
under ODHP conditions using a continuous flow reactor. Reactivity and reaction
products were monitored via online—gas chromatography (GC) (figure 2.1).
Conversions of both O2 and propane exhibited parallel s—curves as a function of
reaction progress, figure 2.1a. The ratio of propane to oxygen conversions was
approximately 1.7 and remained consistent observed throughout the activation,
which is slightly below the ideal stoichiometric ratio of 2 for the homogeneous
reaction. Similarly, the reaction rates for propane and propylene parallel s—curves as
CO and CO: decreased relatively linearly, figure 2.1b. Reaction products showed an
increase in olefin selectivity which remained steady after 3hr, figure 2.1c. An
inflection point at 4hr was observed for the rate of propane consumption and
preceded the 6hr inflection for propane (and oxygen) conversion (figure 2.1d). This
last result indicated that while the reaction rate approached steady state early,
conversions of O2 and propane is further driven by an increase in homogeneous

radical reaction pathways and remaining surface restructuring.
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Figure 2.1. a) Oxygen and propane conversions, X, b) product reaction rates, and
c) product selectivities as a function of time on stream, TOS, for BN treated under
conditions: 7= 550 °C, From =80 mLn min™", Piw = 0.3 atm CsHs , 0.15 atm O-
0.55 atm N-. d) Example of derivation of inflection point via instantaneous rates of
change for oxygen and propane conversions and ratio of propane to oxygen taken
as the first derivative of TOS vs. conversion.

Analysis of the samples via X-ray Photoelectron Spectroscopy (XPS) illustrated an
asymptotic relationship between O content and reaction progress (figure 2.2a) where
O content increased from 5.7% at Ohr to 11.4% at 6hr (i.e., the inflection point) to

9.6% at steady state. Deconvolution of the O 1s spectra revealed that bridging

oxygens belonging to B—O-B connectivity (533 eV) within an oxide network account
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for a majority of the increase in O content and exhibited an s—curve as a function of
reaction progress that was parallel to reactant conversions. Surface hydroxyls
primarily belonging to B—OH groups (534 eV) also increased as a function of reaction
progress and exhibited a positive correlation with propane conversion, figure 2.2b.
This coincides with increasing olefin selectivity. Furthermore, core—level X-ray
Absorption Spectroscopy (XAS) illustrates the growing BO3 coordination environment
(194 eV) in B K-edge as a function of reaction progress, figure 2.2c. These results
support observations of the transformation from BNz to BOs, BOH, and B-0O-B
coordination environments reported on fresh and spent BN.® This surface
restructuring during the activation period, also showed the diminishing of BNO (532
eV) features. Assignments for BN, BNO / B-O-B, and BO/-0OH functionalities as a
function of reaction progress were also observed at 190.1, 190.8 and 192 eV

respectively in the B 1s region, figure B.2.
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We examined the surface functional groups via Attenuated Total Reflectance FT-IR
(ATR-IR), (figure 2.3). Increasing bands at 3448 and 3435 cm 'consistent with
hydroxyl stretches within the borate network on non—bridging oxygens, and an

1

increasing band at 3208 cm™' consistent with increasing in—plane B—OH bending
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were observed, figure 2.3a."® The increasing in hydrogen bonding and hydroxyl nests
on the growing oxyfunctionalized surface agrees with our previous spectroscopic
observations on fresh and spent BN and silica supported BOx. The spectrum for
pristine BN (i.e., 0 hr TOS) was subtracted from all other spectra to generate
difference spectra that were further deconvoluted to extract details from 1300 and
750 cm™' regions, figure 2.3b. Growing peaks at 1508, 1441, 1316, 1253, 1050,
912, 754, and 670 cm ™" were observed. Similar to the fundamental B-N-B stretching

and out of plane bending modes for bulk BN observed at 1305 and 747 cm™

1

respectively in figure 2.3a, enhancements at 1316 and 754 cm™' were assigned to

' was assigned

growing disordered turbostratic—BN layers in figure 2.3b. 1508 cm~
to N-O stretching and was expectedly in comparatively low concentrations. 1441,
1253, 670 cm™' correspond to B-O stretching in boroxyl rings and B-O-B
asymmetric stretching typical of metaborate units, and bending vibrations in trigonal
planar BOs units.'® The growth of BO4 tetrahedra can be observed by the increasing
intensity 1050 and 920 cm ™' attributed to stretching vibrations within the tetrahedra.

! as indices for BOs and BOq

Examining the integrated areas of 1253 and 1050 cm~
growth respectively, figure 2.3c showed that both networks developed within the first
hour with approximately a 3:1 ratio of BO3z to BO4 coordination. BO3 concentration
surpassed BOs and peaked at 6 hr, paralleling the behaviors of oxygen and propane

conversions. Interconversion of BO4 to BO3 was observed as both networks return to

their initial 3:1 ratio at steady—state reactivity.



18

- ET 5

- - ﬁgoé ':E <

. 5 5 5ogs 5 R
P omn o

E E 0 < e s T | @

O O (=] o O <+ - = M~

© o ® ~ B = | = ©

33 | ‘ L /X

— 3208 cm™’
— 2578 cm™"
2538 cm™’

N

5

=
I

Normalized Absorbance /a.u
w
=
Difference Spectra/ a.u.

Z
=

4 hr

3hr

—-——*‘*wwM 2hr
———"'\OhrM Thr

T M T M 1

r T 1 M T M I ' I I
4000 2000 1500 1200 900 600 1600 1200 800
-1
Wavenumber / cm Wavenumber / cm’

(e

C) 350

—a— 1050 ecm™
-1

300 - —e— 1253 cm

\ A
— \‘x__‘
BO — —
250 \/3 r/ "*‘\RL_\_‘\“
9

200

BO,

150

Integrated Area / a.u.

100

50 4

0

123 456 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24

Time on stream / hr
Figure 2.3. (a) Ex-situ ATR-FTIR spectra of BN samples at different times on
stream. All spectra are normalized to the main BN feature in the fresh sample. (b)
Deconvoluted difference spectra (i.e., BN Ohr is subtracted from each spectra).
Color variation denotes peaks of interest. (c) Integrated areas of deconvoluted
signals at 1253 and 1050 cm™' and their respective (d) instantaneous rates of
change.
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Ex-sjtu characterization of the growing oxyfunctionalized layer by XPS, XAS, and
ATR-IR illustrate that an increase in tri—coordinated oxygenated boron species
featuring B—OH and B—0-B connectivity contribute to the rise BN’s catalytic reactivity
and selectivity. Under these conditions, reaction progress and BOs growth were
correlational during the activation period on BN. These results agree with the
assertion that increased BOs concentrations may accelerate the reaction.”'*'? Once
the reaction achieved steady—state neither the surface concentrations of BOs nor the
total surface O content increased appreciably. This may suggest that above a
particular concentration, BOs can maintain steady state conditions and further
incorporation of Oz into the oxyfunctionalized layer becomes limited.

2.3. Determining the Effect of Reaction Parameters on the Extent of BN
Oxyfunctionalization

Buyevskaya and coworkers performed isotopic "0z pulse experiments via temporal-
analysis— of products (TAP) reactor and showed that increased loadings of B2Os on
Al2Os diminished O'0'™ vyield between 470 and 570 °C.*>® They proposed that
increased B203 suppressed dissociative Oz adsorption. They attribute the high olefin
selectivity observed to the decrease in Oz dissociation on the surface. This is a
significant observation given the key role surface oxyfunctionalization plays in the
proposed Eley—Rideal mechanism in BN catalyzed ODHP. It is necessary to
understand which process parameters promote BN oxyfunctionalization under in the

partial oxidation of alkanes. We identified 6 parameters likely to promote
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oxyfunctionalization: alkane identity, temperature (7), total gas flowrate (Fr), alkane
feed concentration (Paxane), Oxygen feed concentration (Ppz), and time on stream
(TOS). 50 mg of BN were independently treated under ODHP conditions according
to a 2-level full factorial experimental design—exemplified in table 2.1. The atomic
% of O on the BN surface as quantified by XPS and used as a measure of
oxyfunctionalization. Using Analysis of Variance (ANOVA) of the O content, we
determined the significance of main 2—way interaction effects via p and fvalues. p—
values measure the statistical significance of an observed result and lower p—values
indicate higher probability of achieving the result (e.g., the null hypothesis may be
rejected). f~values measure the deviation of the result from the standard variations
within the sampled data set (i.e., null hypothesis) and is a related probability that
the result achieved may reject the null hypothesis. We used the conventional values
of p <0.05 and +2 > t <-2 for our confidence levels.

Table 2.1. 2—-level full experimental design for methane and isobutane.

Terms Process Variable / units Experimental Design
Single Terms Low / —1 High / +1
1 Alkane Identity methane isobutane
2 Temperature / °C 400 600
3 Feed Flowrate / mLy, min™ 20 80
4 Palkane / atm 0.10 0.40
5 Po2 / atm 0.05 0.20
6 Time on Stream / hr 4 12

A 2-level full design was used to compare methane and isobutane—alkanes with
significantly different partial oxidation reactivities under similar conditions. Calculated

t— and p—values show that alkane identity, 7, and Frm Were significant main effects,
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and alkane identity* 7 and Paxane* 7 were significant 2—way interactions, illustrated in
figure 2.4. All other main effects and 2—way interactions did not show a significant

correlation with the extent of oxyfunctionalization.
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Figure 2.4. Calculated t and p-values for single and 2—way interaction effect on
oxyfunctionalization from ANOVA of 2-level full experimental design comparing
methane and isobutane as alkanes of interest. 50 mg of BN were independently
tested in random experimental order and examined via XPS.

We attributed the high significance of alkane identity (p = 0.018, = 2.84) to the
difference in C—H activation, where Risoputane > Rmetrane. The t—value of 2.84 indicated

a significant positive effect for oxyfunctionalization. This result is supported by

previous XAS performed by our group, which probed surface transformation of BNs
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to BOs coordination. This transformation correlated positively as BN was contacted
with higher order alkanes—C2-C4 alkanes were examined—under consistent
reaction conditions (i.e., Pakane = 0.3 atm, Po2 = 0.15 atm, Aw = 0.55 atm, 7= 450
°C, TOS = 4 hrs), figure 2.5. Increasing alkane reactivity at 450 °C coincided with
increasing BOs coordination at 194 eV in the B K—edge region. This result further
supports the correlation between alkane conversion and BO functionality established

in figure 2.2b.
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Figure 2.5. ex—situ XAS spectra of B k—edge for BN: fresh and treated under the
following conditions FPakane = 0.3 atm, FPo2 = 0.15 atm, A = 0.55 atm, 7= 450 °C,
TOS = 4 hrs. Alkanes tested were ethane, propane, and isobutane. (ref. 16)

Frota (p=0.04, t=0.35) exhibited low significance and low magnitude of that effect.
Short contact times, which produced lower conversions, produced slightly higher O

content. TOS (p=0.57, t=0.59) exhibited no significant effect under the conditions

tested. The results for both Frey and TOS can be attributed to the facile hydrolysis
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and volatilization of boron oxides under these conditions. Buyevskaya et al. showed
that supported boron oxide catalysts were made unstable under reaction conditions
due to the volatilization of the oxide, which contributed to some catalyst deactivation.
We can therefore propose that high conversions, achieved by long contact times,
and long TOS do not necessarily result in higher O content. FPo2 nor any of its
interaction terms exhibited significant effects. Literature shows that steam and/or
pure O2 alone cannot readily oxyfunctionalize BN at these temperatures, which is a
first order explanation for the low significance for Foz. In fact, although both the
oxidant and alkane are necessary to oxyfunctionalize the surface at these
temperatures, Po2 * Pakane, €xhibited the lowest significance of all terms (p = 0.925).
These results, in combination with the low significance of the Pakane term, illustrate
that the extent of oxyfunctionalization is less dependent on the respective levels of
reactants themselves. 7 (p = 0.015, = 1.25) exhibited high significance, but the
magnitude of the #value suggests that this term does not contribute significantly to
O content on its own. In fact, #values for Pakare * 7 (p =0.054, t =-2.19) and
alkane identity * 7(p=0.026, = -2.62) suggest that the effect of 7is most relevant

in conduction with the alkane.

We streamlined our experimentation to examine only four factors: alkane identity, 7,
Frorar, and a Pawkane USiNg a 2-level + factorial design for pairwise comparisons of

methane, ethane, propane, and isobutane. These design schemes are outlined in
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Appendix B, tables B.1- B.9. Within the depth penetration of XPS (20 nm) all main
effects and 2—way interactions did not show an appreciable effect on the extent of
oxyfunctionalization, figure B1. There exists then a complex relationship between
these parameters and may require high order interactions to model. One relationship
not directly measured in the above study, but worth considering, is the effect that
the reaction may have on removing the oxyfunctionalized layer. This could explain a
break down in the reaction parameters themselves as they do not directly sample
these interactions. XPS showed that steady—state O content of remained at 9.6%
despite the ongoing reaction. This may be an effect of a dynamic relationship
between the oxyfunctionalized layer and some of the reaction intermediates or
products. Recent work from our group, led by Dr. Melissa Cendejas shows early
support for this hypothesis. There, operando X-ray Raman Spectroscopy (XRS) was
used to examine surface changes on BN under a reaction mixture of propane,
oxygen, and He at 550 °C. The effect of H2O was examined by cyclically cofeeding
steam to the dry reaction mixture, figure 6a. While the dry reaction mixture promoted
BOs functionality (194 eV), co—fed steam reversibly decreased BOs functionality and
a concomitant decrease in propylene production was observed, figure 3a and 3b.
We hypothesize then that steam may promote volatilization of the oxyfunctionalized
surface or depress its relative concentration to BN3.This agrees with the assertion

that the extent of oxyfunctionalization is not easily described by process parameters.
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Figure 2.6. a) Quantification of BNs and BOs chemical environments and b)
propylene production rate as functions of TOS and variable cofed steam added to
the reaction mixture. Reaction conditions: T =550 C, 10 ml min~" total flow rate (1.4
mLmin~" CsHg, 3.5 mLmin™'20% 02/N2, 5.1 mLmin~' He). (Manuscript in progress).

