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Synopsis

The combination of a metal catalyst with molecular oxygen (which is the cheapest
and the most environmental-friendly oxidant) is undoubtedly a more benign alternative to
the existing methodologies for the oxidation of alcohol substrates to aldehydes, ketones
and/or carboxylic acid products. However, a potential risk is apparent upon the use of
volatile and flammable organic solvents, specifically in the presence of molecular oxygen.
This makes the liquid-phase oxidation of alcohols a non-trivial chemical reaction that
requires safety considerations. As such, designing a new alcohol oxidation procedure
should carefully incorporate safety and sustainability principles while maintaining overall
reaction efficiency. The solvent system can, thus, be considered carefully to limit the
potential risk associated with the oxidation of organic substrates using air/O> as an
oxidant at elevated temperatures. The use of H.O (as a non-flammable solvent) would
not only present a safety measure in alcohol oxidation (with O2 as an oxidant) but also

has the potential to enhance overall catalytic performance.

In this study, the influence of H20 on the liquid-phase benzyl alcohol oxidation is
explored using a Pt/TiO2(P25) at 90 °C in a semi-batch reactor. The rate of reaction is
significantly enhanced when using H20 as a solvent (TOF of 677.4 + 23 hr'' compared to
the TOF obtained in the solvent-free system, 27 + 6 hr', in m-xylene as a solvent, 23 +
1.6 hr', or in n-heptane as a solvent, 60 + 4.9 hr'). The promotional effect of H.O is
associated with the mole fraction of H20 in the organic phase rather than the fugacity of
H20 in the system. It is thought that the precise role of H20 in the organic phase is thought
to facilitate the H-transfer reactions. A DFT study suggests that the presence of H20
facilitates the activation of O, over Pt(111) surface.

The promotional effects of H2O are suppressed significantly upon modifying the
active metal by alloying Pt with Ni (forming Pt-skin Ni subsurface alloy). This is ascribed
to a weakening of the chemical bond between Pt and adsorbed atomic oxygen due to the
suppression of surface states on the Pt surface layer due to the presence of Ni atoms in
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the subsurface layer. This further highlight that the promotional effects of H.O are
associated with the adsorption properties of the active metal surface.

In contrast to the effect associated with the presence of Ni in alcohol oxidation, the
addition of Bi enhances the rate of benzyl alcohol oxidation. In the oxidation of an aromatic
benzyl alcohol substrate, Bi is thought to interact with the benzyl ring of benzyl alcohol
substrate through a n-bond, thus weakening the O-H bond of the alcohol. Due to the non-
aromaticity of cyclohexyl methanol substrate, catalytic improvement induced by this
interaction between the substrate and Bi is improbable. Also, the presence of Bi as a
promoter is thought to assist the dissociation of molecular oxygen through the oxygen
spillover mechanism. As such, Bi is thought to have a dual promotional effect on alcohol

oxidation.

Typically, the active metal in heterogeneous catalysis is immobilized on a metal
oxide support. However, it has recently been noted that certain metal oxide support
materials may aid the catalysis reaction process. Therefore, an in-depth study of the effect
and precise role of metal oxide in alcohol oxidation in the presence of H20 is investigated
in the present study. The Pt-based catalysts were synthesized by incipient wetness
impregnation of TiO2(P25), CeOz, y-Fe20s3, y-Al203 and MoOs. Upon investigating various
metal oxide support materials for influence on benzyl alcohol oxidation as Pt/TiO2(P25),
Pt/CeO., Ptly-Fe203, Pt/y-Al203 and Pt/MoOs catalysts in the presence of H20 as a
solvent, with the exception of Pt/y-Fe20s3, it is apparent that the reducibility of the oxide
material and presence of H.O may influence the rate of benzyl alcohol oxidation
congruently. It is thought that H2O and the reducible support assist the dehydrogenation
step of the alcohol substrate through the formation of oxygen vacancy sites, thus forming
surface hydroxyl species on the reducible support, which can be eliminated generating
an oxygen vacancy on the oxide. This ultimately improves the overall TOF for benzyl
alcohol oxidation. Hence, support materials that can generate surface hydroxyl groups,
and eliminate them under reaction conditions in the form of water, will enhance benzyl

alcohol oxidation.
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Figure 4.19: Number of moles of benzyl alcohol converted as a function of reaction
time with 0.676 mol of benzyl alcohol and 0.091 mol hydroquinone,
BA/HQ; 0.202 mol of benzyl alcohol in 0.091 mol hydroquinone and
2.33 mol of H20, BA/HQ/water; and 0.202 mol of benzyl alcohol in 2.33
mol of H2O, BA/water over 0.5 g Pt/TiO2 (P25) catalyst at 90 °C and
Piotal, air = 5 bar. Viiquis= 70 mL and Vair = 100 mLn/min.

Figure 4.20: Dissociation of O2* to O* on p(3x3)-Pt(111) using DFT (Functional:
PAW-PBE; Ecutofi: 400 €V; smearing: 15t order Methfessel-Paxton with
o =0.02 eV).

Initial state:  do—o*= 1.396 A; do*—pt, (02 atop)= 2.028 A; do—pt, (0, briage)= 2.224 A and
2.182 A.

Transition state: do—pt, (0 atop)= 2.031 A; do—pt, (0* bridge)= 2.022 A and 2.224 A.

Final state:  dopt, o) = 2.04 A and 2.042 A.

Figure 4.21: Dissociation of adsorbed molecular oxygen in the presence of water on
p(3x3)-Pt(111)

Initial state:  do—o-= 1.436 A, du.on = 1.01 A and 0.978 A; do—pt, (H,0) = 2.253 A;
do—pt, (0 atop)= 2.053 A do*—pt (0, bridge)= 2.161 A and 2.196 A

Transition state: do—o*= 1.791 A, du-o-n = 1.055 A; do—pt, (H,0) = 2.182 A; do—pt, (0,
atop)= 1.944 A; do—pt, (0, bridgey= 2.048 A and 2.041 A

Final state: ~ do—n = 1.001 A and 0.979 A; do*—pt ron) = 2.01 A and 1.964 A; do-—pt,
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Figure 4.22: Energy profile for the formation of O*, *OH from adsorbed O2 without
(blue and with (red) the involvement of H20O on Pt(111) surface.

Figure 4.23: Turnover frequency in the benzyl alcohol oxidation as a function of the
concentration in the organic phase estimated using NRTL-model fitted
to experimental data (¢) and UNIFAC (O).
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CHAPTER 1:

Introduction

1.1. CONTEXT

The oxidation of alcohol is a critical step in the synthesis of high-value commodity
chemicals. Specifically, the oxidation of primary and secondary alcohols to the
corresponding carbonyl compounds is crucial in organic synthesis due to the
comprehensive ranging use of these products as precursors and/or intermediates for

numerous drugs, vitamins and fragrances.

Traditional methodologies for alcohol oxidation involve the use of organic solvent
and an oxidant such as dichromate and permanganate,’ which co-produce harmful waste
material during alcohol oxidation reactions. Furthermore, the use of flammable organic
solvents for alcohol oxidation presents an environmental and safety concern. As such,
the pharmaceutical sector has started to limit the use of alcohol oxidation reactions for
high-value chemical synthesis due to sustainability reasons.? Remarkable efforts are
made continually by the scientific community in search of the development of new,
sustainable processes for the oxidation of alcohols. The use of molecular oxygen as an
oxidant may present an alternative to the existing oxidants promoting green chemistry on
a larger industrial scale. However, oxygen in combination with flammable organic
substrate and/or organic solvent may pose a potential hazard. It is, therefore, apparent
that the design of new processes for the oxidation of organic substrates using the
principles of green and sustainable chemistry requires careful considerations and, e.g.

water as an alternative solvent will need to be considered.