2.4. Discussion of characterizing growth and surface structures of oxyfunctionalized
BN

A statistical analysis of reaction parameters suggests that alkane and O2—derived
intermediates or reaction products like OOH and H20 mediate surface
functionalization, as seen by Fakane * 7 and alkane identity * 7 terms. The reactants
did not show a direct effect on the extent of oxyfunctionalization as evidenced by
low Poz, Pakane, and Poz * Pakane p— and (- values. operando XRS would suggest
that reaction conditions with increasing H20 concentrations from increased
alkane/O2 conversions (or higher 7) could simultaneously decrease propylene
selectivity and BOs coordination environments. This observation agrees well with
XPS, XAS, and ATIR-IR characterization during the activation period of BN, wherein

growing BOs coordination, growing alkane/O2 conversions, and growing propylene
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selectivity all coincide. The asymptotic behavior of the total surface O content as a
function of reaction progress may also support the assertions by Buyevskaya etf. al.,
such that high extents of oxyfunctionalization may suppress further O» dissociation
and result in the steady state value of 9.6% O atomic. More specifically, the increase
in thermodynamically stable BOs species may contribute to the observed effect.
While it is clear from previous Oz cutoff experiments that the ODHP reaction can not
be sustained, this result may indicate that above a given extent of

oxyfunctionalization, the key role of O> may no longer be dissociative adsorption.

Analysis of the B 1s region showed 95% BNs and 5% BOs in fresh BN, and 50% BN3
and 50% BOs—type in spent BN (24hrs TOS). Our previous Solid—State NMR (SSNMR)
studies revealed a 95% BNz and 5% BOs on fresh BN and 70% BNz and 30% BOs
on BN (24hrs TOS).® The higher surface O content suggests that the oxide layer does
not grow inwards appreciably. Shieh et. al. proposed a general model for the
oxidation kinetics of BN above 800 °C in O2."” They note that the induction period
observed in the conversion of BN to B203 if the amount of time necessary for the
initial B2O3 layer to form. They propose that Oz reacts at the interface of the B203
and BN and therefore diffusion of Oz through the oxide layer is a kinetically relevant
step in the oxidation of BN. It is not clear that this is the case in the low temperature
oxyfunctionalization of BN—which seems to resemble facile oxidation of diboride

compounds 400-500 °C in air or pure O2. However, slow diffusion of O2 through the
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boron oxide surface rather than reaction with the oxide surface may explain the
results obtained by Buyevskaya ef. a/. and suggest that in the limit of an increasing
boria like surface, the kinetically relevant roles for O2 may not involve surface
dissociation particularly at higher Ppz. In that respect, the removal of BOs units by
H-O may allow for increased dissociative adsorption of O2 and—according to

Buyevskaya ef. a/.—a decrease in propylene selectivity, which we observe.
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Chapter 3. Prototypical Decomposition Reactions to Probe acid—base activity
of oxyfunctionalized BN

Publication in preparation. Supplemental materials for Chapter 3 located in Appendix
C.

3.1. Characterizing acido—basic reactivity of oxyfunctionalized BN via isopropanol
decomposition

Boron oxides lack redox capabilities; thus, catalytic performance has often been
characterized via surface acidity / basicity. Our current understanding of boron-—
based catalytic activity suggests that single active sites do not fully characterize the
heterogeneous catalytic behavior.”™ Requirements for activity include surface
mobility of BO within the oxyfunctionalized layer. Early attempts at site quantification
have ultimately supported these recent understanding of the system. Colorio etf. al.
employed temperature programmed desorption and calometric techniques using
NHas, pyridine, and SO2 probe molecules to examine B203 / Al2O3 catalysts and found
no definitive correlation between acidity and the selective conversion of ethane to
ethylene.®”’ This is contrast to the number of studies on vanadia catalysts which
correlate acidity to catalytic performance, despite disagreeing accounts.®'" Corma
et. al. proposed that the acidity of the lattice O in V-Mg-0O catalysts could describe
catalytic selectivity, whereby increased nucleophilicity improved propylene
selectivity.'? Simply put, traditional adsorptive studies via NHs, CO2, and pyridine
chemical probes have been attempted, but a good deal of ambiguity about boron—

based catalytic performance remains.
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Boron oxide is known to exhibit Lewis acidicity.’®' The formation of boric acid from
the reaction of boron oxide and water is a well-known pathway that imparts weakly
acidic properties to these boron—-based catalysts.®” The development of B—OH
within the borate network and resulting —OH nests during the activation period
illustrate that surface B—OH groups generated are not completely re—oxidized or
dehydrated under reaction conditions. In fact, B-OH species have been show to
participate in the reaction network through interactions with Oz and interaction with
neighboring B-OH sites.'® Our goal therefore is to understand the role of acidity
imparted by the oxyfunctionalized surface comprised of hydroxyl and bridging oxygen
groups that may generally be described by B(OH)303-x (where x = 0-3) and B-0O-
B." Herein, we use the oxidation of isopropanol (IPA) to probe surface acidity of the
oxyfunctionalized layer. Surface catalyzed IPA decomposition yields propylene via
acid catalyzed dehydration or acetone via (redox) dehydrogenation, scheme 3.1."°
This technique is widely used to measure acidity and redox properties of metal oxides

and can enable discrimination between surface reaction pathways. 6722

H,O
\/ # —
Dehydration
(Acid catalyzed) (Redox Activity)
Propylene Isopropanol (IPA) Acetone
(CsHe) (C3H;0) (C3H:0)

Scheme 3.1. Decomposition of isopropyl alcohol (IPA) on a metal oxide surface to
propylene and H20 via dehydration or acetone and H2 via dehydrogenation.
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This is also particularly useful in examining catalysts for the partial oxidation of
alkanes since both pathways typically share surface alkoxide intermediates.
Isopropoxides have been proposed as likely ODHP intermediates and may be
relevant to in the formation of the olefin and observed oxygenates (e.g., acrolein,
isopropanol, formaldehyde, etc.). Resini et al. presented evidence for ionic bonding
of isopropoxy groups on highly acidic V2Os / Al203 with perpendicular CO bonding to
the surface, and covalent bonding and bent groups on V205 / SiO2 via combined /n—
situ IR, UV-Vis, and Raman.?® These isopropoxides are short lived under the high
temperatures necessary for propane ODH and the reduced temperatures of IPA
oxidation increases surface coverage of isopropoxy groups to enable spectroscopic
observation of their decomposition pathways. Computational approaches by Lu et.
al. suggest that oxyphilic B sites, particularly present in BOs coordination
environments, may scavenge alkoxy radicals and prevent over—oxidation pathways
in the ODH of ethane to ethylene.?* From this perspective, observation of C-O
scission pathways of surface alkoxides can also offer insights into the ODHP

mechanism.

3.2 Catalytic IPA decomposition over oxyfunctionalized BN in flow—through reactor
IPA oxidation reaction were examined via flow—through reactor in the temperature
range 200-350 °C. A saturated feed of 5% O2 / 4.7% IPA / bal. N2 was contacted

with 100 mg of catalyst in a quartz plug flow reactor and reaction products were
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analyzed via on-line GC. Water was not quantified under these conditions. IPA
conversion on spent BN decreased from 34% with 100% propylene selectivity to
7.7% conversion with 92.6% propylene and 7.4% acetone selectivity within 2 hrs,
figure 3.1a. ODHP generated oxyfunctionalization exhibited a clear increase in acidic
character, which initially exhibited nearly three times the rate of IPA consumption and
IPA conversion compared to fresh BN. This acidity was immediately titrated as IPA
dehydration proceeded, suggesting that the presence of Oz did not quickly
regenerate highly active sites. The main role of co—fed O2 in the decomposition
reactions of IPA has been proposed to be the prevention of reduction of the metal
oxide.'® Therefore, the transformation of the oxyfunctionalized surface is not merely
due to reduction of surface species. Steady—state IPA conversion on spent BN was
also lower than that of fresh BN. Although both fresh and spent BN likely share a
similar concentration of sites that catalyze dehydration at steady-—state, one
explanation for the reduced activity on the spent material may be the proximity of
those titrated sites. We expect that agglomeration of B—-O species in the
oxyfunctionalized layer provides adjacent sites for activation of IPA (e.g., bridging
B-O-B sites), and that the decrease in activity may suggest that the proximity of the
titrated sites may further inhibit activation of the alcohol.? As the overall reaction rate
decreased on spent BN, there was a simultaneous increase in dehydrogenation and
decrease in dehydration activity, figure 3.1b. The proportional relationship between

oropyiene | Tacetone has been established as a useful index to relate dehydration and
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dehydrogenation activity across catalysts.'®2% The /uopyene | racetone Value for spent
BN (figure 3.1c) illustrate the drastic increase in dehydration reactivity on the
oxyfunctionalized surface compared to fresh BN and to a 4 wt% V20s5/SiO2. 4 wt%
V205/Si0O2 was similarly examined, as the reactivity and selectivity of vanadia
catalysts in ODHP have been attributed to their acidity.®® The comparatively high
Ioropylene | Tacetone Value for 4 wt% V20s/SiO2 surpasses steady state values for fresh
and spent BN, but is nearly tripled by the initial oxyfunctionalized surface. This may
suggest the intense acidification of the BN surface during ODHP conditions and may

be one reason for the superiority of BN to vanadia catalysts under ODHP conditions.
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Figure 3.1. a) IPA conversion, b) reaction rates for IPA, acetone, and propylene,
and c) the rate ratio of propylene to acetone as functions of time on stream for BN
(fresh), BN (spent), and 4 wt% V20s / SiO2 (“VOx/SiO2). Experiment done with
saturated feed of 5% Q2 / 4.7% IPA / bal. N2,
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Figure 3.2. IPA conversion and selectivity to acetone and propylene as a function of
temperature for 4 wt% V20s / SiO2 (“VO,/SiO2) , fresh BN, and spent BN. Experiment
done with saturated feed of 5% Oz / 4.7% IPA / bal. N2,

4 wt% V205 /SiO2 showed significantly higher conversion and selectivity than fresh
and spent BN at steady—state, reaching 20% IPA conversion at 250 °C and 90% IPA
conversion by 300 °C (figure 3.2). 99% propylene selectivity was observed within this
temperature range. This result agreed with high IPA dehydration activity reported for
supported vanadia catalysts.'®2%2 |PA conversion on fresh BN increased from 5 to
11% between 250 and 350 °C. Propylene was the sole product observed for fresh
BN below 300 °C, and minor amounts of acetone (~4%) formed at and above 300
°C. Spent BN increased in IPA conversion from 4.6 to 9% between 250 and 350 °C.
Although propylene was the main product at all temperatures examined, acetone

was observed at 275 °C. These results show that the titrated oxyfunctionalized

surface lowered the temperature necessary for IPA dehydrogenation to acetone.
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Steady—state product selectivities for fresh and spent BN samples were compared
at isoconversion, table 3.1. Spent BN exhibited lower IPA consumption rate and
higher selectivity to acetone than fresh BN. Reactions on the oxyfunctionalized
surface result in lower concentration of active centers capable of carrying on the
reaction. This may be attributed to the saturation of the surface with B-OH groups
which may significantly reduce reactivity of to the alcohol. A computation study by
Lu et. al. would suggest that adsorption / reaction of the alcohol or alkoxy radical (if

present) as breaking the B-OH bond would be rate limiting.?*

Table 3.1. Isoconversion comparison for fresh and spent BN at 300 °C, at 1atm,
with a feed composition of 5% O2 / 4.7% IPA / bal. N2. Less than 1% IPA conversion
was observed on quartz chips (blank test) at 300 °C, figure C.1.

—rea /molipas™ kgen”

1 )(/PA / % Spropy/ene / % Sacetone / %
BN (fresh) 9.6 E -4 4.8 98.3 1.7
BN (spent) 8.0E -4 4.9 96.8 3.2

Hussein and Gates examined isopropanol adsorption and decomposition on Y20s,
which similar to B20s is a nonreducible oxide with a 3" oxidation state for Y, and
proposed that metal oxides could bind alcohol molecules via coordination to Lewis
acid sites and/or H bonding to molecule to the surface.'® We adapted their scheme
to describe isopropoxide formation over a BOx surface given known hydroxyl and
boroxyl functionalities in scheme 3.2. We expect the initial IPA reaction rate observed

on the oxyfunctionalized surface to occur primary according to pathway 2 in scheme
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3.2. The dissociative adsorption of IPA via the opening of boroxyl rings is expected
to be highly reactive, as bridging O are known to be highly reactive oxygen species.
In this scheme, the bridging 0% species readily functions as a Lewis base which can
easily perform H—abstractions and the resulting isopropoxide bonds with the adjacent
(e~ deficient) B site. We propose that as path 2 proceeds, the accumulation of B—
OH and reduced amounts of B-O—B limits surface reaction of isopropanol primarily
to pathway 1, which only occurs on hydroxylated surfaces. This coincides with the
reduced surface reactivity for IPA decomposition. The decreased rate of IPA
decomposition suggests that the reaction between B—OH and IPA is rate limiting,
pathway 1. Therefore, in the limit of high BOH coverage formation of surface

alkoxides on the BOyx surface may also be limited.

ROH H,0
+ + OR
L-OH o EL3+
/ \ N\

I | N |
(1) only occurs on hydroxylated surfaces

ROH
N OR TH

’O — é3+ B
/\ /\ NNV /\I
(2) dominant on dehydroxylated surfaces

Scheme 3.2. Proposed reactions between isopropanol on a (1) hydroxylated and (2)
dehydroxylated BOx surface to form isopropoxides.
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Analysis of the liquid products from the IPA reactions via 'H NMR(figure C2) also
revealed the presence of formaldehyde (C1) and acetaldehyde (C2)oxygenates. This
suggested that there may be surface Cs alkoxides that are strongly bound to the
surface that decompose via C-C scission. We examined the fate of these surface
alkoxides as well as their formation via IPA decomposition on hydroxylated and
dehydroxylated BOx surface via /n-situ Diffuse Reflectance Infrared FTIR

Spectroscopy (DRIFTs).