In homogeneous catalysis, Pd-based organometallic complexes with tertiary
phosphine oxides (TPO) and nitrogen-based ligands have shown high activity for primary
and secondary alcohols using oxygen under mild reaction conditions.> However, for

industrial applications, heterogeneous catalysts are typically preferred over



homogeneous catalysts due to product separation limitations from the reaction mixture
that is associated with homogeneous catalysts.

In heterogeneous catalysis, typically, liquid-phase oxidation consists of at least 3
phases, i.e. gas phase (oxygen oxidant), a solid phase (heterogeneous catalyst) and a
liquid phase (alcohol substrate and solvent system). Depending on the miscibility of the
solvent, the liquid phase can be a biphasic system (organic and aqueous phase), leading
to up to 4 phases present in the system. Besides the added advantage of easy product
separation from the reaction that heterogeneous catalyst offers (compared to
homogeneous) but in this case, the efficiency of liquid-phase oxidation may be modified

by tailoring each phase in the system.

1.2. METHODS OF IMPROVING LIQUID-PHASE ALCOHOL OXIDATION PROCESS USING
NOBLE-METAL-BASED HETEROGENEOUS CATALYST

Metal oxides and noble metals, as heterogeneous catalysts, can drive oxidation
reactions successfully while also considering industrial sustainability concerns. Platinum,
palladium, and gold are known metals that show catalytic activity for liquid-phase alcohol

oxidation.

Often, Au-based catalyst used for oxidation reactions requires a base. Typically
NaOH is added into the reaction medium to achieve the activity.* This indicates that the
active site for oxidation reactions over an Au-based catalyst is the Au-OH site with
hydroxide ions (OH) in solution regarded to increase the number of active sites.>®

Intuitively, the catalytic activity is then influenced by Au-OH concentration on the
catalyst surface ad pH of the reaction medium. Even though Pt and Pd-based catalysts
do not necessarily require a base for their activity in oxidation reactions, there are
limitations associated with these catalysts as well. Pd-based catalysts are typically the
most active catalysts for oxidation reactions compared to Au and Pt-based. However,
they are prone to oxidation yielding PdO that diminishes overall catalytic activity. On the
other hand the Pt moiety in Pt-based catalyst adsorbs oxygen relatively strongly, thus the
removal of the oxygen species may become the rate-determining step.” As such, the



saturation of a surface with a strongly adsorbing oxygen species is typically rather difficult
due to repulsive lateral interactions, yielding low oxygen coverage.® The challenges
associated with each catalyst system, Au, Pd and Pt, influences the overall catalytic
activity. There are various methods that can modify these catalyst systems, thus
addressing the corresponding challenges associated with each system.

Besides the use of a promoter or modifier generally, the specific catalytic
properties of the noble metal, such as Pt, Pd and Au nanoparticles, are dependent on
their size and dispersion.® Highly dispersed noble metal nanoparticles with small size and
narrow size distribution show outstanding catalytic performance in heterogeneous
catalysis compare to their bulk counterparts. This is attributed to their large surface area,
specific electronic structure and high fractions of the coordination of unsaturated metal
atoms. Nevertheless, due to high surface energy, nanoparticles are generally not stable
and easy to aggregate, resulting in diminished catalytic activity. As such, the active metal
nanoparticles are embedded inside porous (high surface) support material to achieve high
metal dispersion. Metal oxides such as Al20s, TiO2 and SiO2 are typically the support
material of choice in heterogeneous catalysis. Carbon is the most often used support
material due to the fact that it can be chemically functionalized and/or decorated with
metallic nanoparticles relatively easy.'

In alcohol oxidation, several metal oxide support materials have also been shown
to possess properties that go beyond dispersing the active metal, which can also
influence catalytic performance.'’ Reducible metal oxides support such as CeO; and TiO2
are often used as the supports for alcohol oxidation catalysts because of their excellent
oxygen spillover capability.’ This is obtained by switching between Ce*" and Ce**
cations.' This characteristic feature of CeO is thought to enhance the catalytic activity
during alcohol oxidation over Au-based catalyst.’® The reducibility of the metal oxide
support material can play a role during alcohol oxidation. This offers another alternative
to achieve an efficient alcohol oxidation reaction that has promising sustainability

considerations.



The catalytic efficiency may also be improved by adding active components that
promote important steps, such as adsorption and activation of the reactants, molecular
oxygen and the alcohol, which form a bedrock for alcohol oxidation to proceed. In order
to further prove this theory, efforts should also be made to produce and understand new
catalytic systems that may enhance selective alcohol oxidation. For instance, the
adsorption and activation of both molecular oxygen and alcohol substrate may be
modified by the incorporation of catalyst additives and/or reaction auxiliaries that still

consider sustainability factors.

The most prominent approach to enhance catalytic activity in heterogeneous
catalysis is the use of promoters. The promoter element can be incorporated into the
lattice structure of the catalytically active metal, Pt, Pd and Au metals, thus forming an
alloying or be present as a second metallic phase/particle (though the promoting elements
may also be present as an oxide). Known catalytic performance enhancers in alcohol
oxidation are Bi, Sn and Pb."*-'6 The role of these promoters is not understood fully. The
improved catalytic performances have often been attributed to synergistic effects arising
from electronic or geometrical interactions between the alloyed/mixed metals.'” This may
ultimately enhance the overall alcohol oxidation. Not only does the incorporation of a
promoter or modifying metal enhance the catalytic activity in alcohol oxidation, but it may
also modify the product spectrum. For instance, the addition of a modifier such as Ni as
an alloy to Pt-based catalyst suppresses the formation of toluene products during benzyl
alcohol oxidation.'® Moreover, noble metals (which are used in alcohol oxidation) are
rather expensive. Therefore, alloyed and/or mixed metal can be regarded as a relatively

economical approach for alcohol oxidation.

1.2.1. THE LIQUID COMPONENT OF ALCOHOL OXIDATION

Typically, organic solvents are used in the liquid-phase alcohol oxidation reaction.
Alcohols are combustible organic substrates. As such, for alcohol oxidation at relatively
high temperatures, an improved safety profile can be achieved by performing the reaction
in a non-flammable solvent such as H20O, particularly when using molecular oxygen/air as

the oxidant. The unique properties, low cost and environmentally friendly characteristics



of H20 make it highly desirable as a solvent in many chemical processes. Furthermore,
the use of H20 has been shown in numerous studies to be more than just a solvent in
chemical synthesis.'®-2* This effect of water on the chemical reactivity is not limited to
heterogeneously catalyzed systems but is well-known in organic syntheses as well.?%26
Examples highlighting the promotional effects of H20 include the preferential oxidation of
CO,%?7 direct hydrogen peroxide synthesis,?® epoxidation®>3° and alcohol

Understanding the precise role of H2O as a reaction promoter in alcohol oxidation
is a non-trivial exercise. There has been a lot of debate in the literature concerning the
role of H20 in alcohol oxidation over a heterogeneous catalyst. It is assumed that water
assists in the formation of hydroxyl species on the catalyst surface,323435 which may
facilitate the oxidation of the alcohol substrate.3® Alternatively, H,O may act as a base
assisting the hydride abstraction step in the alcohol oxidation.3¢ In spite of these positive
effects attributed to carrying out the reaction in the presence of H2O, the use of H20
solvent in alcohol substrate oxidation is rather limited due to the restricted water—solubility
of the substrate and products. As such, catalytic liquid-phase oxidation of alcohols to
aldehydes in water is challenging, and only a limited number of studies are known in
which an efficient catalytic aerobic oxidation of alcohol has been achieved in aqueous
media. Miscibility between the organic substrate and water may play a major role in the
overall activity of the catalyst. It is apparent, therefore, that an understanding of the
precise role of H20O in alcohol oxidation in light of the liquid-phase separation between
H20 solvent and alcohol substrate forms the core of industrial use of H20 as a solvent for

alcohol oxidation.

1.3. PROBLEM STATEMENT

The aerobic liquid-phase oxidation of alcohols may be carried out in the presence
of water, which has shown promoting effects on the oxidation reactions.” However, the
precise role of H20 in alcohol oxidation is not very clear. An improved understanding of
the influence/effects of H2O on the alcohol oxidation over various Pt-based catalysts



(which include Pt alloyed systems) may result in improved reaction processes for the
heterogeneously catalysed, aerobic oxidation of alcohols using water as a solvent.

1.4. SCOPE OF THE STUDY

The role of water is investigated first by considering the phase equilibrium (LLE) of
H20, benzaldehyde and benzyl alcohol substrate. Subsequently, the presence of water
in the reaction system is probed. The role of water as a contributor to the surface species
present on a metal surface is further probed by changing the oxidant from oxygen to
hydrogen peroxide. The interaction of water with the catalytically active metal and even
the support is not well documented but may hold the key to understanding the effect of

water on the catalytic activity.

This thesis is divided into four major chapters (chapter 4, 5, 6 and 7), which explore
and gain an understanding of various parameters (i.e., solvent system, support material
and promoter effect) in platinum-catalyzed alcohol oxidation. The common theme across
these main chapters is that H>O is employed as a reaction solvent. Chapter 4 specifically
interrogates the role of H20 in benzyl alcohol oxidation, taking into account the miscibility
of H2O with benzyl alcohol substrate. While chapter 5 deals with Pt-Ni bimetallic systems
in benzyl alcohol oxidation in the presence of H20. In this chapter, the effect of oxidant is
probed by alloying Pt with Ni to form Pt-skin Ni subsurface alloy. Chapter 6 further probes
the role of the nature of the metal oxide support material in the presence of H20 in benzyl
alcohol oxidation. Finally, Chapter 7 investigates the precise role of Bi in alcohol oxidation.



CHAPTER 2:

Literature review

2.1. SELECTIVE OXIDATION REACTION

Oxidation reactions may be regarded as the heart of chemical synthesis in the
pharmaceutical and chemical industry as they can introduce novel functional groups
within a substrate. Specifically, the selective oxidation of alcohols is a useful reaction to
obtain high-value products, such as aldehydes, ketones and carboxylic acids, from low-
cost feedstock, such as carbohydrates and alcohols. These carbonyl products are crucial
intermediates, e.g. used in the production of pharmaceuticals, perfumes, and other

chemicals.38

Methanol can be selectively oxidized, yielding formaldehyde over an iron
molybdate catalyst at temperatures of ca. 350 °C and close to atmospheric pressure.3%-
41 Owing to its relatively low cost, high purity, and variety of chemical reactions,
formaldehyde has become one of the world’s most important industrial and research
chemicals, finding its use in the production of grocery bags, paper cups and plates, waxed
paper, facial tissues, napkins, paper towels, and sanitary napkins.*? Furthermore,
formaldehyde is also used in agriculture for seed treatment and for the production of
building materials, cosmetics and fabric softeners.*3 The annual worldwide production of
formaldehyde capacity is now over 12.1 metric tons (calculated as 37 % solution).*3
Originally, a silver wire gauze was employed as the catalyst element, which was later
replaced with a shallow bed of silver crystals for the production of formaldehyde from
methanol oxidation.#* Further catalyst development resulted in the mixed iron-
molybdenum oxide catalyst. However, vanadium-based catalysts supported on metal
oxides such SiO2, Al203, ZrO2, and TiO2 also have been shown to be active for the
selective oxidation of methanol to formaldehyde.*®



Ethanol oxidation forms part of the oxidation of aliphatic alcohol reactions, and it
ranks as one of the most promising alternatives for the production of bulk chemicals, such
as acetaldehyde and acetic acid. Aerobic fermentation ethanol is still the major process
for the production of vinegar. Acetic acid is industrially produced using methanol
carbonylation over a homogeneous Rh or Ir-based catalyst.*¢ However, selective,
catalytic oxidation of acetaldehyde (derived from aerobic fermentation of ethanol) or
ethanol may become a commercial process for the synthetic production of acetic acid in
the future.4” Direct oxidation of ethanol over a heterogeneous catalyst, typically Au4é-52,
Pd%3 and Pt-based® catalyst at 50- 180 °C%', is one of the promising technologies suitable
for industrial production of high-value acetaldehyde and acetic acid. This is mainly due to
low ethanol feedstock cost and easy separation of the products from the catalyst
employed. Over gold-based catalysts without any additives, aqueous ethanol and oxygen
may be converted to acetic acid at temperatures as low as 50 °C.47-%0 This reaction can
reach a selectivity to acetic acid of up to 88% in a batch reactor after 20 hours on stream.
The reaction process involves two key reaction steps, which are the oxidative
dehydrogenation of adsorbed ethanol to acetaldehyde and its subsequent oxidation to
acetic acid.>® The dehydrogenation of ethanol to acetaldehyde is proposed to be the rate-
determining step for the formation of the acetic acid from ethanol oxidation reaction over
Au-based catalyst.®>> Other methods for the production of acetic acid began in the 1950s
and 1960s were established on the oxidation of n-butane or naphtha. The major
producers of acetic acid through direct oxidation of hydrocarbons were Celanese, using
n-butane®5” as a feedstock, and BP%® with naphtha. However, these reactions also
produce substantial amounts of oxidation by-products, such as formic acid and propionic
acid. As such, ethanol oxidation is the most preferred method for the production of acetic

acid.

2.2. SELECTIVE OXIDATION OF POLYOLS AND CARBOHYDRATES

The selectivity of the oxidation process becomes even more important in the
oxidation of highly functionalized molecules such as polyols and carbohydrates. Glycerol,
for example, can be oxidized to chemical intermediates and a large number of products,



such as glyceraldehyde, glyceric acid, tartronic acid, hydroxy pyruvic acid, mesoxalic acid
and oxalic acid (see Scheme 2.1). This requires a catalytic system that promotes a
pathway favouring either dihydroxyacetone or glyceraldehyde product, as these are the
desired products for various industrial applications. Dihydroxyacetone (DHA) is typically
used in the cosmetic sector as a colour additive in sunless tanning products. DHA was
estimated to generate almost $1.011 million in 2017 from the global self-tanning product
market.>® Glyceraldehyde also has various applications in different domains such as
organic chemistry, medical and cosmetic industries.®° This highlights the economic and
industrial importance of selective oxidation of glycerol product DHA.

Scheme 2.1:  Possible products from glycerol oxidation

Platinum-based catalysts can convert glycerol through a liquid-phase oxidation
process either in an acidic or a basic solution; it can be selective for the formation of
glyceraldehyde in an acidic solution or base-free solutions.®® Pd-based catalysts have
also been reported to show activity for polyol oxidation.®



Oxidation of polyols such as glycerol can proceed at atmospheric conditions.®?
Product selectivity can be controlled by fine-tuning the catalyst, reaction conditions and
pH of the reaction medium in the case of liquid-phase oxidation. Kimura et al.,®? showed
that promoting Pt/C with Bi favours the formation of dihydroxyacetone over
glyceraldehyde in glycerol oxidation with molecular oxygen. Similar results are obtained
by Ning et al.,’ The oxidation of glycerol over Pt/C resulted in a high selectivity for the
formation of glyceraldehyde, but upon the addition of Bi as a promoter, dihydroxyacetone
was obtained in excellent yields at similar reaction conditions.'” This different reaction
pathway which results in the different final product upon the promoting Pt with Bi, has
been ascribed to the chelating geometry of glycerol substrate during oxidation
reaction.'6.17:63.64 Geometric blocking promotional mechanism involves bismuth adatoms
acting as site blockers on Pt sites, controlling the orientation of glycerol substrate
(chelating through the oxygen atoms of the substrate with the Bi adatoms). This

consequently results in high selectivity towards dihydroxyacetone formation, see Figure

2.1.88
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Another crucial polyol oxidation is the oxidation of carbohydrates for chemical
synthesis. Oxidation of D-glucose to glucuronic acid is one of the prominent examples of
carbohydrate oxidation. Glucuronic acid product is a highly valuable chemical, and it is
one of the major organic building blocks for hyaluronic acid (whose worldwide market was
estimated to be over $1 billion in 2005%5-%7). Glucuronic acid has application in the
pharmaceutical and medical industry for the synthesis of modified drugs. It is used as an
active compound, predominantly for skin-care product preparation as an antioxidant and
as a precursor for the biosynthesis of vitamin C (ascorbic acid).®” In the food industry,
glucuronic acid is utilized as an additive. Pt-based catalysts are typically used for
carbohydrate oxidation.