3.3 Examining Temperature Programmed Decomposition of IPA on
Oxyfunctionalized BN via /n—=Situ Drifts—MS

After flow—through IPA oxidation, the spent BN sample was examined via DRIFTs
(figure 3.3) under 20% Oz / Ar at 20 °C. Major peaks at 3405 and 3218 cm™' were
attributed to v(O—H). of adsorbed water and B—OH nests, respectively.? This agrees
with the accumulation of B-OH species from the IPA reactions on spent BN. This
also indicated that dehydration of adjacent BOH groups and/or the removal of BO-
H via O2 in the reaction feed were slow under the tested reaction conditions. Spent
BN was subsequently dehydrated under oxidative conditions (20% Oz / Ar) at 600 °C
for 3 hrs and cooled to 20 °C in the /n—situ DRIFTs cell to parallel dehydration
conditions under ODHP temperatures. Surface dehydroxylation was observed by the
relaxation in the 3600-3100 cm™' region attributed to v(O—H). Loss features at 3694,

3670 and 1236 cm™' confirmed reductions in isolated B—OH stretching, adsorbed
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water, and in plane B—OH stretching, respectively. We expect the primary surface
dehydroxylation pathway under these conditions to proceed via condensation of
adjacent >B-OH sites to generate B-O-B linkages.?’ This was supported by the
increased intensity at 925 cm™" and 1280-1015 cm™' (broad) regions assigned to

B-O out—-of—-plane bending and general BO functionalities respectively (e.g. 1238

1

cm~ ! in—plane B-OH stretching and 1047 cm™'symmetric stretching of B-0).
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Figure 3.3. DRIFTs spectra of as—is and /n—s/tu dehydrated oxyfunctionalized BN.
Dehydration was carried out 600 °C for 3 hrs under 20% Q2 / Ar. All spectra was
recorded at 25 °C and referenced to a blank mirror to observe all BN functionalities.
Adsorption of IPA was carried out by contacting the dehydrated spent BN with a
saturated stream of 35.72 torr of IPA in Oz / Argon. The cell was subsequently
evacuated and refilled with pure Ar, figure 3.4. 2975, 2937, 2890 cm™' correspond
to vas-cH3, Vvs-cH3, and vch vibration modes respectively for methyl groups and the

aC—H bond of surface isopropoxy groups based on literature assignments for

adsorbed alcoholates on boron surfaces.?®?° Peaks observed at 3347, 3239, 1015,
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and 953 cm™' were assigned to the presence of some adsorbed alcoholates as B-

O-R, in—plane B-OH bending, symmetric stretching of B-O, and out—-of—-plane B-0O

stretching, respectively. This observation agreed with the dissociative adsorption of

IPA on dehydroxylated metal oxides to produce a surface isopropoxide and

hydroxide.'®'® Notably, isolated B—OH groups were consumed as confirmed by the

loss feature at 3690 cm™". This can be attributed to an irreversible adsorption readily

observed in the methoxylation of B-OH groups in methanol adsorption studies,

illustrated path 1 of scheme 3.2.%%39 Bands at1165 and 1130 cm™' were assigned

to vc-o and vc-c stretching modes indicative of terminal and bridged isopropoxides

respectively.'®373* Bridged isopropoxides were the dominant isopropoxide bonding

orientation based on relative intensity to terminal bonded species.
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Figure 3.4. DRIFTs spectrum of IPA adsorbed on dehydrated spent BN at 20 °C via
saturated stream of 35.72 torr of IPA in Oz / Argon. Cell was evacuated prior to
analysis. Spectrum was recorded at 25 °C and referenced dehydrated BN to observe

adsorption functionalities.
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Temperature program desorption (TPD) of the adsorbed IPA was then carried out by
heating the sample to 400 °C at 5°C min~' under oxidative conditions, figure 3.5.
Three main temperature regions of reactivity were observed in DRIFTs spectra (figure
3.5a): 25 to 47 °C, 47 to 150 °C, 180 to 280 °C. The first region featured signal
major signal increases at 1685 and 806 cm ™' corresponding to vc-o and sp2 alkene
C-H bending. H20 at 1628 cm™" were also observed. This initial range appears to
correlate with the initial product TPD curves, figure 3.5b. Between 47 to 150 °C,
major signal increases in the H- interacting —OH groups in the 3600—-3200 cm™" were
observed and contributed to the continued production of H20. Within this region
activity was specifically observed for adsorbed water and B—OH groups at 3415 and
3257 cm™'. Isolated B-OH signal was significantly diminished at 3690 cm™ in this
temperature range. Activity from isopropoxy groups was marked by intense signal
increases at 2974, 1165, 1130, 1018, and 952 cm™' attributed CHs, bridged
isopropoxide, terminal isopropoxide, interactions between the isopropoxy group and
B-0O surface, and methyl rocking modes respectively. Notably, 1020 cm ™" has also
been proposed for B—C vibrational modes.3® The signal for terminal isopropoxides
rapidly diminished compared to the bridged isopropoxides. This agreed with Hussein
and Gates finding that the bridged isopropoxides were more thermally stable than

the terminal isoproxides.'® In this temperature range propylene, acetone, and H>O

were all observed. A significant amount of desorbed IPA was observed consistent
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with molecular adsorption of the alcohol to the surface. Propylene and water reach
their respective maxima at 70 °C. CO2 and acetone display two maxima, one at 70
°C and the other at 138 °C. Terminal isopropoxide initially contributed to the
production of propylene and water, while the bridged and molecular alcohol
contribute to acetone and COz via slower decomposition. This was in agreement with
previous studies that propose absorbed IPA and/or terminal isopropoxides contribute
readily to the dehydration product, while bridged isopropoxides contribute to the
dehydrogenation product.'®%* Above 180 °C, another dehydration event is observed
involving adsorbed H20 and B—OH in the 3600-3200 cm ™' region, accompanied by
the desorption of H20 at 1628 cm™' and isolated B-OH consumption. Notably, the

signal at 1165 is diminished and 1130 cm™

is the only signal observed in this
temperature range. Similarly, the signal interactions between the isopropoxy group
and B-O surface at 1018 cm™' was no longer observed. The negative signal of 1685
cm™' suggests significant elimination of acetone at this temperature range. Major
signal increases at 931, 784, and 653 cm ™" were attributed to sp2 CH bending related
to propylene. Dissociated IPA occurred via B-O-B to produce isopropoxy groups
with neighboring hydroxyl group. Dissociated IPA occurred via B-OH via H20
elimination. Assignments for isopropoxy groups on TiO2 suggest that 1130 cm™
indicated the strongly bonded dissociated IPA, while 1293 and 1252 cm™' indicated

strongly and weakly bound non—dissociated IPA.3" This is in line with the increased

thermal stability of bridged isopropoxides observed. Coordination of molecular IPA
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to the surface was observed via weak signal at 1247 cm™

in figure 5a. This has also
been proposed to indicate coordination between IPA and Lewis acid sites.
Carboxylate intermediates (1675, 1368, 1245 cm™') between 60 and 160 °C were
observed.®® CO. adsorption studies by Kock et. al. on Y203, which similarly

hydroxylates easily, show the high concentrations of mono— and bi— dentate

bicarbonate species.*®
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Figure 3.5. a) Contour plot of DRIFTs spectra and b) MS signals for temperature

programmed desorption of IPA adsorbed on dehydrated spent BN. TPD was

examined from 25 to 400 °C at 5°C min~' under oxidative conditions.

Catalytic decomposition of IPA was carried out at 350 °C using /n—s/tu DRIFTs on

another oxyfunctionalized spent BN samples (figure 3.6) and then paused to examine
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surface reactions. Notably, introduction of IPA increased both isolated B-OH (3690
cm™') and B-0O functionality (3358 cm™'). After IPA is flushed, these B—O species
persists and the B—OH signal increased due to continued surface reactions of
isopropoxy groups observed via signals at 1165, 1129 and 1082 cm™'. Activity
related to formation of CO2 (2357 and 2347 cm™') and water (1652 cm™') persisted
alongside continued activity in the hydroxyl region 3600-3200 cm™'. At approximately
90 mins, signal for surface adsorbed water at 3427 cm~' diminished. These results
evidence the accumulation of B-OH nests from IPA reactions and their thermal
stability under oxidative conditions at 350 °C. Acetone formation can also be
observed by the persistence of C=0 (1701 cm™') and (1280 cm™') signals.
Dehydrogenation of the isopropoxide occurs with highly hydroxylated BOx and

coincided with the persistence of strongly bound bridged isopropoxides.
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Figure 3.6. Contour plot DRIFTs spectra for /n-s/ifu continuous flow IPA
decomposition on spent BN at 350 °C under with saturated feed of 5% O> / 4.7%
IPA / bal. Ar. and under oxidative conditions 5% Oz / bal. Ar (inset plot). Gaseous
isopropanol can be observed primarily in 3000-2800 cm™" region via C—H stretching.
Oxyfunctionalized BN sample was held at 350 °C for 1hr prior to introduction of IPA
following the protocol for IPA decomposition via flow through reactor.

3.4 Discussion of IPA interactions with oxyfunctionalized BN
Decomposition of IPA on oxyfunctionalized BN proceeds primarily through

dehydration of the IPA. Increasing B—O—-B connectivity formed in the BOx via ODHP
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driven agglomeration, creates Lewis acidic B®* centers and Lewis basic 0% centers.
The acid—base pair allow for facile dissociative adsorption of IPA via facile O—H
scission on reactive adsorbed O. Typically, alcohols undergo O—H scission and then
B-H elimination, which is typically observed as the rate limiting step.®” Herein, B—H
elimination by the adjacent hydroxyl groups was in fact the rate limiting step under
dehydroxylated conditions. However, increased hydroxylation may make the initial
adsorption of IPA on B-OH a slow step. B-OH groups are weakly acidic (pKa ~
9.2), but more acidic than isopropanol (pKa ~16.5). In this case, BOH may behave
as a Brgnsted acid and donate a proton to the alcohol and the system will pass
through an alkyloxonium intermediate, rather than perform O—H scission. There are
numerous reaction steps available to the ion from there (scheme C.4), however, the
most likely scenario is still the formation of an isopropoxide via pathway 1 in scheme
3.2. Additionally, the competitive reactions of water with BOH may further inhibit the
adsorption of IPA. From this we can observe the difference in strongly bound O in
B-0O-B (Lewis basic / Brgnsted basic) and BOH (Brgnsted acidic). Adsorbed O has
been shown to greatly improve the reactivity of noble metals to alcohols, where it
may act as a Brgnsted base and initiate the alcohol activation via O—H scission.%¥™
This behavior was observed by B—O-B units which readily performed O—H cleavage.
It has also been shown that more weakly bound O species could more readily
contribute to dehydrogenation on O/Ag(110) vs. O/Cu(110).4° Similarly, a difference

in reactivity of BOB and BOH in dehydration and dehydrogenation was observed.
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Surface reactions proceeds through terminal and bridge bonded isopropoxide
intermediates, as well as minor amounts of adsorbed molecular alcohol. Terminal
isopropoxides were readily decomposed at much lower temperatures than bridge
bonded groups and contributed primarily to the early formation of propylene and
some acetone. This suggests that C—0O scission is preferred over B—0O scission for
these terminal isopropoxides. This agrees with previous assertions for the
decomposition of terminal isopropoxide groups contributing to the dehydration
product. The more thermally stable bridge bonded isopropoxides decomposed to
acetone via subsequent C—H scission. In this case, the regeneration of 0% species
occurred through the C—H scission of the B—H by adjacent hydroxyl groups and the
subsequent formation of B-O—-B and Hz(). Acetone is then readily desorbed via a
favorable B—O scission resulting in the thermodynamically stable BO3 site. The
different strengths of adsorption illustrate how increased hydrogen bonding via
accumulated BOH can contribute readily to dehydrogenation products albeit through
a slower reaction pathway. Proximity of the hydroxyl groups (isolated B-OH or H-
interacting B-OH) would then play an important role in the formation of the
dehydration or dehydrogenation product. A summary of these proposed reaction

pathways can be observed in scheme 3.3.
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The formation of strongly bound isopropoxide groups, represented by B—OR, has
implications for the catalyst reactivity as well. These strongly bound and thermally
stable surface alkoxides may react to form carboxylate species, which can readily
decompose via C—C scission (pathways 5 and 6, scheme 3.3).%*3 This is supported
by FTIR observations of the carboxylate formation, and NMR of the reaction liquid
products showing the presence of Ci1 and Cz oxygenates. B—OR sites may also
contribute to a decrease in surface reactivity as they appear to be highly thermally
stable and may hinder (sterically or through site occupation) the adsorption of IPA
to the surface. Lu et. al. proposed via DFT calculation that formation and surface
reactions of boron alkoxides favor the olefin product and avoid homogeneous
combustion of the alkoxy radical.?* Herein, we observe that these surface reactions
can also contribute to strongly bound alkoxides that can undergo C—-O scission or
subsequent C—H scission. We also observe the combustion of alkoxides that are too

strongly bound to the surface.
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Scheme 3.3. Proposed pathways for the adsorption of IPA on BOy surface
represented primarily by B-O-B and B-OH groups and the subsequent
decomposition pathways to propylene, acetone, and C1 and Cz2 oxygenates.