2.3. SELECTIVE OXIDATION OF ALLYLIC ALCOHOLS

A classic example in allylic alcohol reaction is the oxidation of cinnamyl alcohol, an
aromatic allylic alcohol. Cinnamyl alcohol and its oxidation product, cinnamyl aldehyde,
are used in a wide range of industrial sectors such as the food and perfume industries.%8
Cinnamyl aldehyde is currently synthesized through benzaldehyde condensation using
activated methylenes.?® However, the oxidation of cinnamyl alcohol presents an
environmentally more benign alternative for the synthesis of cinnamaldehyde.

The selective oxidation of allylic alcohols proceeds through the oxidative
dehydrogenation of the alcohol to the corresponding allylic aldehyde, which may undergo
further oxidation to the corresponding acid. However, due to the co-existence of reactive
hydroxyl and allylic functional groups in allylic alcohols (e.g., cinnamyl alcohol) complex
reaction pathways are possible in the oxidation of this class of alcohols. As such, apart
from cinnamaldehyde arising from oxidation of the hydroxyl group of cinnamyl alcohol, 3-
phenyl-1-propanol and trans-B-methylstyrene can also be produced through
hydrogenation and hydrogenolysis reactions, respectively. These three products could
undergo further reaction resulting in the formation of 1-phenylpropane, styrene, 3-phenyl-
1-propanal, ethylbenzene and benzaldehyde. As such, due to the competitive reactivity
of the hydroxyl and allylic functional groups, a highly selective catalyst is essential for the
oxidation of allylic alcohols. Various heterogeneous catalysts that can drive allylic alcohol
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oxidation (using air/O2 as an oxidant) have been developed with palladium and/or gold as
the catalyst of choice.”0-"2

Additional to a highly selective catalyst system, reaction conditions such as
reaction temperature and the duration of the reaction also influences the reaction route,
i.e., hydrogenation of the C=C bond vs reactivity around the C—OH (oxidation and/or
hydrogenolysis) bond of the allylic alcohol substrate (e.g., cinnamyl alcohol, see Figure
2.2). Ogliaruso and Wolfe”? observed that short reaction times have no effect on the allylic
functional group in the oxidation of cinnamyl alcohol over Ru-based catalyst, thus yielding
high selectivity towards cinnamaldehyde. This suggest that short reaction times favours
the oxidation of the C—OH bond route. Ogliaruso and Wolfe”® further stated that higher
temperatures and longer reaction times result in double bond cleavage (allylic group of
cinnamyl alcohol), yielding styene, through further reactivity of cinnamaldehyde.” Wu et
al.,” detected trans-B-methylstyrene upon increasing temperature from 80 °C to 100 °C
in cinnamyl alcohol oxidation over Au-Pd/TiO2 catalyst. frans-p-Methylstyrene is thought
to form through hydrogenolysis of the parent alcohol, cinnamyl alcohol. Reaction
conditions in the oxidation of allylic alcohol, therefore, form an essential aspect in allylic
alcohol oxidation.

Figure 2.2: Proposed reaction network of cinnamyl alcohol oxidation.”
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2.4. SELECTIVE OXIDATION OF AROMATIC ALCOHOLS

Benzyl alcohol oxidation is one of the most major alcohol oxidation reactions in the
industry due to the demand for benzaldehyde products as an intermediate in the
production of fine chemicals, fragrances and flavouring additives.”>"® Currently,
benzaldehyde is commercially produced as a by-product from the oxidation of toluene or
through hydrolysis of benzal chloride.”” Both processes have major drawbacks, with
oxidation of toluene having a low benzaldehyde selectivity while the hydrolysis of benzyl
chloride leads to unavoidably trace contamination of the product with chlorine,”” thus
making the process not suitable for use in perfumery and pharmaceutical industries.
Selective alcohol oxidation is an alternative method for the synthesis of these high-value
chemical intermediates. The vapour phase oxidation of benzyl alcohol requires high
temperatures of about 320 °C,”® which result in the co-formation of undesired product,
CO0..# Liquid-phase benzyl alcohol oxidation is a possible alternative pathway for the large
scale production of high-value benzaldehyde intermediate. Benzyl alcohol oxidation
method for benzaldehyde production can present high benzaldehyde selectivity with high

purity, thus making it suitable for perfumery and pharmaceutical use.

Alcohol oxidation may proceed to carboxylic acid products through consecutive
oxidation of the aldehyde intermediate. It should be noted that in many studies, the
formation of the carboxylic acid is regarded as an overoxidation product if the aldehyde
is the desired product. Benzaldehyde is more desired in the perfumery industry, while
benzoic acid would be the desired product from benzyl alcohol oxidation as antibacterial
and antifungal preservatives in the pharmaceutical industry. As such, the formation of
benzoic acid from benzyl alcohol oxidation, in that case, would not be regarded as

overoxidation.

The traditional method of liquid-phase oxidation of benzyl alcohol included the use
of strong oxidants such as chromium (V1) reagents, permanganates,’® and selenium oxide
(Se0).8° The use of these chemicals poses a threat to the ecosystems, public health,
and terrestrial, aquatic, and aerial flora and fauna.338'82 On the other hand, an oxidant

such as tert-butyl hydroperoxide (TBHP)® are toxic or corrosive and unstable under
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atmospheric conditions. Thus, they require specialized reactor materials and may
produce many undesirable side products, which eventually increases the purification cost.
Therefore, using molecular oxygen or air or H202 as an oxidant for alcohol oxidation is
not only economically viable for industrial application of this process but also

environmentally benign.
2.5. OXIDATION OF LONG-CHAIN ALIPHATIC ALCOHOLS

Aliphatic alcohols are usually much more demanding substrates for oxidations than
aromatic and allylic alcohols. Octanol is the most commonly used as the model substance
and the product octanal can be used in the fragrance industry.®* For instance, long
reaction times (ca. 40 hours) was required for the oxidation of 2-octanol in trifluorotoluene
solvent in order to obtain relatively high yields (40%) over Ru/MnO,/CeO2 catalyst in
comparison to benzylic and allylic alcohol oxidation (>99 % vyield after 1.5 hours).8®
Reactive tendency was determined as follows: benzylic alcohol > allylic alcohol >>
aliphatic alcohol.®¢ The obvious difference in reactivity of these classes of the substrate
induces nucleophilic properties of the molecule, thus causing the substrate to be more
reactive. As such, the paraffinic nature of aliphatic alcohols may cause the reactivity of
this class during oxidation reaction relatively slow compared to benzylic and allylic
alcohols.

A rational design of new catalysts that are environmentally benign for selective
liquid oxidation of alcohol requires both an understanding of the mechanisms over
existing catalysts and an ability to forecast the behaviour of the modified materials and/or
oxidation systems.