3.5 Probing weakly acidic oxyfunctionalized BN via decomposition of formic acid
We observe a simultaneous decrease in IPA reactivity on oxyfunctionalized BN and
increase in weakly acidic surface saturated with BOH (Brgnsted acid). The weak
surface acidity of boron oxide supported catalysts have been previously reported,
although no clear correlations to reactivity have been identified. Bautista ef. al/.

studied the acidity of B20s catalysts supported on AIPO4 and AloOs and proposed

that both systems had a mix of Brgnsted and Lewis acidity at all boria loadings, and
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t.#* Colorio et. al. showed an

Brensted acidity increased with increasing boria conten
increase in weaker acid sites via ammonia microcalorimetry when boria was added
in excess of a monolayer and that subsequent agglomeration of boron oxides
exhibited the acidity of bulk boron oxide.”™* Correlations for surface reaction
pathways for acid—catalyzed IPA decomposition can be ambiguous for materials with
low surface acidity. To overcome this, we examined the decomposition of formic
acid over oxyfunctionalized BN to further probe surface acidity. Formic acid (FA)
decomposition has been widely studied as a basic probe catalytic activity on metal
oxides and has been shown to be a particularly useful prototypical reaction for low
acidic (and highly basic) catalysts where the IPA index loses correlation.?® FA
decomposition similarly proceeds via a dehydration pathway to CO and H20, and a
dehydrogenation pathway to CO2 and Hz, scheme 3.4. Dehydrogenation activity of
FA to CO2 has also been shown to correlate strongly with basicity of metal oxide

catalysts and are consistent with basic chemical probe chemisorption studies.

Formic Acid (FA)

(HCOOH)
o]
CO +H,O «——— | — CO, +H,
Dehydration Dehydrogenation
(Acid-Base catalyzed) (Redox Activity)

Scheme 3.4. Decomposition of formic acid (FA) on a metal oxide surface to CO and
H-0 via dehydration or CO2 and H> via dehydrogenation.
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It is commonly proposed that decomposition of IPA on metal oxides occurs via acid
sites.®2%% For nonreducible oxides IPA dehydrogenation has been proposed to
occur via adjacent acid and base sites. In the case of FA, which donates a proton
to the metal oxide to produce formate intermediates and surface hydroxyl groups, it
is commonly proposed that dehydrogenation occurs over basic sites. Using FA, a
strong reducing agent, we increased the BOH concentration and probe the surface

reactivity at saturation coverages of B-OH on oxyfunctionalized BN.

3.6 Catalytic FA decomposition in flow—through reactor

Herein, we further investigated the acid—base capabilities of the oxyfunctionalized
surface via formic acid (FA) decomposition via continuous flow reactivity. A
saturated feed of 4.7% FA/ bal. N2 was contacted with 100 mg of catalyst in a quartz
plug flow reactor and reaction products were analyzed via on—line GC. H2 and water
were not quantified under these conditions. FA reaction rates for both fresh and
spent BN, at 300 °C, exhibited transient periods of ~1hr, figure 3.7a. This is notably
shorter than the transient period observed in IPA oxidation. During this period, FA
reaction rate decreased from 3.28 x 107 t0 2.9 x 107 molucoon s™' kgear ' on fresh
BN, suggesting the titration of certain active species. One explanation of this would
be the generation of B-OHz species on isolated B—OH sites, which may further react
with FA to generate BH or B-OR species that may be inactive. FA reaction rate

initially decreased, then increased on spent BN from 2.5x 107210 2.9 x 1072 molxcoon
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s kgeat . This is in line with the initial decrease in activity during the accumulation
of B-OH and steady-state reactivity at saturation coverage of BOH previously
proposed for IPA oxidation. Our hypothesis from IPA oxidations was that the
accumulation of BOH groups decomposed IPA via hydroxyl nests. These hydroxyl
nests primarily performed dehydration of IPA with some increase in dehydrogenation
activity. Therefore, we would expect the specific increase in BOH using a strong acid
like FA to achieve the similar result and contribute to the dehydration reactivity. The
rate of CO to CO2 formation, rco / rcos, was used to compare dehydration to
dehydrogenation reactivity for fresh and spent BN, figure 3.7b. rco / rco2 remained
near constant at ~ 1.25 for fresh BN and grew from ~2.25 to 4.5 for spent BN during
the 1hr transient period. Within the transient period the oxyfunctionalized surface is
expected to reach BOH saturation, and indeed this resulted increased the relative

dehydration reactivity observed.
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Figure 3.7. a) FA reaction rate and b) rate ratio of CO to CO:2 for fresh and spent BN
as a function of time on stream at 300 °C.

The rate of FA decomposition for both fresh and spent BN converges on 2.9 x 1072
molncoon s kgeat . Active species on both surface exhibit similar reactivity, but the
relative concentration of species and likely their proximity to one another exhibit vastly
different product distributions.. This is illustrated by the product selectivities observed
at isoconversion, table 3.2. Approximately 20% FA conversion yields 58.2% and
81% selectivity to CO on fresh and spent BN respectively.

Table 3.2 Isoconversion comparison of fresh and spent BN measured at 300 °C, 5%
FA / No.

Sample Xucoor | % Scoz | % Sco !l %
BN (fresh) 19.92 41.8 58.2
BN (spent) 19.69 19 81
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We expect FA to protonate B-O-B and B-OH to >BOH and >B-OH2 groups
respectively. From these results, we see that the proximity and/or concentration of
these BOH groups drastically impacts the product selectivity. An increase in the
hydroxyl nests, appears to favor C—-0O scission of the surface formate or molecular
formic acid. To further probe surface reactions in the presence of BOH groups, we
examined formate decomposition using DRIFTs—TPD-MS. Additionally, we aimed to
understand whether H-COOH, HCOO-H, and/or HCO-OH were dissociated by the
surface. Compared to the proposed C-H, O-H, and C-OH bond breaking steps,

C=0 (740 kJ mol™) is extremely energy intensive and was not considered.*’™*°

3.7 DRIFTs study of FA surface reactions on oxyfunctionalized BN

Adsorption of FA was carried out by contacting dehydrated spent BN with a saturated
stream of 35.72 torr of FA in Argon in an /n—situ DRIFTs cell. The cell was
subsequently evacuated, figure 3.8. As expected, significant increase in isolated B-
OH and H-bonded B—OH groups were observed at 3690 and 3213 cm ™' respectively.
3447, 2745, and 842 cm™' correspond to non-structural interlayer water (H-O-H
symmetric and asymmetric vibrations), —OH vibrations, and vibrations for surface
hydroxyls respectively.®® These peaks reflect the generation of interlayer H.0 and B-

OH> species. 2950 cm™

correspond to 8CH stretching for H bonded molecular
formic acid.®! Peaks at 2484 and 2434 cm™' were assigned to CO2 (g). Asymmetric

stretching of adsorbed CO» was observed at 2365 cm™'. 1710 and 1165 cm™" were



55

assigned to the asymmetric and symmetric CO2 vibrations for carboxylate species.®?
The dull shoulder at 1657 cm ™' and an associated signal at 1398 cm ™' were assigned
respectively to asymmetric and symmetric stretching of bicarbonate species at very
low concentrations.®® 1606 and 1258 cm™' were assigned symmetric and
asymmetric O—C-0 vibrations. A = vs(OCO) — vas (OCO) can be used to differentiate
between bidentate bridged (A~250-190 cm™') or monodentate formate species (A

! suggests the formation of

> 300 cm™'). The calculated value of 348 cm~
monodentate species. This agrees with the computational work of Nurazar ef. al.,
where DFT calculations and simulated IR spectra show formic acid dissociation on
carbon doped BN nano—cages preferentially forms monodentate formate bound to
B sites.®® These monodentate species were the dominant surface species. Faint

shoulders at 2945, 2885, and 1655cm™' can also be assigned to asymmetrical

formate species coordinated to Lewis acid sites.®'
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Figure 3.8. DRIFTs spectrum of FA adsorbed on dehydrated spent BN at 20 °C via
saturated stream of 35.72 torr of FA in Argon. Cell was evacuated prior to analysis.

Spectrum was recorded at 25 °C and referenced to dehydrated BN to observe
adsorption functionalities.

The dissociation of formic acid to BOH and monodentate formate is reminiscent of
the terminal isopropoxide as the main adsorption mode for IPA adsorbed on the
oxyfunctionalized surface. These observations agree with the oxyphilicity of the tri—
oxygenated B sites which prefer the formation of B—-O-C bonds rather than B-C.
Notably, the 1020 cm™', which may be assigned to B—C or C—-OH stretching was also
absent. We may expect that surface reactions may proceed through B-O bond
breaking rather than C-0 bonds, as C-0 bonds are stronger than B—0O bonds (1076

and 806 kJ mol™" respectively).’* Catalytic FA reactions suggest that C—O scission
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readily occurs and contributes to high rates of CO formation. This may be partially

due to a favorable BO—OCH scission of surface formates.

TPD-MS was then carried out under Ar from 20 to 400 °C at 5 °C min™', figure 3.9.
The desorption of water was observed upon heating as the OH region 3400-3200

1

cm™ ' increased in intensity and relaxed between 20 and 70 °C. Similarly, surface

hydroxyl groups at 842 cm™' are active in this temperature range. Dehydration of B-

T exhibited the highest intensity

OH was the main contributors to this as 3273 cm~
during in the temperature range. In—plane B—OH (3341 cm™') and isolated B-OH
sites (3690 cm™') similarly contributed and were diminished by 70 °C. These peaks
contribute to H20 as the first major observed in the TPD curve, figure 3.9b, with a
maximum peak at 70 °C. Minor amounts of CO2 were also produced in this
temperature range and begins slightly after the production H20 began. Increasing
signals for COaz (2493 and 2445 cm™') and CO2(ads) (2385 and 1070 cm™1)
contribute to this observation.®® These signals coincide with the significant increase

' We expect formate decomposition to be the

in the formate signal at 1614 cm~
main contributor to the CO2, as no desorbed molecular formic acid was observed.
Both formate and CO2 signals appear around 60 °C and persist up to 400 °C. An
inverse relationship in the signals can be observed as formate decreases slightly in

intensity and CO2 signal increases—this is best observed at 100 °C in the DRIFTs

contour map. This agreed with formate as a reactive intermediate on other metal
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surfaces and the rate limiting step being the decomposition of formate.®® Bands at
3443 and 3339 cm™' reappear when the formate signal is most intense. This
suggests that surface H20 and hydroxyl species are formed participate in the
decomposition of formate. After 70 °C H20 decreased steadily up to 400 °C, with a
shoulder at 110 °C which coincides with the diminishing 3443 and 3339 cm™' bands.
CO:2 quickly became the main product observed with maxima at 145 °C, 161 °C, and
250 °C, suggesting that there is a variety adsorbed formate species with different
desorption energies. Notably, after 160 °C the signal at 1686 cm™" is significantly
diminished suggesting the disappearance of C=0. Similarly, above this temperature
3400 cm™' band reappears suggesting the accumulation of adsorbed H20 and other
hydroxyls between 3900-3600 cm™'. H, and CO products were formed in minor

amounts between 120 and 220 °C, with maxima at 161 °C.
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Figure 3.9. a) Contour plot of DRIFTs spectra and b) MS signals for temperature
programmed desorption of FA adsorbed on dehydrated spent BN. TPD was
examined from 20 to 400 °C at 5°C min~' under non—oxidative conditions.
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Dissociative adsorption of formic acid did not occur via C—OH scission in appreciable
amounts as CO»> was the main product observed. However, C-OH scission cannot
be ruled out entirely as CO was observed in minor amounts. The persistent signals
in the C—H region 3000—-2800 cm™' during the TPD were combination modes of C-
H and C-O stretching (primarily at 2984 cm™).%° This also suggested that the C—H
scission of formic acid may not have occurred appreciably in the adsorption.
Notably, minor amount of monodentate carbonate intermediates (1675, 1368, 1245
cm™') were also observed between 60 and 160 °C.%¢ Therefore, dissociation of
HCOO-H was more likely than H-COOH and HCO—-0OH in the adsorption of FA and
the B—H—-abstraction occurred subsequently via surface reactions. This is consistent

with the reaction of surface bound alkoxides in the IPA study.

3.8 Discussion of FA interactions with oxyfunctionalized BN

Dehydration and subsequent dehydrogenation are the two distinct reaction pathways
observed in the TPD curves. All major signals associated with the B-OH and
adsorbed water are drastically diminished early in the temperature ramp. We propose
that these dehydration steps include the B—H cleavage of adsorbed formate. Strong
H-bonding of within the BOH nests would suggest that the adjacent hydroxyl groups
and B—H have strong interactions. Dehydration of the BOH and an adjacent formate
ultimately generate CO2. CO2may initially be stabilized as a carboxylate briefly on B—

O groups, or immediately desorb into the gas phase alongside water. This would
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account for the early smaller CO»> peaks. Thermally stable formate (at 1614 cm™)
slowly decomposed to CO» suggesting that they are strongly bound, particularly after
the dehydration steps. Coelution of CO2 and Hz2 suggests dehydrogenation pathways
are present. One such pathway may be the formation H-abstraction from formate
via B-O-B linkages which are expected to have formed after the initial dehydration.
The reappearance of the band at 3440 cm™' could then be attributed to the formation
of bridging hydroxy! groups or water.®® Fully describing the complex reaction network
for the decomposition of formate requires further experimentation. However, a
simplified model for the pathways observed and a viable path to the generation of

the main products CO2 and Hz is described by scheme 3.5.
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Scheme 3.5. Proposed pathways for the adsorption of FA on BOx surface
represented primarily by B-O-B and B-OH groups and the subsequent
decomposition pathways to main products H20, CO2 and H3z
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These results show that the surface reactions over BOyx proceed via dehydrogenation,
particularly at higher temperatures. Strongly bound formate, similar to strongly bound
isopropoxides, undergo dehydrogenation steps at higher temperatures. In the case
of FA decomposition, the major observation of COz2 is also in line with CO desorption
energy being relatively higher than CO,.°” Contrastingly, the flow through reactions
for both FA and IPA decomposition indicate that the BOyx layer proceeds via
dehydration reactions primarily. For both reactions, the O—H bond is initially broken
in the adsorption of the molecule to the surface and generally C-O scission is a
favored pathway. This agrees with the relative bond strengths of B—O and C-0O bonds
and the ability for the borate network to restructure to accommodate addition
electrons from O bonds. In the case of FA decompositions, TPD experiments do not
account for the stable surface complexes formed between formic acid and formate,
which also been proposed.®® This could suggest that CO formation on spent BN may
be associated with homogeneous reactions and/or interactions between adsorbed
intermediates and formic acid. Both studies indicate that terminally bonded alkoxides
are readily formed on the oxyfunctionalized surface and are the primary reactive
intermediates. The preference for C-0O cleavage is in line with Lu ef. a/. proposal
that the oxyphilicity of thermodynamically stable BOs can readily react with alkoxy
radicals and produce olefins from the surface alkoxide intermediate. These studies
offer insight into the role of surface alkoxides in the overall product selectivity in BN

catalyzed ODHP.
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Chapter 4. Probing Homogeneous Reactions in Oxidative Dehydrogenation
of Propane over Oxyfunctionalized BN

Publication in preparation.

Section 4.2 was adapted in part from the following publication-

Venegas, J. M.; Zhang, Z.; Agbi, T. O.; McDermott, W. P.; Alexandrova, A.;
Hermans, |. Why Boron Nitride Is Such a Selective Catalyst for the Oxidative
Dehydrogenation of Propane. Angew. Chemie Int. Ed. 2020, 59 (38), 16527-16535.

Personal contributions to publication.: Experimental data collection for the kinetic
control of O2 on reaction products (figure 4.2). Refining microkinetic model reaction
steps. Data interpretation.

4 1. Mechanisms for partial oxidation of alkanes on boron—based catalysts

B20O3 is often classified as a non—reducible catalyst. Non—-reducible metal oxides like
MgO and CaO have been shown to be highly effective catalyst for the oxidative
coupling of methane (OCM) and selective in the partial oxidation of alkanes.'
Amongst this class of catalysts, many exhibit radical homogeneous reactions that
contribute to the overall reactivity and product selectivity.?® Our previous reaction
studies have evidenced, in the absence of mass or heat transfer limitations, have
evidenced this radical mediated hetero-homogeneous mechanism for the partial
oxidation of light alkanes over oxyfunctionalized BN.”'2 This observation agrees with
proposed mixed mechanisms for BoOs / AloO3 catalysts in the oxidation of ethane to
acetaldehyde and ethylene, and the oxidation of propane to propylene.'®?° The early

works of Murakami et. al., Colorio et. al., and Buyevskaya ef. al. suggested that the
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B20O3 could generate alkyl radicals which desorb from the catalyst surface and further

react to products, scheme 4.1.

0
A
CSHS .CSH7 i Acetone
©) © " e
CSHS +°*O0H —— CsHTOO * CSH7OOH 0 2

()

(4) () R Propionaldehyde
0, 0O, (ads.)

(1) (2)
CSHS ﬁ"CSH7 ﬁ‘ CsHe
o) OH OH

3) °

CQH4 + 'CH3

Scheme 4.1. Adapted reaction mechanism for the partial oxidation of propane over
supported boron oxide catalysts as proposed by Hatano et. a/. (1991) and later
Buyevskaya et. al. (1996). Reaction pathways are numbered in parenthesis.

H-abstraction from propane via activated surface oxygen species (0O*) was proposed
as an initial step in this mechanism. The early assumption of BoO3 catalysts was that
they followed the initial step for propane activation proposed for several vanadia
catalysts like Corm et. al. proposed mechanism for V-Mg-0 catalysts.?' The redox
active VOy catalysts proceed via Mars—van Krevelen (MvK) mechanism. In this
mechanism, the alkane undergoes sequential H—abstractions on the catalyst surface
and reduced surface is rapidly reoxidized via dissociatively adsorbed O»2. The result
is a first order dependence of the propane reaction rate on Paxane and a zero order

dependence on Pps. %?7?* However, on boron oxides the subsequent desorption of

the propyl radical was considered one of many differentiating factors between boron
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oxide catalysts and vanadia catalysts. The propyl radical undergoes decomposition
via C—C scission to ethylene and a methyl radical or subsequent H—abstraction via
surface or gas phase reaction pathways to propylene. As such, boron oxide catalysts
proceed via a different mechanism than VOx. Murakami and Buyevskaya observed
non-linear (i.e., supralinear) relationship between the reaction rate and Paxane and
Langmuir type adsorption of model for O2."® These studies laid fairly strong ground
work for us to investigate the reactivity of BN. Importantly, our extensive high field
SSNMR, XAS, XPS, DRIFTs, and Raman studies have shown that that
oxyfunctionalized layer differs from B20Os and B(OH)s standards although they share
similar borate networks.?*2’ In other words, we endeavored to specifically examine
and confirm the reaction dynamics of oxyfunctionalized BN. To date, our studies on
BN support these findings as we observe a second order rate dependence on Paxane
and a 0.25 order rate dependence on Pp2.'2?673 These observations suggested that
oxyfunctionalized BN proceeded via an Eley—Rideal (ER) mechanism which describes
reactions between chemisorbed and gas phase reactants.®¥ Under this
mechanism, the desorption of the propyl radical and homogeneous propagation
reactions have been understood to be integral to propylene. Herein, we probed the
reaction pathways of the propyl radical as a function of Oz in BN catalyzed ODHP.
4.2. Examining the role of Oz in homogeneous reaction pathways

Reactions of the propyl radical are primary determinants in the observed product

selectivity. Following scheme 4.1, the propyl radical may undergo unimolecular
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thermal cracking wherein the C—-C bond is broken to produce ethylene and a methyl
radical—the unselective pathway. The propyl radical may also undergo further H—

abstraction via molecular O2 (gas phase) or activated surface oxygen species (O”)

(surface reaction) to form propylene, and either HOOe or surface OH respectively. It

is also possible, as shown in scheme 4.1, that reactions between the propyl radical
and Oz may form alkylperoxides (QOOH) which may further react to produce a variety
of oxygenates. Experimental observations of O: reactions with n— and /= propy!
radicals and ethyl radicals via photolysis of CsH7z—I, by Estupinan ef. a/., show H-
abstraction from both propyl radicals to form propylene and HO> was favored over
the QOOH formation above 477 °C.®® We can conclude from this study that
increasing 7 and Fo2 favor propylene formation from the pool of propyl radicals

generated according to scheme 4.1.

Under fuel rich conditions we expect pathways 1 and 7 in scheme 4.1 to be

examined, where propane may be activated via homogeneous propagation steps.

Note that pathway 7 may also occur between propane and HOOe®. Under fuel lean

conditions we limit the activation of propane primarily to the surface O* species in
pathway 1. We examined the rate of propylene and ethylene formation as a function
of Poz under fuel rich (25% propane) and fuel lean (15% propane) conditions, figure

4.1a and 4.1b respectively. The dependence of propylene formation on Fo2 was
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positive under both conditions, supporting a positive correlation. The dependence of
ethylene formation on Fo2 was negative under both conditions, supporting a negative

correlation. This result suggests that pathways 3 and 4 are indeed present on

oxyfunctionalized BN and a simplified scheme can be represented by figure 4.1c.
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Figure 4.1. Rate of propylene and ethylene formation as a function of Poo with a)
Pesns = 0.25 atm and b) Posns = 0.15 atm over 83mg BN at 525 °C. Oz reaction
orders for the product formation were determined via power laws for each set of
conditions. ¢) Simplified reaction scheme for propyl radical intermediate pathways.
Using this simplified model, we further examined a set of homogeneous reactions
for C—H and C-C scissions involving n— and /—propyl radicals, listed in table 4.1.

Kinetic constants for the tabulated reactions, as well as the initial H—abstraction from

propane from HOQOe, were readily available via the NIST kinetic database. Based on
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B—scission rules, homogeneous C—C scission of r—propyl radicals are more probable

|.3* We can expect n—propyl radicals to preferentially decompose to

than with ~propy
the unselective products. The relative concentration of /—/n-CsHy7 is thus dependent

on how the initial H—abstraction of propane occurs. Relatively strong H—abstractors,

like >BOe, may be agnostic to primary or secondary H and produce statistical

distributions of /=/n— propy! intermediates, while weaker H—abstracters like HOQe

may primarily abstract secondary H.** We can then use /—/7-CsH7 as a descriptor
for product distribution by compiling the reactions in table 4.1 and examining the
relative rates of propylene to ethylene formation ( 7cans / fcema) @s an index for the
rate of C—H to C-C scissions. By examining rcare / 7cons @s a function of Poz and /-
/n-CsH7, we can probe pathways 2,3,4 in scheme 4.1.

Table 4.1. Simplified homogeneous reaction steps for propane activation and propyl

radical decomposition to propylene and ethylene products. Kinetic data and rates
were taken from NIST data base.

Step Reaction Description

r1 CsHg + HO2- &> n-CsH7- + H202 H-abstraction - 7—-CsHy
r2 CsHg + HO2- = ~CsH7- + H20:2 H-abstraction - ~CsH7
I3 n—CsH7- + O2 2> CsHe + HO2- H-abstraction > CsHe
I4 ~CsH7- + O2 2 CsHe + HO2 H-abstraction - C3Hs
r5 n—CsH7- 2 CsHe + H- H-abstraction = CsHs
I6 ~CsH7- > CsHe + H- H-abstraction - CsHe
r7 n-CsH7- > CoH4 + CHa- C—-C scission > CaHa

8 /~C3sH7 = CoH4 + CHa: C—C scission > CzHs
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fosms | foena can be represented as a function of Po2 and /—/n—CsHrvia eq. 4.1:

. [iCsH,] * k [iCsH,] * k
Resns 0] ("2+<_[fzcgﬂ7] ‘1)> ket ( Gy o ] 3‘)

Reana (M)
ke + [nCsHy]

(4.1)

Detailed derivation of eq. 4.1 and the kinetic parameters—numbered to match their
reactions in table 4.1—can be found in ref. 12. Eqg. 4.1 was then computed using

three cases for H abstraction of propane (reactions 1 and 2) and which resulted in

//n-C3H7 = 1.5 (homogeneous H—-abstraction by HOQe), 0.74 (heterogeneous H-

abstraction by >BQe), and 1.06 (computed mixed surface gas abstraction). These

cases can be considered upper, middle, and lower bounds for the mix of surface or
gas H—abstractions. rcane / /cona was then experimentally determined under fuel lean
and fuel rich conditions. rcane / rcona was also experimentally determined with and
without co—fed steam (10% H»>0), which offered insight into the possible role of H20,
a major reaction product, pathways 2,3, and 4. The overlap for the experimental
results across each set of conditions confirm that the kinetic role of Oz in the propane
reaction rate (not shown) and the product formation pathways were consistent, figure
4.2. Good agreement between the mixed surface—gas H—abstraction pathways and
the experimental data tested support the mixed mechanism proposed. As well, upper
bound (homogeneous) and lower bound (heterogeneous) activation pathways

suggest that while BOx are necessary initiators for the reaction, promotion of gas



73

phase reactivity may improve propylene formation significantly. Note that these
experiments were part of our recent publication using computational and
experimental tools to describe fundamental elements of the boron reaction
mechanism.'? While relevant to this thesis, only portions of this study are discussed

here for conciseness (see personal contributions).

g 15% C,Hg, 0% H,O
e 25% C;Hg, 0% H,0O
15% C;Hg, 10% H,O
124 v 25% C,H,, 10% H,0
{ - - - Eq. 1, Gas-Phase Activation
o ey Eq. 1, Surface Activation -
—— Eq. 1, Mixed Activation %
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N
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~
©
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2 4
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Figure 4.2. Experimental ratio of propylene to ethylene formation rates as a function
of Fo2 examined at 525 °C over BN. Reaction rates were measure under fuel rich
(25% propane) and fuel lean (15% propane) conditions with and without the
cofeeding of 10% H20 (balancing gas was N2). In all cases, propane conversion was
maintained below 5%. Eqg. 4.1 is plotted using three different cases where the H-
abstractor was either HOOe (red), >BOe (blue), or 42% >BOe and 58% HOOe
(black). The values for /n-CsH7 changed depending on the H—abstractor such that
//n-CsH7 = 1.5 (red), 0.74 (blue), and 1.06 (black). (ref. 12)
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4.3 Promotion of Gas Phase Reactivity

These data show that rcsns / cons may be modeled according to the strength of the
H abstractor in the initial H abstraction of propane in this simplified model. From this
standpoint, reactor configurations conducive to homogeneous H—abstractions may
promote propylene selectivity. One such configuration is the use of a structured bed,
which can double the bed void volume of a traditional packed bed design (i.e. 0.4),
and exhibits several benefits for highly exothermic industrial applications®*¢™" Huff et.
al. examined ethane ODH over Pt / a—Al203 foam and reported up to 70% ethylene
selectivity at 80% conversion.*?*3 Leibmann et. a/. examined isobutane ODH over
Pt/a—Al2O3 foam and achieved 70% olefin selectivity at 70% conversion, which they
attributed to a heterogeneous—homogeneous mechanism under fuel rich
conditions.** Beretta et. a/. examined propane ODH over Pt/a—Al>O3 foam.*> They
observed primarily combustion products in a blank annular reactor, but >55% olefin
selectivity in the presence of the catalyst. They further examined propane ODH over
Pt/a—Al2O3 supported on a metallic porous monolith with >80% void fraction
achieved an enhanced total olefin yield of 50%.%°*® They attribute the enhancement
to auto—thermal homogeneous reactions and proposed that the catalyst behaved as
an igniter and homogeneous gas phase reactions were responsible for the resulting
olefin yield in propane ODH. Liu ef. al. is, to our knowledge, the first to examine
propane ODH via BN wash—-coated straight channeled cordierite honeycomb

monolith.*” They achieve 82% selectivity to propane at 16.8% propane conversion,
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with high rate of propane consumption at various temperatures. From these
considerations, the inclusion of oxyfunctionalized BN throughout a structured catalyst
design is an attractive design to probe relevant homogeneous phase reactions and

achieve increased propylene yield.’