2.6. MECHANISM OF ALCOHOL OXIDATION OVER A HETEROGENEOUS CATALYST

Alcohol oxidation can proceed over metal oxide or metal-based heterogeneous
catalyst. This then induces different interactions with the different substrates. Hence,
depending on the nature of the substrate oxidized and catalyst employed, the mechanism

may vary significantly.
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2.6.1. MECHANISM OF ALCOHOL OXIDATION OVER METALS

There has been a lot of debate regarding the mechanism for the formation of
carbonyl compounds from primary and aromatic alcohol substrates through a selective
oxidation process over metal-based catalysts.>*8” The mechanism of liquid-phase
oxidation of primary and/or aromatic alcohol substrates to the corresponding aldehyde
over heterogeneous catalyst using oxygen as an oxidant is likely to involve associative
adsorption of oxygen, see equation 2.1 (with * denoting metal surface adsorbed
species):”® This is followed by dissociation of molecular oxygen according to equation
2234

O2+* - 0O 2.1

O* +* > 207 2.2

While alcohol activation proceeds through the dissociative adsorption of the
alcohol substrate over the metal surface, thus forming surface metal alkoxide and
interacting through the oxygen lone pair and surface atomic hydrogen.®® The dissociated
hydrogen interacts with the surface atomic oxygen (obtained in equation 2.2) to form

surface OH, see equation 2.3:

Alcohol + O* - Alkoxy* + *OH 2.3

Consequently, this gives rise to secondary carbonation alcoholate (otherwise
stated, develops a partial positive charge in the transition intermediate, benzyl-C3*-O-
metal), cf. Figure 2.3.8% This is proceeded by B-hydride (Hg) abstraction from the

carbonation alcoholate intermediate while desorbing the aldehyde product.

A B-hydride elimination is generally accepted as the second step of both
carbohydrate and primary and/or aromatic alcohol oxidation over metal catalysts,

producing an alkoxyl and a metal-hydride surface species.
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Figure 2.3: Catalytic cycle of benzyl alcohol oxidation to form the corresponding

aldehyde over Pd-based catalyst.®’

The formed alkoxyl and surface OH species (in equation 2.3) interact and desorb
as an aldehyde product and H20 as a co-product. Thus, the active sites are recovered,
according to equation 2.4.

*Alkoxyl + *OH - Aldehyde + HO + 2* 2.4

Alternatively, the formed metal alkoxide can lose oxygen to form a metal alkyl

species, which may exist in equilibrium with the metal alkoxide, see equation 2.5.

Alkoxyl* + *OH 2 Alkyl* + 20* + H* 2.5

Once the alkyl species is formed along with surface hydrogen, the interaction
between the two surface species is possible to desorb as toluene, see equation 2.6.

Alkyl* + H* - Toluene + 2* 2.6

Ultimately, the metal surface is regenerated by removal of the surface hydrogen
using adsorbed oxygen, yielding surface hydroxyl species. Active site regeneration
involves oxidation of the metal hydride by oxygen to form oxygenated hydrogen, such as
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OH, OOH, H202 and H20, while recovering the initial metallic site. It is possible that the
oxidation of the metal hydride can proceed in different pathways, thus forming various
species, see equation 2.7 -2.13.

O*+H* - OH* 2.7
OH* + H* - H0 2.8
OH*+OH* - H.0 + O 2.9

The metal hydride may interact with molecular oxygen, according to equation 2.10,
which could thus yield a surface hydroperoxyl species. The formed hydroperoxyl may
further dissociate to form atomic oxygen and hydroxyl species on the catalyst surface,

see equation 2.11.34.90

O2* + H* - OOH* 210

OOH* - O* + OH* 2.11

However, the formed OOH on the surface may also react with an adsorbed
hydrogen, thus forming hydrogen peroxide, according to equation 2.12. The HO-OH bond
of the possible formed H20> species can cleave forming OH species (see equation 2.13)
on the surface of the catalyst.3*

OOH*+ H* - HOOH* 212

HOOH* - 20H* 213

Surface hydroxyl species can further interact with adsorbed alcohol species
resulting in the formation of the alcoholate species and water, thus facilitating the overall

oxidation process.

Regeneration of the active site is essential for the catalyst lifespan. This may be
dependent on the adsorption strength of the different adsorbates. The product of the
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benzyl alcohol oxidation over Pt catalyst, benzaldehyde, has adsorption energy of -1.14
eV while Oz, OH, OOH, and H202 adsorption energy (on the bridge site over Pt(111)
surface) of -072 eV%, -1.82 eV, -0.96 eV* and -0.64 eV*®, relative to O in the gas
phase respectively. This indicates that OH and OOH are relatively weakly adsorbed on
Pt(111) surface compared to molecular oxygen. This suggests that the regeneration of
the sites occupied by OH and OOH is relatively facile compared to O species and perhaps
even the aldehyde product. Thus, the removal of hydride species in the form of surface
OH and OOH species is fast in comparison to the formation of the carbonyl species. This
may, then, be subject to the active metal composition used.

Likewise, carbohydrate oxidation over metal is characterized by the coordination
of the carbohydrate substrate with the (platinum) metal through the oxygen lone pairs of
hydroxyl groups in a chelating fashion.®' C1 of the substrate forms a carbonyl carbon while
undergoing dehydrogenation, subsequently forming a metal hydride and aldehyde
product, as shown in Figure 2.4.

Y
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Figure 2.4: Mechanism of galactose oxidation to form the corresponding aldehyde over

Pt-based catalyst.®"

The recovering of the active site from metal hydride may follow a similar pathway
as in the oxidation of primary alcohols.

2.6.2. MECHANISM OF ALCOHOL OXIDATION OVER A METAL OXIDE CATALYST

Abad et al.,* proposed that oxidation of alcohol over metal oxide catalysts
advances through hydride abstraction of the Hg, as illustrated in Figure 2.5. Two distinct

FTIR bands associated cerium alkoxide and growing band attributed to cerium hydride
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during anaerobic oxidation of 2-propanol on Au/CeO. monitored in situ by IR spectroscopy

were observed.®? As such, similar to oxidation of alcohol over metal oxide has been

postulated to proceeds through the formation of the B-hydride species.

Figure 2.5: The proposed transition state in the aerobic oxidation of alcohols (benzyl

alcohol) over a metal oxide heterogeneous catalyst.®

Figure 2.6 illustrate a closed catalyst cycle for the oxidation of a primary or aromatic

alcohol yielding an aldehyde over a metal oxide heterogeneous catalyst using oxygen as

an oxidant.
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2.7. CATALYSTS FOR SELECTIVE ALCOHOL OXIDATION: CATALYTICALLY ACTIVE MATERIAL

Gold (Au), platinum (Pt) and palladium (Pd) deposited on support material?%°1.95-
190 are well-known as catalytically active metals that can drive the selective oxidation of
alcohols. Though, the alcohol oxidation reaction can also proceed over metal oxides such
as Ce0.'%" and heteropoly acids, HPA, a catalyst such as H3PW12040."%?