4.3.1 Reaction studies and characterization of 3D printed oxyfunctionalized BN-
Kaolinite structured catalysts for the oxidative dehydrogenation of propane to
propylene

We collaborated with Dr. Fateme Rezaei and her PhD student Khaled Baamran of
Missouri University of Science and Technology to create 3D printed BN kaolinite
monoliths. They have developed expertise in 3D printing catalysts for a variety of
applications and patented a printing process for 3D printed zeolites monoliths for
CO2 capture.*® This catalyst design approach provides a roadmap for a high
throughput synthesis of stable and modular (i.e. ability to change surface area to
void fraction ratios) structured catalysts. Herein, we examine the stability, reactivity,
and selectivity of 3D printed structured catalysts consisting of oxyfunctionalized BN
and kaolinite in staggered channel design to promote gas mixing. We expect the
promotion of gas phase radical oxidation pathways to selectively promote rate the

rate of propane conversion and enjoy higher rcans / rconsa values.
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In a typical synthesis, BN was oxyfunctionalized under ODHP conditions ( 7=525 °C,
Pii = 0.3 atm CsHs, 0.15 atm Oz, 0.55 atm N2) for 12hrs. Desired amounts of
oxyfunctionalized BN, kaolinite, and methylcellulose (MC) were mixed with DI water
and well mixed to a slurry over 48hr. The slurry is then stirred vigorously and heated
gently until a paste is formed. Rheological tests of the paste (not shown) were done
to determine a synthetic protocol that produced “ink” suitable for 3D printing.
Monoliths were 3D printed to specific dimensions for a quartz tube reactor (figure
4.3) using this ink via syringe and dried at room temperature. Samples tested were
labeled in the following manner: 50wt%BN-Kaolinite was labeled “50BNK.”
Traditional packed bed configurations were conventionally labeled as the catalyst

used.

50% BN-Kaolinite (Fresh)

Figure 4.3. Image of 3D printed oxyfunctionalized BN kaolinite monolith with relevant
dimensions.

ODHP reactivity of structured BNK catalysts were examined at 525 °C and compared
to packed bed configurations of kaolinite, BN, and a 50-50 mixed bed of BN and

kaolinite, figure 4.4. Under these conditions, 50BNK sample exhibited 90.5%
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propylene selectivity compared to 83.5% exhibited by BN. Although kaolinite showed
limited reactivity (~1% conversion), it exhibited 91.8% propylene selectivity. The
addition of the kaolinite to the mixed bed therefore contributed higher olefin
selectivity, achieving and 88.5% propylene selectivity. Kaolinite 3D monolith, O0BNK,
exhibited higher reactivity than a packed bed of kaolinite but much lower propylene
selectivity (45.5%) and produced the most COyx observed (48.5%). The difference in
product selectivities between kaolinite and OBNK illustrate that homogeneous partial
oxidation of propane cannot solely achieve higher propylene selectivity, and that

>BOe radical initiators are required to improve olefin yield. This was further supported

by the increase in olefin selectivities between 5 and 50 wt% BN in 5BNK and 50BNK

monoliths.
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Figure 4.4. Isoconversion comparison of kaolinite, BN, packed bed of mixed BN and
kaolinite pellets, and structured BNK catalysts. 7=525 °C, P;;= 0.3 atm CsHs, 0.15
atm Oz, 0.55 atm No.

We attribute the increase in propylene selectivity in 50BNK to an increase in
homogeneous reactivity and therefore increased H—abstraction of propyl radicals to
propylene, as discussed. If this were the case, we would expect to see an increase
in the experimental rcans / 7cons value as a function of Foz. This was observed in
figure 4.5. 50BNK exhibited rcans / rconavalues compared to the mixed bed, indicating
that the change in reactor configuration contributed to the promotion of C—H scission
over C-C cracking. However, the enhancement in 50BNK compared to BN cannot

solely be attributed to an increase in homogeneous reactivity. The mixed bed

exhibited higher rcsne / 7cona values than BN indicating that interactions between
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kaolinite and reactive intermediates may also favor C—H scission. Enhancements in
the catalytic performance of 50BNK can be assumed to be related to the promotion

of homogeneous reactions and favorable interactions with kaolinite.
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Figure 4.5. rcsns / rcona ratios as a function of Ppz for 50BNK, BN, and mixed BN
kaolinite packed bed at Pcswvs = 0.3 atm, with N2 as the balancing gas. 7 =525 °C

The rate of propane consumption was examined as a function of FPpz and Pesws
respectively, figure 4.6. 50BNK, assumed to promote to the homogeneous reactivity,
showed consistent reaction orders of 2.2 and 0.25 for propane and O» respectively.
This result further supports that these reaction orders observed on BN are indeed
representative of homogeneous reaction pathways. The Oz reaction order of 0.25
observed on the mixed bed agreed with BN. However, the propane exhibited a

reaction order of 1.45. Further analysis is necessary to determine if kaolinite is
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quenching radical intermediates from BN and limiting propane activation to surface

H-abstractions.
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Figure 4.6. Dependence of the propane consumption rate on a) alkane partial
pressure at Po2 = 0. 15 atm and b) O» partial pressure at Pcsqg = 0.30 atm. 7= 525
°C, Prr=1 atm with N2 as the balance gas.

In(Pg, / atm)

The 3D monoliths showed the hypothesized increase in rcaHs / fconsa values as a
function of O2 and agreement to the kinetics observed on BN. Figure 4.7a, showed
that higher wt% of BN within the monolith (i.e., 50BNK) exhibited conversion—
selectivity trends comparable to BN. The poor performance of 5BNK indicated a
threshold of BN required ignite and maintain selective reaction pathways, particularly
in the presence of the kaolinite. Propane reaction rates were examined as a function
of propane conversion to determine how the reaction products impacted propane
activation, figure 4.7b. The rate of propane consumption increased slightly as a
function of conversion for 50BNK. 5BNK exhibited a decreased reaction rate at low
conversions and increased slightly at higher conversions. Surprisingly, the rate of

propane consumption decreased with increasing conversion for the BN in a
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traditional packed bed. Deshlara ef. a/. showed that the rate of propane activation
increased with propane conversion in the presence of 0.005 kPa of NO, because the
NOx mediated C—H activation pathway produced OH radical intermediates favorable
for further homogeneous propane activation.®*° They show that the opposite was
true for a V20s catalyst where adsorption of H2O on lattice oxygens inhibit C—H
activation.®® While there some ambiguity on the overall chain branching and
termination steps in BN catalyzed ODH, our recent IPA and FA studies suggest that

an increase in B—OH groups may cause the reduction of activity observed in figure
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Figure 4.7. a) product selectivities and b) propane consumption rate as a function
of propane conversion for 50BNK, 5BNK, and BN. 7=525 °C, P = 0.3 atm CsHs,
0.15 atm 0Oz, 0.55 atm N2. Experiments in b were performed under differential
conditions < 10% propane conversion.

50BNK showed a reduction in apparent activation energies, Eapp, Of products and

reactants between 490-525 °C compared to BN tested under similar conditions,

figure 4.8. The reduction of Eapp for ethylene was relatively low (16 kJ mol™)



82

compared to propane (23 kJ mol™") and propylene (29 kJ mol™). This observation
indicates that the main effect of 50BNK is the facile production of propylene, which
is reflected by the favorable product selectivities observed. This supports increased
C—H activation by a homogeneous radical pool and the production of stable ~propyl

radicals in the gas phase.

Poz; =0.15 atm
6 Peapg = 0.25 atm
T=490-525°C
S C3Hs, Eapp = 185 kJ mol”
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Figure 4.8. Arrhenius plot for the reaction rates as a function of 1/7 during ODHP

over 50BNK. 7=500-550 °C, Pi;; = 0.3 atm CsHs, 0.15 atm O2, 0.55 atm N». Total
flow rate was adjusted between 40-100 mL, min™" at each temperature to maintain
a propane conversion below 5%.

We examined the stability of 50BNK for more than 2 weeks, figure 4.9. The selected
timeframe surpasses our previous 100hr BN stability test and Lu et. al. 15hr stability
test for BN wash coated monoliths. We demonstrate that 15.87% propane

conversion with propylene and ethylene selectivities of 78.4% and 11.6% respectively

can be steadily maintained for 2 weeks on 50BNK. Additionally, we show that 50BNK
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can also exhibit a higher performance at 32% propane conversion with propylene
and ethylene selectivities of 63.6% and 15.7% respectively, by increasing the contact
time, for an additional 42 hours. At this condition we achieve ~20% propylene yield

and ~25% total olefin yield.
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Figure 4.9. 50BNK stability of product selectivities and propane consumption as a
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4.3.2. Characterization of 3D printed oxyfunctionalized BN—Kaolinite structured and
the role of kaolinite.

Indeed, 3D printed BN kaolinite (BNK) monoliths show promise for the development
of cost effective and stable structured beds with competitive performance in the
partial oxidation of propane. Kaolinite, AlzSi20s(OH)4, is a cheap mineral clay binder
commonly used in the preparation of zeolitic catalysts for oil and gas conversions.®"
It is a naturally occurring hydrous alumna silicate where repeated layers of silicon
tetrahedral sheets on aluminum octahedral sheets form a dioctohedral 1:1
phyllosilicate structure.®® These sheets feature reactive hydroxyl groups and can
easily intercalate compounds that: form strong hydrogen bonds or strong dipole
interactions with the silicate layer.®® Thus, binder—-matrix effects of kaolinite on the
catalytic performance of zeolites have been widely researched. The acidic properties
have been observed to play a catalytic role in the FCC and other refinery processes. >
Misk et. al. showed that using kaolinite as a binder with zeolite 5A decreased the
rate of coke formation from propylene and found that polyaromatic coke resided
primarily within the binder.®® Understanding the dehydroxylation of kaolinite has
therefore been an important step in determining its reactivity. Between 400-650 °C,
kaolinite is known to dehydroxylate via reaction of adjacent OH groups and the

elimination of structural water, eq. 4.2:%¢

A|28i205(OH)4 - Al:0302Si0, + 2H-0 (4.2)
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Near 550 °C, the sheet structure is destroyed and semi—amorphous metakaolinite is
formed.®?®” From these considerations, the interaction of acidic sites from kaolinite
with reactive intermediated from BN should be further examined to understand the

role of kaolinite as a binder in the 3D printed BNK monoliths.

Prior to reactivity testing, all samples were dried /n—s/tu in the quartz reactor at 525
°C under oxidative conditions 30% O» / N2 for 4 hrs to promote surface
dehydroxylation. XPS analysis of the fresh and spent BNK samples are shown in
figure 4.10a. The formation of metakaolinite in the spent 50BNK can be observed in
comparison to kaolinite in the fresh 50BNK (undehydrated). Conversion of Si—-OH /
Al-0O-Si—-OH at 105.6 eV and SiOx at 104.01 eV were dehydrated primarily to an SiO>
surface (103. 2 eV), similar to the quartz SiO2 (103.0) reference in the Si 2s spectra.
Similarly, higher oxidation AIOOH (76.33 eV) were transformed primarily to Al-OH
(75.48 eV) species in the Al 2p spectra. Minor amounts of Al203 (74.1 eV) may
indeed be present but were not observed on either sample via XPS under these
conditions. The O1s spectra shifted to lower binding energies for spent 50BNK due
to the dehydroxylation of higher binding energy Si—OH, Al-OH, and likely B-OH sites.
The main O 1s peak in the spent material agrees with the 532.5 eV signal of O
species in SiO2. The spent material exhibited oxyfunctionalization of BN (191 eV) with
the appearance of BOs units and ByOxH; at 194 and 192.97 eV respectively in the B

1s spectra. Fresh 50BNK exhibited C-0, O=C-0, and carbonate like / bound O=C-
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O at 289.6, 288.1, and 286.7 eV respectively in the C 1s spectra. These carbaceous
species are created via the pretreatment of BN powders in alkane / O2 mixtures prior
to mixture with kaolinite. However, the post reaction surface featured high amounts
of C-C (284.8 eV) and minor amounts of O=C-0 (286.77 eV). This is indicative of
surface reactions of alkyl intermediates on metakaolinite. Similarly, deposition of
organic material on the quartz sand at the end of the reactor tube was observed,
figure 4.10b. XPS of the C 1s region of these quartz chips (spent) exhibited signals
for C-C, C-0-C, and O=C-0 at 284.8 eV, 286.6 eV, and 288.6 eV respectively.
The physical distance between the catalyst bed and the organic build up at the base
of the reactor tube suggests that the compounds were long lived and immediately
condensed in a cool location. We assume this is indicative of the formation of
oxygenates. Notably, high volumes of condenser fluid were similarly observed
throughout the reaction. This would suggest that an increase in homogeneous
reactions also increased the pathways 5,7,8, and 9 in scheme 4.1. Further analysis
of the organic material via NMR, Raman, TGA-MS, and FTIR is necessary to test this

hypothesis.
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Figure 4.10. a) XPS of fresh and spent 50BNK and spent quartz sand. C1s, Ofs,
Bi1s, Si2p, and Al2p regions were analyzed, and various species are identified. b)
Image of the spent 50BNK with slight yellowish tone and organic material on spent
quartz sand at the base of the quartz reactor tube.

ATR-IR of fresh and spent kaolinite powders were compared to fresh and spent BNK
samples, figure 4.11, to determine surface functional groups. Expectedly, fresh
kaolinite and fresh 50BNK both exhibit 3690, 3618, 939, 910 cm™" were attributed
to the —OH stretching on the inner surface of kaolinite, —OH stretching of inner
hydroxyl groups in kaolinite, AlI-OH stretching, and —OH stretching of inner surface

Al-OH deformations, respectively.®?°356760 1113 1036, and 1003 cm™' were
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assigned to S-0O stretches respectively. Hydroxyl interacting B-OH groups were

observed at 3215 cm™

, B—O functionality and fundamental BN modes were present
in the broad feature from 1600-1300 cm™'. Notably, all bands at 3690, 3618, 939,
910 cm™ are no longer observed in spent kaolinite or 50BNK indicative of the
formation of metakaolinite. Similarly, distinctive Si—O stretches at 1113, 1036, and
1003 cm™" were replaced by a broad amorphous band between 1200-950 cm™". A

1

slight increase in BOH functionality at 3215 cm™' can be observed in spent 50BNK.
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Figure 4.11. ATR-IR of fresh and spent kaolinite powders and fresh and spent 50BNK

monoliths. All spectra were recorded at room temperature under atmospheric
conditions.
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4.4. Discussion on the homogeneous reaction pathways catalyzed by
oxyfunctionalized BN

Reaction and kinetic studies were used to compare homogeneous reaction pathways
proposed for B20s / Al203 with BN catalyzed ODHP. These boron—based materials
share similar reaction mechanisms under the conditions tested. However, BN is more
stable and more selective than the B20Os / Al2Os catalysts, which report high
selectivities to COx. Homogeneous reaction pathways were further probed via 3D
printed BN Kaolinite monoliths. These monoliths showed comparable kinetics,
reactivity, and selectivity to BN. They also exhibited higher rc3ns / rcona values, lower
apparent activation energies, and more favorable interactions of the products on the
reaction rate compared to BN. These results were promising, however contributions
by kaolinite and/or metakaolinite to the rate of propane consumption must be further
understood. The mixed BN and kaolinite packed bed showed a 1.45 order rate
dependence on Fecsng compared to the typical 2.2 order observed, which suggests a

decrease in homogeneous propane activation due to the presence of kaolinite.

The possible role of oxygenates must be further investigated to determine whether
they contribute combustion products. Although the high temperatures may favor
pathway 4 rather than 5, as discussed earlier, confirmation of this for boron oxide
reaction mechanism is still necessary. To—date, we have observed oxygenate by-—

products of propionaldehyde, acetone, and formaldehyde via NMR of the condenser



90

fluid. There have also been proposals of the formation of propylene oxide from high
conversion over BN—although we have not directly observed this.®' Experimental
observation of 50BNK showed a significant increase in organic liquid products, which
may suggest that gas phase reactivity contributes to their formation. Walling ef. al.
show that primary and tertiary alkoxy radicals reacted with various substrates at
comparable rates, but the rate of B-scission of branched alkoxy radicals were
significant faster than primary alkoxy radicals.®?® The results of figure 4.1 would
confirm that secondary peroxy radicals formed likely decompose via pathway 5 or 6
relatively quickly and contribute to propylene formation. However, primary peroxy or
alkoxy radicals may decompose to combustion products or formaldehyde or

propionaldehyde.

The deleterious effect of propane conversion on propane reaction rate over BN is
particularly interesting. Based on the radical oxidation pathways suggested for BN,
the products (like H20) and reactive intermediates should contribute to higher rates.
However, this result suggests that propylene, water, and/or radical intermediates
inhibit propane activation. We have previously established the rate enhancement of
propane when H20 is cofed to the reaction mixture. One possible explanation for this
is that propylene is known to be a radical scavenger and has been employed as such
in several studies. Blake and Hinshelwood showed used propylene as a free radical

scavenger to investigate free radical chain mechanisms in homogeneous formic acid
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decomposition. They found that the addition of propylene had no effect on the rate
of formic acid decomposition.®* Their study and similar research have been used to
probe the likelihood of OH or H chain carriers in the decomposition of formic acid.®®
Freeman et. al. use propylene as a radical scavenger for H atoms in the radiolysis
of ethanol vapor to probe the free radical chain mechanism to pyrolysis products.®®
One highly examined propagation step in these studies is the facile reaction of
propylene and H radicals to form propyl radicals: H + CsHe = CsH7. If in fact
propylene production scavenges H radicals to form propyl radicals, then the effect
observed in figure 4.7b may indicate that H atoms function as important radical
chain carriers within BN catalyzed ODH. Early evidence of this may be present. In
our ongoing collaboration with UCLA, we aim to generate computational spectra of
surface structures observed experimentally via NMR and XPS. Thus far, the addition
of protons to preliminary models of the BN surface show better alignment with /n—

situ XPS experiments.
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Chapter 5. Conclusion and Future Directions

5.1 Summary of Work Discussed

This dissertation aimed to characterize surface structures and reactivity of
oxyfunctionalized BN. Herein, we characterized oxyfunctionalized BN as a function
of reaction progress to show explicit correlational relationships between BOs
functionality, alkane/O2 conversions, and propylene selectivity. Examining these
features through catalytic studies, ATR-IR, XAS, and XPS provided strong evidence
that tri-—oxygenated B sites play a significant role in the activation of BN catalyzed
ODHP and appear to achieve a steady state with the reaction. These observations
also bridge the binary characterizations of fresh and spent material, with a systematic

characterization of the active layer growth.

The interactions between IPA and oxyfunctionalized BN were investigated via catalytic
decomposition in a flow—through reactor and /n-situ DRIFTs—TPD-MS. After
exposure to ODHP conditions BN developed an oxyfunctionalized surface that initially
dehydrated IPA to propylene at rates nearly 18x that of fresh BN and nearly 3x that
of 4 wt% V205 / SiO2. High temperature dehydration of the oxyfunctionalized BN
generated boroxyl networks represented by B—O-B units that were immediately
accessible upon introduction of IPA. On this relatively dehydroxylated surface, Lewis
basic bridging O?" atoms may abstract protons from the alcohol to form B-OH and

an adjacent isopropoxide on B in the form B—0O—-R. Dissociative adsorption of IPA on
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dehydroxylated BOx represented by path 2 in scheme 3.2 occurs faster than IPA
reactions on hydroxylated BOyx. This decomposition pathway for IPA may account for
the initial high reactivity observed by the spent material. As the reaction proceeds,
increasing hydroxylation of BOy limits pathway 2 and shifts activity primarily to
pathway 1, which may only occur on hydroxylated surfaces. Increasing hydroxylation
decomposes IPA via dissociative and non—dissociative mechanisms. Lewis acidic B
in certain BOH sites may form B-O—-R with the alcohol via water elimination.
Increasing B—OH concentration weakly binds IPA to the surface via H bonding of B—
OH nests. Steady—state activity on spent BN is similar, but slightly lower than fresh
BN with a slight increase in dehydrogenation activity to acetone. Although slow,
dehydration of adjacent BOH species was observed via the consistent production

and release of water from the surface.

FA decomposition on fresh and spent BN under non-oxidative conditions was
examined via catalytic and DRIFTs—TPD—MS studies. Both exhibit transient reactivity
periods and converge to similar rates of FA decomposition within 1hr and favor
different reaction products. While dehydration of FA to CO was the main reaction
pathway observed, fresh BN exhibited an rco/ rcoz of ~1.25. This nearly 1:1 ratio is
observed in the product selectivity for fresh BN at 20% FA conversion— 41.8% CO2
and 58.2% CO. Spent BN exhibited a growing rco / rcos value from ~2.25 to 4.5,

which was maintained at steady state. The 3.6—fold increase supports the increase



98

acidic character of the oxyfunctionalized surface, particularly under assumed B—OH
saturation coverage. Dissociative adsorption of FA to monodentate formate species
and B—OH groups was observed via DRIFTs. Initially mainly H>O was observed as
the surface dehydrates and later CO2 became the main TPD product in the

decomposition of formate.

Both IPA and FA decomposition studies show that surface alkoxides were formed
with differing binding energies to the surface. Terminal alkoxides were more reactive
and favored C-0O scission at lower temperatures, while thermally stable bridged
alkoxides or strongly bound alkoxides also featured C—H scission at increased
temperatures. These results are reminiscent of the work by Murakami et. al. who
showed that acetaldehyde and ethylene were formed on different active sites on B203
/ AlOs in ethane oxidation." They further showed that acetaldehyde formation
passed through a maximum with increasing B20s loading, while CO and CO>
formation were suppressed, and ethylene formation increased linearly. The bulk
oxide therefore suppresses overoxidation and favors olefin formation. IPA and FA
decompositions suggest that although there are strongly bound alkoxide that may
decompose to unselective products, under reaction conditions the BOy surface can
readily perform acid—base reactions to selectively achieve the olefin. The amphoteric
nature of the overall borate network also allows for the stabilization of alkoxides, H-

abstraction reactions via weak H-abstractors like O°" and strong H-abstracters
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>BQOe, and H donation to less acidic alcohols. Acid —base pairs and allow for facile
dissociative adsorption of several oxygenated species and incoming alkanes. These
features contribute to the high selectivity and reactivity observed on BN catalysts.
However, the diminished activity in the presence of BOH suggests that the slow step
in regenerating more reactive sites via BOH condensation may need to be further

studied.

These studies also indicate that water may play several roles within BN—catalyzed
ODHP. One such role may be facile hydrolysis of B-O-B to B-OH which may have
contributed to the deceleration of the IPA reaction rate. Results of IPA oxidation
indicate that increased hydroxylation, which may result from interactions of water
and the oxyfunctionalized surface, may contribute to surface dehydrogenation
pathways for IPA. Similarly, FA results shows that surface dehydration is the initial
surface reaction after the adsorption. This occurs either by the facile desorption of
molecularly adsorbed H20 or the condensation of adjacent BOH groups. In both
cases, the release of H20 is a necessary and slow step. Once water is generated, it
may also participate in the reaction pathways. Although further studies are necessary
to determine the exact influence of water on the system it has been shown to catalyze
both dehydration and dehydrogenation of FA.?® We can extend this observation to
BN catalyzed ODHP, where we observed that surface reactions between water and

the oxyfunctionalized surface decreased tri—coordinated oxygenated B sites under
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ODHP conditions via XRS. If water transitions B sites away from homoleptic
coordination environments (i.e., all three ligands attached to B are the same as is
the case with BOs) then we would expect to see slight reductions in propylene
selectivity during ODHP. Indeed, we do observe the reduction in propylene selectivity
in our water co—feed studies in BN catalyzed ODHP and in our recent /in-situ XRS
measurements.* It is also necessary to understand how water may influence surface

reactions of the bound alkoxides.

These studies show how sensitive the BOyx surface is to the reaction environment.
Understanding the dynamics of the oxyfunctionalized surface under reaction
conditions has required a healthy mix of experimental and computational
approaches. The Alexandrova group used molecular dynamics simulations of BN
oxidation at 500 °C to evidence a variety boron oxide surfaces accessible under
reaction conditions and heterogeneity of electronic density for B and O atoms within
varying oxides.® They show that the chemical potentials for B and O within the system
allow for oxides like BsOs, B4O2, etc. that exist at different probabilities at room
temperature compared to reaction temperatures. The interconversion of oxides at
reaction temperatures suggests that there are highly dynamic and thermally
accessible metastable sites that can contribute to the observed reactivity. Our recent
collaboration with the Alexandrova group explored metastable BOy sites in effort to

understand the dynamic surface reactivity of the oxyfunctionalized layer beyond
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thermodynamically stable BO3 units.* Computational work by Zisheng Zhang of the
Alexandrova group identified metastable three sites with unsaturated B—B—B units
that were present at reaction temperature with >5% population where the initial Oz
adsorption on a {BB} site was calculated to be kinetically barrierless and
thermodynamically favorable: : B603#2, B603#3, and B502#1. This resulted in the
formation of peroxo-like BOx species: >B-0-0-B<, which cleaved readily over
B603#2 to form >BOQe, reactive species. We have since been able to use these
findings in tandem with our reaction studies to build a simplified microkinetic model
which accounts for both surface and gas activation pathways for propane, figure
5.1. We show that this model can accurately describe the product selectivity as a
function of the Pps and the strength of the H—abstractors in the system. We have
since made use of this microkinetic model to design high performing model boron—

based catalysts for ODHP investigated in this thesis.
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Figure 5.1. Example mixed heterogeneous—homogeneous rg:t:hanism for the partial
oxidation of propane over oxyfunctionalized BN with {BB} and >BOQe, proposed as
relevant active species. (ref. 4)

Economical designs of an ODHP catalyst should maximize the surface availability of
the identified active phase/centers on a cheaper bulk material. The low cost, high
availability, and relatively high surface areas of Al2Os, SiO2 and, Carbon (C) present
these materials as common support selections for model supported catalysts (e.g.
V / SiO2 or V / Al2O3). To—date, we have examined the reactivity and stability of BOx
/ SiO2 and BOx / activated C.% In the former case, we show that the Si-O-B bonds
are easily hydrolyzed and much of the BOx layer was leached away during the
reaction. The synthesized set of BOx / SiO2> materials was useful in extracting

requirements for an active boron—based catalyst, we showed that the reduced

selectivity we observed was a direct result of BOyx—derived reactive intermediates



103

interacting unfavorable with the Si—-OH / Si—O-Si surface. In direct contrast, we
showed that BOy / activated C materials were highly active and produced competitive
product selectivities as BN. BOx / activated C did not leach BOx appreciably and
exhibited excellent stability relative to BN. We were able to show that BOx could be
used to protect the carbon support from combustion and enable the use of a cheap
material to carry the active phase. We applied many of the same principles to the

early design of the 3D printed monoliths.

Our initial study on a variety of borides and boron containing crystal structures
showed little to no correlation between reactivity and surface area. We later
concluded that the more relevant parameter was having enough oxygenated boron
sites present that could initiate radical oxidation pathways that may propagate
through the catalyst bed volume. The volcano-like correlation between the
concentration of BN within a fixed bed volume and the rate of propane activation,
suggests that too much BN also provided termination sites for radicals within the
system. Therefore, the relevant optimization parameters become stabilizing small
quantities of highly dispersed and stably anchored BOy in a catalyst bed conducive
to homogeneous reactivity (i.e., increased void fraction). By combining the cheap
clay kaolinite with oxyfunctionalized BN throughout a 3D printed monolith design, we
achieved a structured bed with great thermal conductivity, and a void fraction much

higher than the packed bed equivalent. “%° Preliminary data discuss here shows that
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these 3D printed BN monoliths can achieve similar kinetics, catalytic performance,
and competitive (even higher) olefin selectivities. Most importantly, we demonstrate
we can significantly increase the foropylene / remmyiene ratio by optimizing the catalyst

design for increased homogeneous activity.