The use of supported platinum/palladium nanoparticles in catalysis is well
established for selective alcohol oxidation reactions.”44-4850-53 Generally, Pd-based
catalysts are more active compared to Pt and Au catalysts in alcohol oxidation. However,
they are prone to oxidation forming inactive PdO surface species, thus lowering catalytic
activity. Wu et al.,'%® observed a reciprocal correlation between the surface PdO on the
catalyst and the catalytic activity: a larger amount of surface PdO species results in a
decrease of the catalytic activity. As such, a major impediment in alcohol and
carbohydrate oxidation over supported Pd catalysts is the rapid deactivation over a wide
range of reaction conditions. The deactivation could be ascribed to oxidation of the Pd

metal.106

The use of the gold catalyst for oxidation reactions has attracted much attention.%”
It has been specifically shown that supported gold nanoparticles can be very effective
catalysts for the oxidation of alcohols, including diols.#1%8.109 Bjanchi and coworkers°
have shown that supported gold catalysts can also be effective for glycerol oxidation,
affording ca. 100% selectivity towards glyceric acid. Despite these promising
observations, Au-based catalysts are known to dissociate O, poorly'"', and thus NaOH
is typically added as an auxiliary base in order for the reaction to proceed.”®''? The active
sites are, therefore, identified to be Au-OH with hydroxide ions (OH") in solution regarded
to increase the number of active sites.>® The OH moiety in the reaction medium may thus
facilitate the cleavage of the O-O bond in molecular oxygen, thus assisting in molecular
activation. This may proceed via the formation of a hydrogen bond between adsorbed O>
and the OH on the gold surface, weakening the O-O bond, which may result in O2
dissociation. As such aqueous oxidation of alcohol or carbohydrates typically proceeds in

a weakly acidic or alkaline medium (pH 6—11).113.114
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Aerobic oxidation of glucose to gluconic acid (with industrial application in food
additives and beverage bottle detergents) over Pt-based heterogeneous catalyst has
been investigated for decades.''®'"® This opened up research on oxidation of oxygen-
bearing organic compounds, such as carbohydrate and alcohols, over Pt-based
heterogeneous catalysts for industrial application.’”-122 However, platinum adsorbs
oxygen strongly, and as such, the removal of the oxygen species may become the rate-
determining step.” Furthermore, the saturation of a surface with a strongly adsorbing
oxygen species is typically rather difficult due to repulsive lateral interactions.® These
lateral interactions reduce the saturation coverage of oxygen significantly. It can be
estimated that on Pt(111), only 30-50% of the surface is covered with either molecular or
atomic oxygen due to lateral interactions.® The result of lateral interaction does not only
yield low oxygen coverage over Pt catalyst surface but may also limit the adsorption of
the alcohol substrate into the metal surface, even though the adsorption of the substrate
may be relatively weaker.

Each metal that has been shown to have some catalytic activity for alcohol
oxidation has limitations, with Au requiring an auxiliary base in order to activate molecular
oxygen, thus observing the catalytic activity. On the other hand, Pd is prone to oxidation,
thus losing the active site for the oxidation reaction. Oxygen coverage for Pt-based
catalysts may be diminished due to repulsive lateral interaction resulting in a more stable
catalyst. Typically, researchers address these catalytic limitations that the oxidation active
metals are prone to by introducing a secondary element (whether as an alloy and/or mixed
metal (oxide), changing the fluid components of the reaction and reaction conditions, such

as temperatures.

2.7.1. EFFECT OF CATALYST PROMOTERS ON ALCOHOL/POLYOL OXIDATION

In heterogeneous catalysis, the performance of the catalytically active material can
be fine-tuned by using appropriated promoter in order to address various limitations
associated with the known active metal (Au, Pd and Pt) or to tailor the product selectivity
profile. Extensive research has therefore investigated the promotion and alloying of Pt
and Pd catalysts to improve their resistance to deactivation in alcohol oxidation reactions.
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It has been suggested that the addition of a second metal may prevent oxidation of the
Pd metal and inhibiting the corrosion of metal catalysts, thus improving the catalyst

activity and life span."’

Pt or Pd-based catalysts have been modified using combinations of Bi'7:64.106.123-
126, Sn127.128 or Ph'5.126 gpecies yielding substantial enhancement of catalytic performance
for liquid-phase alcohol oxidation using O as an oxidant.'497.106.129-131 \/grious studies
discussed the enhanced activity obtained with promoted platinum-group metal catalysts
in the oxidation of alcohols based on the so-called third-body effect.®* This involves the
promoting species (e.g. Bi) blocking the formation of poisonous species during the
oxidation of small organic molecules."” EXAFS analysis showed that the primary effect of
Bi in the oxidation of 1-phenylethanol and cinnamyl alcohol on Pd/Al2O3 was to protect
Pd from oxidation and to act as a geometric promoter (see Figure 2.1 vide supra) on the
Pd particles.’® It has also been argued that the presence of a promoter on the surface of
platinum decreased the size of the active site ensemble,!” which may suppress the rate
of poisoning by oxidation of the active metal. Pd oxidation inhibition seems to be a primary
promotional effect brought by Bi addition. A similar conclusion was drawn by Mondelli et
al.,'%8131 ysing liquid-phase ATR-IR coupled with XAS analysis in the liquid-phase
oxidation of benzyl alcohol over Bi promoted Pd and Pt. Besson et al.,®” explained the
promoting effect of bismuth on a platinum-based catalyst in the oxidation of alcohols to
the adsorption of oxygen on bismuth adatoms forming Pt-Bi-OH ad-species on the
surface, which may act as new active sites for the alcohol oxidation. It is thought that
these species are involved in the regeneration of the active sites through the oxidation of
the metal hydride to form H20. Therefore, oxygen as the oxidant interacts with Bi adatoms
to form bismuth oxide species, which may react with hydrogen on the metal surface
resulting in the formation of H20, thereby regenerating the active metal site (see Figure
2.7).
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Figure 2.7: Proposed mechanism for bismuth as a promoter in the oxidation of

carbohydrates over Pd-based catalysts.®":12

The affinity of bismuth for oxygen does not only accelerate the oxidation of
hydrogen on the metal surface but may also protect metallic palladium/platinum from
oxidation, thereby preventing catalyst deactivation thus prolonging the catalyst life span.®’

The rate of oxidation of carbohydrates is also enhanced by the presence of Bi,
Sn'797.128 gnd Pb.3%% Besson et al.,’®? also proposed that bismuth adatoms prevent
poisoning of the catalytically active palladium surface with oxygen in oxidative
dehydrogenation of alcohol and carbohydrates. It is believed that carbohydrates may
interact with this type of promoters (Bi and Sn) in a chelating fashion,®” thus prompting

coordination of the substrate to the promoting adatom see Figure 2.8.
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Intuitively, the promoting effect of Bi and Sn on selectivity for electron-rich
substrates such as aromatic ring bearing molecules, e.g., benzyl alcohol, may be due to
the interaction of the substrates by the n-adsorption of the ring on the promoter atoms
deposited on the platinum surface. Besson et al.,'®? also observed an enhanced catalytic

activity upon using bismuth as a promoter on benzyl alcohol oxidation over Pt/C catalyst.

2.7.2. PROMOTIONAL EFFECTS OF THE ALLOYED CATALYST SYSTEM IN ALCOHOL OXIDATION

Gold has also been shown to have promotional effects®!105.121.133.134 in glcohol
oxidation for Pd and Pt catalyst, even though it can be used as a catalyst in its own right.
Wu et al.,'® observed an improvement in the rate of benzyl alcohol oxidation upon Pd
alloying with Au with a TOF of 57300 hr' compared to 12500 hr' obtained over
monometallic Pd catalyst system at 110 °C. This is ascribed to a prevention of the
oxidation of surface Pd and the formation of PdO species due to the presence of Au.'
This, then, improves the catalytic activity for the alcohol oxidation reaction. On the
contrary, Dimitratos et al.,’3® obtained a decrease in TOF in the oxidation of cinnamyl
alcohol over Pt-Au ally compared to Pt catalyst with TOF decreasing from 38 hr' to 12
hr' over 0.4wt.-%Pt/AC and 0.6wt.-%Au0.4wt.-%Pt/AC catalyst, respectively at 60 °C.
The reaction was carried out in base-free condition, which would imply that Au sites are
inactive for this oxidation reaction. Hence, the TOF may have been reduced due to a
decrease in the number of Pt-sites available on the surface that are blocked by an inactive
Au component of the catalyst.

Table 2.1 shows examples of bimetallic catalyst systems investigated for oxidation
reactions of the various organic substrate using oxygen as the oxidant. Zhang et al.,'3¢
showed that Pb-Pt alloy had a higher reaction rate for the oxidation of glycerol using O2
as an oxidant at 90 °C with a TOF 101 hr'' compared to monometallic Pt, which measured
a TOF of 77 hr' . Similarly, Tang et al.,'®” observed in the oxidation of benzyl alcohol that
alloying Pd with Pb enhances the activity, doubling the turnover frequency from 8.4-10*
hr' to 19.110* hr' over Pd/TiO2(P25) and PdsPb/TiO2(P25), respectively at 130 °C.
Mallat et al.,"®® showed that promoting Pd supported on carbon or alumina with bismuth
improves conversion of 1-methoxy-2-propanol and selectivity of 1-methoxy-2-propanone.
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Similarly, a remarkably improved catalyst performance was obtained over PiBi/ NCNT in
the selective oxidation of glycerol to dihydroxyacetone compared to the performance over
Pt/NCNT at 60 °C.""

Alloying Pt/Pd catalyst system is not limited to improved activity but may also
suppress the formation of undesired products during oxidation reaction. Besides
modifying the active metal's adsorption properties, Ni's addition to the Pd catalyst system
for the oxidation of benzyl alcohol has also been shown to enhance the productivity and
selectivity of benzaldehyde by effectively suppressing the formation of toluene in benzyl
alcohol oxidation.'® The promotional effect of Ni in Pd-based system on benzyl alcohol
oxidation has been ascribed to weakening of the dissociative adsorption of benzyl alcohol
and prevent C-O bond cleavage owing to the synergistic effect between Pd and Ni.'8
Moreover, the presence of nickel in Pd-based catalysts is thought to enhance the removal
of hydrogen by the oxygen species on the Ni surface, inhibiting the C-H bond formation.
Alloying Pt/Pd with Ni may modify the interaction between oxygen and the metal, thus
influencing product selectivity. Contrary to Pd-based catalyst, alloying Pt with Ni to form
Pt-skin alloy weakens the adsorption of oxygen thus, retarding molecular oxygen
dissociation over Pt-skin Ni-subsurface alloy."3°

Table 2.1: Bimetallic system effect on the catalytic performance of on oxidation

reaction compared to a monometallic system using oxygen as an oxidant.

TOF Selectivity
Catalyst Substrate X (%) (hr) (%)
(Product)
Pd100/MCF-Hz 16 12500 66 (Benzaldehyde)
c Benzy! alcohol? 19 71
AugPdg,/MCF-H; 83 57300 (Benzaldehyde)
Pd NCs/TiOx(P25) T 99 8.410* 31 (Benzaldehyde)
enzyl alcohol®
PdsPb NCs/TiO2(P25) y 91 19.110* 91 (Benzaldehyde)
68
5wt.-%Pt/AC 36 77 . .
? Glycerol 1% (Lactic acid)
1Wt.-%Pb-5wt.-%PYAC 48 101 62
(Lactic acid)
0.4wt.-%PYAC 22 60 o et
Cinnamyl alcohol®: 135 %gnama ehyde)
0.6wt.-%Au-0.4wt.-%Pt/AC 18 45

(cinnamaldehyde)

‘eaction conditions: 50 mg of catalysts, 10.8 g of benzyl alcohol, T = 110°C, pO2= 0.8 MPa and t = 1 h. Calculation of TOF (h™)
value was done after 1h of reaction based on the total exposed metal sites.
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PReaction conditions: 0.25 g of catalyst, T = 90 °C, p = 1 atm, Foz = 100 mL/min, niion/Ngycerol = 1.5, stirring rate = 800 r/min. TOF
was calculated based on the loading of Pt (Pb mainly served as a promoter), and conversion after 2 h.

‘Reaction condition: Benzyl alcohol = 5 ml; catalyst weight = 12.5 mg; T = 130 °C; p = 10 bar; oxidant = O2; TOF was calculated
using conversion at reaction of 30 min.

9Reaction condition: Cinnamyl alcohol 0.3 M, cinnamyl alcohol/metal 1/500 (mol/mol), T = 60 -C, pO. = 1.5 atm; time of reaction = 2

h, stirring rate 1250 rpm.

Metal oxides can also be considered as a promoter for alcohol oxidation reaction
as well. Redina et al.*® suggested that the high activity for Au-CuO/SiO; catalyst in ethanol
oxidation compared to the monometallic catalyst, Au/SiO> and Cu/SiO2. This can be
attributed to the interaction between metallic Au and Cu?* ions. Similarly, Bauer et al.,*8
implies that close contact between the metal core and oxide shell of the Au-CuOx catalyst
generates the active sites for benzyl alcohol oxidation. This results in enhanced catalytic
activity.

Bimetallic/alloyed metal nanoparticles are more beneficial in activity and selectivity
than their monometallic equivalent. These improved performances can be attributed to
synergistic effects arising from electronic and/or geometrical interactions between the two
metals. However, it should be noted that the promotional effect of the known alcohol
oxidation promoters can be multi-faceted; the role of a promoter may vary from reaction

system to reaction system.
2.8. EFFECT OF SUPPORT MATERIAL ON THE ALCOHOL OXIDATION REACTION

Heterogeneous catalysis is a surface phenomenon. Thus, typically the intrinsic
catalytic activity per unit mass of the active metal will decrease with increasing crystallite
size of metal due to reduced exposure of the reactants to the catalytically active metal.'4°
The required high dispersion of the active metal'¥'.42 and the required mechanical
strength of the catalyst'? require the use of support materials such as refractory oxides
or carbon to deposit the catalytic active material. It has been observed that support
material may play a role beyond dispersing the active metal in oxidation reactions by
inducing a synergy between the active metal and the support material.'** The effect of
support material on oxidation reactions has been observed over Pt, Pd and Au-based
catalysts. Qi et al.,** compared the effect of Mn304, CeO>, Fe203 as support on solvent-
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free, liquid-phase, palladium-catalyzed benzyl alcohol oxidation (at 1wt.-% Pd metal
loading). Different levels of benzyl alcohol conversion were obtained with Pd/Mn3Oa,
Pd/CeO,, Pd/Fe203 yielding 66 %, 43 % and 49 %, respectively. Though the reason for
the observed variation in activity is not stated, however, it may be influenced by metal
dispersion arising from the varying surface area of the support material. Though the
surface area of the support may affect the dispersion of the active metal, the chemical
nature of the support material may have a stronger influence on dispersion. Thus,

resulting in different conversion levels.

Liu et al.,®? investigated the effect of an oxide support material on the platinum-
catalyzed benzyl alcohol oxidation at comparable metal dispersion. Interestingly, the TOF
for benzyl alcohol oxidation within 10 hours on stream varied significantly with 6.2 hr,
1.4 hr',9.5 hr', 13.0 hr' and 0 hr' corresponding to Pt/Al,O3, Pt/MgO, Pt/TiO2, Pt/ZnO
and Pt/SiO2 catalyst, respectively as summarized in Table 2.2. This gives an indication
that the catalytic activity is closely linked to the metal oxide support employed. Otherwise
stated, the oxide support material may influence the performance of the catalyst under
oxidation reaction (of benzyl alcohol). It was noted that the high TOF obtained from
Pt/ZnO may be attributed to the synergistic effect between the Pt and ZnO support. At the
same time, the inactivity of the Pt/SiO2 system is not clear. Similarly, under comparable
reaction conditions, Pt/TiO2 anatase showed a better catalytic performance for the benzyl
alcohol oxidation than platinum supported on Ca(Mg)-ZSM-5 resulting in a turnover
frequency of 7.3 hr'' and 3.7 hr', respectively.' This is ascribed to the more facile
activation of molecular oxygen on TiO2, implying a role of the support.
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Table 2.2: The catalytic performance effect of an oxide support material on benzyl
alcohol oxidation reaction at comparable reaction conditions? over Pt-
based catalyst.??