5.2 Questions and Future Directions
Much of our work has been optimizing boron—based catalysts for partial alkane
oxidation. As a group we have examined Ci1—C4 alkanes and a variety of conditions.
However, we still have remaining questions for boron—based ODHP materials like:
1. Can we achieve competitive olefin yields if we stabilize miniscule amounts of
boron oxyhydroxide as initiators and optimize homogeneous radical oxidation
pathways?
2. What are the pathways relevant for oxygenate formation and can these also
be optimized via boron—based material studies?
3. Why is there a negative correlation between propane conversion and reaction
rate for BN—catalyzed ODHP?
4. Can boron—based materials be explored for other selective oxidative
reactions? (e.g., Formic acid decomposition for Hz generation)
Our recent comparative technoeconomic analysis for the production of propylene
from BN-catalyzed ODHP revealed that this technology is not yet financially

competitive with the Uhde, DOW (UoP), or Lummus PDH technologies. The main
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pain point was the downstream separation of unreacted propane from propylene for
the feed recycle in the operating cost. Increasing propane conversion and propylene
yield is of course the desired route to overcome this operating expenditure. However,
in lieu of this, regulatory interventions may significantly change this economic
assessment. For example, CO2 taxes, which have been widely considered as a
market—based approach in climate change mitigation, would significantly alter the
operating costs for the PDH processes which generate CO» through intense energy
consumption for high temperature processes, regeneration cycles including but not
limited to moving solid belts and multiple reactors in series, and low—pressure
operations to drive PDH conversion. In this context, the proposed 45% energy
reduction possible with ODHP could turn this technology from being reasonably
profitable to economically competitive. Additionally, ODHP does not need to be a
stand—alone process. For example, Uhde implemented oxydehydrogenation
processes downstream from the conventional PDH reactor in an effort to reduce
energy consumption of the STAR process once they acquired it. Similarly, we can
imagine that precious metals and corrosive metals may also be subject to additional
regulatory friction. It is then necessary to develop nascent ODHP technologies with
non—metal materials like BN. While boron-based ODHP has yet to match the
performance or economic viability of PDH, these studies on BN and have revitalized
ODHP studies with a new class of non—metal boron catalysts. The discovery of a

stable, active, and highly selective boron materials have contributed significantly to
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the field of ODHP including but not limited to an array of high level, creative, and
robust characterization techniques for non—crystalline dynamic oxidic surfaces. This
research has spurred useful collaboration between kineticists, advanced X-ray

research scientists, theoreticians, and solid—state NMR experts.
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Appendix A — Experimental Methods

A.1 Materials

h-BN powders were purchased from Sigma Aldrich (99.5% purity). Catalyst pellets
were generated via hydraulic press (12 mm ID stainless steel die) using the following
pressure program 5 tons (hold 30 sec), 7 tons (hold 90 sec). Pellets were crushed
and sieved to 600-425 um. Pellet surface areas were on average 7 m? g ' as
confirmed by N2 physisorption experiments. Reagent grade (>99.5%) isopropanol
and formic acid were purchased from Sigma Aldrich. Quartz chips were purchased
from Pyromatics. Ultra—high purity (UHP) grade He, Ar, O2, and N2 were purchased
from Airgas. Research grade Propane was purchased from Matheson Tri-Gas
Supply. 4 wt% V/SiO2 catalysts were synthesized via incipient wetness using a

previously reported.’ Kaolinite was purchased from Millipore Sigma.

A.2 Catalytic Testing

Catalytic reactions were carried out in a Microactivity Effi Microreactor (PID Eng. &
Tech) fit with 3 EL Flow Bronkhort Mass Flow controllers which individually controlled
the delivery of N2, O2, and CsHs to the catalyst bed. The desired amount of catalyst
was loaded into a quartz reactor tube (12 mm O.D. x 8 mm [.D. x 36 cm) packed
with quartz chips such that the catalyst bed was centered between two guartz wool
plugs. A thermocouple (k-type) sat in the center of the catalyst bed. The reactor

tube was placed into a split tube furnace within a hot box heated to 160 °C for all
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experiments. Reactive gas mixture was fed top—down through the reactor tube. In a
typical ODH run, the furnace was heated to 550 °C under 30 mL, min™' N2 and 10
mLs, min~' O2 and held under these conditions for at least 1hr after the temperature
stabilized. The catalyst was then brough to the desired temperature for reaction
testing. Typically, the gas mixture was held at 30% CsHs, 15% 02, and 55% N2 and

' unless otherwise

the total flow rate was changed between 20 and 120 mL, min~
stated. Sample was treated under these conditions until steady state was achieved.
Less than 1% conversion was observed under these conditions at 500 °C in a blank
quartz reactor tube packed with quartz chips. Once contacted with the catalyst bed,
the reaction effluent was fed to a thermoelectrically cooled condensing unit
maintained at —2°C, which was emptied periodically to avoid accumulation of
condensed liquid. Dried effluent was then analyzed via on—line gas chromatography
(GC Shimadzu 2010) fit with parallel lines: Hayesep QBond, RT-QBond, and Mol
Sieve 5A lines to a TCD and RTX-1 (or GS—Gaspro) lines to an FID. He (UHP) was
used as the carrier gas. N2 was used as an internal standard for all experiments and
an average of 5 GC measurements were taken per data point (e.g., conversion,

selectivity, reaction rate, etc.) with an average standard deviation < 1%. All carbon

balance closed within 3% for all experiments.

Saturated vapor delivery was carried out using a saturator sitting in a bath of acetone

or water to bring the saturator to the desired temperature. Dry gas mixtures were
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bubbled through the saturator held at the desired temperature and atmospheric
pressure to deliver the vapor feed to the reactor. All 1/8” stainless steel gas lines to
and from the reactor were heated to ~110 °C to prevent physisorption of vapors and

any other liquids.

A.3 Characterization
Diffuse Reflectance Infrared Fourier Transform Spectroscopic (DRIFTs) and
Attenuated Total Reflectance IR (ATR-IR) measurements were performed via Alpha

Bruker Vertex 70 liquid nitrogen cooled MCT detector. Typically, 256 scans were

1 1

averaged for spectra recorded between 800—4000 cm™ using a 4 cm™' resolution.
In a typical DRIFTs experiment, 5 mg of catalyst were finely ground and loaded into
an /n—situ DRIFTs cell. The sample was then pretreated at 600 °C (20 °C min™') in
40 mL, min"'of 20% O in Ar for 1 hr to clean the surface of contaminants. The
sample was then cooled to 20 °C prior to adsorption. All effluent was analyzed via
on-line mass spectrometry (Extrel Core Mass Spectrometer) which was calibrated
via various standards using the Questor5 software package. The relevant m/z
fragmentation matrix was generated with specific detection m/z for each species
with minimal relative interference and standard deviation and whole fragmentation

patterns for each species were used to assure proper identification. Vapor delivery

was carried out via saturation of gas mixture to the DRIFTs cell.
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Xray Photoelectron Spectroscopy (XPS) measurements were done via Thermo
Scientific XPS (micro—focused monochromated Al K-alpha X-ray source) with a
flood gun to reduce surface charging. Samples conditions were 10~/ mbar pressure
and room temperature. C 1s, O 1s, B 1s, N 1s, Si 1s, and Al 2p regions were
scanned using a 50 ev pass energy, a 50 ms dwell time, a 400 ym spot size, and a
0.2 ev energy step size. The number of scans per element was adjusted to improved
signal-to—noise. Elemental surface compositions, peak integrations, and peak
deconvolutions were done via Avantage (Thermo Scientific) Software package.

A.4 References
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5495-5504 (2016).
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Table B.1. Two—level full experimental design for isobutane with corresponding t
and p—values.

Terms  Process Variable /units  Low/-1  High/+1 t-value p-value
1 Temperature / °C 400 500 0.29 0.785
2 Feed Flowrate / mLn mint 20 80 -0.54 0.615
3 Palkane / atm 0.10 0.40 1.3 0.252
4 Po2 / atm 0.02 0.20 0.82 0.448
5 Temperature*Flowrate -0.9 0.407
6 Temperature*Palkane 0.07 0.946
7 Temperature*Po2 0.38 0.718
8 Flowrate*Paikane -0.34 0.749
9 Flowrate*Po2 -0.06 0.957
10 Palkane*Po2 0.91 0.403

Table B.2. Two—level § fractional design for methane and ethane.

Factor Process Variable / units Low /-1 High / +1

1 Alkane Identity methane ethane

2 Temperature / °C 400 600

3 Feed Flowrate / mLn min't 20 80

4 Palkane / atm 0.10 0.40
Table B.3. Two—level % fractional design for methane and propane.

Factor Process Variable / units Low /-1 High / +1

1 Alkane Identity methane propane

2 Temperature / °C 400 600

3 Feed Flowrate / mLn min 20 80

4 Palkane / atm 0.10 0.40
Table B.4. Two-level £ fractional design for ethane and propane.

Factor Process Variable / units Low /-1 High/+1

1 Alkane Identity ethane propane

2 Temperature / °C 400 600

3 Feed Flowrate / mLn mint 20 80

4 Palkane / atm 0.10 0.40
Table B.5. Two—level # fractional design for ethane and isobutane.

Factor Process Variable / units Low /-1 High/+1

1 Alkane ldentity ethane isobutane

2 Temperature / °C 400 600

3 Feed Flowrate / mL, mint 20 80

4 Paikane / atm 0.10 0.40




Table B.6. Two—level ¥ fractional design for propane and isobutane.
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Factor Process Variable / units Low /-1 High / +1
1 Alkane Identity propane isobutane
2 Temperature / °C 400 600

3 Feed Flowrate / mLn min 20 80

4 Palkane / atm 0.10 0.40

Table B.7. p—values for various alkane pairing across experiments. p < 0.05 means

term has significant impact on BN oxyfunctionalization.

methane | methane/ | methane/ | ethane/ ethane/ propane/
Term . . .

/ ethane | propane | isobutane | propane | isobutane isobutane
Alkane Identity 0.464 0.799 0.035 0.924 0.57 0.601
Palkane / atm 0.528 0.675 0.289 0.703 0.482 0.495
Feed Flowrate /
mL, min* 0.51 0.597 0.163 0.488 0.544 0.489
Temperature / °C 0.437 0.846 0.025 0.681 0.607 0.628
Palkane * Feed
Flowrate 0.436 0.865 0.025 0.613 0.25 0.356
Palkane *
Temperature 0.486 0.462 0.471 0.732 0.452 0.463

Table B.8. f—values for various alkane pairing across experiments. -2 > < 2

means term has significant impact on BN oxyfunctionalization.

T methane | methane | methane | ethane/ | ethane/ | propane/
erm \ . .

/ ethane | /propane | /isobutane | propane | isobutane | isobutane
Alkane identity 0.184 0.799 1.4338 -0.213 1.037 -3.12
Paikane / @tm 0.316 0.675 -0.1612 -0.892 -1.37 -4.38
Feed flowrate / mL, min
! 0.414 0.597 -0.3013 1.843 1.127 4.46
Temperature / °C -0.139 0.846 -2.0313 0.972 -0.92 2.84
Paiane * Feed flowrate -0.121 0.865 -2.0137 -1.233 -3.125 -6.89
Paikane * Temperature 0.636 0.462 0.0863 -0.793 -1.508 -4.84
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Table B.9. 2—way interaction terms corresponding t and p—values for single terms
for methane and isobutane DoE.

2-way interactions T-value p-value
Alkane ldentity * Paikane 1.61 0.138
Alkane ldentity * Po2 0.97 0.354
Alkane ldentity * Fotal 0.93 0.372
Alkane Identity * T -2.62 0.026
Alkane Identity * TOS 0.51 0.619
Palkane * Po2 -0.10 0.925
Palkane * Ftotal -0.20 0.844
Palkane * T -2.19 0.054
Palkane * TOS -0.37 0.720
Po2 * Fotal -0.82 0.430
Po2*T -1.01 0.336
Po2 * TOS -0..56 0.589
Frotar * T -1.31 0.219
Ftotal * TOS 0.12 0.904

T*TOS -0.48 0.641
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Figure B.1. Aggregated calculated t and p—values for single and 2—way interaction

effect on oxyfunctionalization from ANOVA of 2-level % fractional experimental
design with pairwise alkane comparisons. 50 mg of BN were independently tested in
random experimental order and examined via XPS.



116

CPS/au

I'I'I:I'I'I'I'I'I'I r—rr—T17T 17 717 71

545 540 535 530 525 408 404 400 396 392 196 194 192 190 188 186

Binding Energy / eV

Figure B.2. Deconvolution of XPS peaks for O 1s, N 1s, and B 1s regions for all BN
samples treated as a function of time on stream. BN samples independently treated
under the following conditions: 7=550 °C, Fi:= 80 mL, min~', Py = 0.3 atm CsHs,
0.15 atm Oz, 0.55 atm N2. Deconvolution technique outlined in Appendix A.
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Appendix C — Supporting Information for Chapter 3

Quartz Chips
100% 12%
90% [l Diisopropyl Ether 1%
80% 1-Butene 10%
Il Acetone 9%

70% [
[ Propylene 8%

60% 7%

50% 6%

40% 5%

Product Selectivity \ %

4%
30%

Isopropanol Conversion \ %

3%
20%
2%

10% 1%

0% 0%
400 300 200

Temperature \ °C
Pam = 1atm (6% O, 4.7% IPA, bal. N, )
Ton = 200—400 °C
F=0-80mL/min

Figure C.1. Isopropanol decomposition on quartz chips as a function of reaction
temperature. Conversion (right y—axis, black boxes) and product selectivities (left y—
axis, stacked bar graph) are shown. Note, thermal decomposition of IPA favors
dehydrogenation products.
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Figure C.2. Qualitative representation of 'H NMR of condenser fluid (Liquid Product)
post flow through reactions of isopropanol over spent BN. NMR spectra for oxygenate
standards are subsequently plotted and dashed lines indicate overlap of protons
environments. Feed was 5% Oz / 4.7% IPA / bal. No., 7= 350 °C.
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Figure C.3. MS signals for temperature programmed desorption of FA adsorbed on

dehydrated spent BN. TPD was examined from 20 to 400°C at 5°C min~' under

oxidative conditions. 20% O2 / Ar. No major changes were observed, but the TPD

curve does shift to lower temperatures.
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Scheme C.4. Hypothesized reaction pathways for IPA on BOH group where the
relative acidities of both groups may drive the reaction via H—donation from BOH to
[PA and pass the reaction mechanism through an alkoxyonium ion intermediate.
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