Surface

Pt-loading dp:" Dp¢° area Conversion TOF¢
Catalyst (Wt-%) (nm) (%) (m?g) (%) (hr)
Pt/ZnO 0.80 321203 35 5 94 1 13
Pt/Al.O3 0.81 34+04 33 150 43.0 6.2
Pt/MgO 0.83 25103 45 26 13.3 14
Pt/SiO2 0.83 29+0.3 39 423 0 0
Pt/TiO2 0.81 35205 32 51 63.4 9.5

@0.1 g of a catalyst, 0.2 mmol of benzyl alcohol, and 10.0 mL of H20 in a flask in the open air at room temperature (26 °C) in the dark
for 10 hours

®The average particle size of Pt determined using TEM.

°Platinum dispersion based on particle size (Det (%) = 113/dpt)

dDefined as the amount of benzyl alcohol reacted per hour per surface Pt site.

Various factors may affect the catalytic activity, including the average particle size
of the active metal at constant loadings. Chen et al.,'*® probed the influence of support
material on average particle size (subsequently catalytic activity) by varying the
SiO2:Al203 ratio on silica-alumina supported Pd catalyst in the benzyl alcohol oxidation.
It was stated that decreasing the SiO2:Al2O3 ratio resulted in a decrease in the size of the
Pd nanoparticles. This was attributed to the relative strength of interactions of the Pd
precursor with the support. The decrease in particle size resulted in an increase in the
TOF for benzyl alcohol oxidation. Furthermore, the particle size of Pd metal in Pd/Al2O3
and Pd/SiO2 was 2.6 nm and 5.7 nm, respectively. The subsequent initial rate of reaction
was over 0.52 wt.-% Pd/Al2O3 (1.78 mol/g/s) is thus higher than that obtained over 0.55
wt.-% Pt/SiO- catalyst obtaining 0.26 mol/g/s with corresponding TOF of 2988 hr' and
936 hr', respectively evaluated from the average particle size of the Pd active metal. It
was then concluded that the variation in activity cannot be correlated to Pd nano-particle
size since the TOF would have to be comparable for all the samples. Therefore, the
observed difference in TOF must be attributed to other factors that are unclear.
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2.8.1. SYNERGISTIC EFFECT OF SUPPORT MATERIAL AND THE ACTIVE METAL ON CATALYST
PERFORMANCE

It has been argued that the promoting effect of the support material is not only
attributed to a physical promotion (dispersion of the active metal) but also ascribed to
electronic contributions through a synergistic effect. This can be best evaluated using the
turnover frequency: a change in the turnover frequency obtained with metals supported
on different supports would indicate a role of the support beyond dispersing the
catalytically active material. Abad et al.,'® observed in the oxidation of 3-octanol reaction
under solvent-free conditions that supporting Au over different carriers, CeO2, TiO2, Fe2O3
and C, yielded different performances, as measured by TOF (ca. 430 hr', 215 hr', 96 hr
"and 15 hr', respectively). This suggests that the activity of the catalyst can also be
influenced by the type of support material employed for the oxidation reaction of alcohols.
Corma et al.,® also reported a synergic effect between the noble metal (gold) and the
support (ceria as nano-cubic particles) in 3-octanol oxidation. Strikingly, Corma et al.,?°
showed that ceria as nano-cubic particles exhibit an improved activity compared to ceria
in a less-defined shape. This was ascribed to the presence of edge sites nano-cubic ceria,
which changes in the presence of oxygen from metal ion terminated edge sites to oxygen
terminated sites. Zhao et al.,’” showed using scanning tunnelling microscopy (STM) in
conjunction with Density Functional Theory calculations that benzyl alcohol adsorbs
preferentially at the oxygen-terminated FeO/Pt (with FeO islands immobilized on a
Pt(111) surface). The interaction between the oxygen at the edge of the FeO/Pt interface
and the hydrogen of the hydroxyl group of the substrate increases the strength of
adsorption of benzyl alcohol. At the same time effectively weaken the O-H bond of the
substrate.' This will result in a decrease in the activation energy for O-H bond cleavage

in the substrate when performed in the presence of boundary oxygen.'#’

It has also been suspected that some support materials may form part of the active
sites during the oxidation reaction, acting as oxygen/hydroxide reservoir sites.883.147 A
comparison between, e.g. Ru(OH)/Fe3z04 and Ru/Al203 catalyst for the oxidation of benzyl
alcohol shows that Ru(OH)/Fe3O4 showed better performance than Ru/FesO4 catalyst at
comparable Ru loading and reaction conditions.®° It is hypothesized that the formation of
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Ru-alkoxide in the benzyl alcohol oxidation in the presence of Ru(OH)/FesOs occurs
through ligand exchange between Ru(OH) and alcohol substrate, forming water
molecules as co-product. However, the metal alkoxide formation on Ru/Al2O3 proceeds
via the activation of the O-H bond (through O-H bond breaking) in benzyl alcohol on the
metal surface.899146.148 The presence of surface-bound hydroxyl (intermediate) may
facilitate the O-H bond activation of the substrate through hydrogen transfer.

Puigdoller et al.,’ and Helali et al.,'*® also argued that the reducibility of the support
also affects the overall catalytic performance in alcohol oxidation reactions. Reducible
oxidic support may facilitate the oxidation reaction by donating oxygen to an adsorbed
species with a consequent change in the surface composition, from MyOm to MyOm-x thus
forming oxygen vacancy sites.! Due to the oxygen vacancy formation, the reduced oxide
may yield an enhanced reactivity compared to the stoichiometric oxide. The organic
substrates may interact with these specific oxygen sites in the metal oxide surface, e.g.,
oxygen atoms located at low-coordinated sites (MOx.1). Furthermore, the formed surface
atomic oxygen derived from oxygen vacancy formation is added as a reactant, thus
forming carbonyl compounds leaving behind oxygen vacant sites.'" It is also possible that
the reducible metal oxide support material may have labile oxygen species on the surface
that can participate in the oxidation reactions.

The alcohol oxidation is a typical consecutive reaction, with often the formation of
the carbonyl compound followed by further oxidation reactions yielding products such as
carboxylic acids. In this type of reaction, the selectivity can be a strong function of the
conversion level. The effect of the support material on the product selectivity thus
becomes a non-trivial exercise since the selectivity over different catalyst systems must

only be at comparable conversion levels.
2.9. ALCOHOL OXIDATION IN THE LIQUID-PHASE

The heterogeneously catalyzed, liquid-phase oxidation of organic substrates
occurs at the liquid—solid interfaces. As such, the composition of the liquid phase near
the solid surface may determine the catalytic performance, depending on the nature of
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the solvent used. Toluene is often used as a solvent for benzyl alcohol oxidation,3%10;
however, it is also one of the possible products from benzyl alcohol oxidation.'®
Narayanan et al.,’” investigated the effect of solvent on benzyl alcohol oxidation over
nanocrystalline hierarchical zeolite, NH-ZSM-5, catalyst using a variety of polar and non-
polar solvents. In the study, the use of acetonitrile in benzyl alcohol oxidation exhibited
the highest benzyl alcohol conversion of 97% compared to DMSO (aprotic polar solvent),
hexane (non-polar) and H2O (polar), which yielded benzyl alcohol conversion of 76%,
71% and 57%, respectively. In the presence of aprotic and non-polar solvent benzyl
aldehyde selectivity is achieved in excellent yields of >96% while polar solvent H-O
resulted in low benzaldehyde selectivity of 77%. This example illustrates that the nature
of the solvent in oxidation reaction of alcohols may influence the catalyst performance.
Villa et al.,’®" also observed that the use of different solvents for benzyl alcohol oxidation
varying catalyst performance over 1 wt.-% Pd/activated carbon (AC) andiwt.-%
Pd/carbon nanotube (CNT) catalysts. In the study it is observed that various amount of a
specific solvent result in very different catalytic performance. Increasing H20 content
resulted in a diminished catalyst performance. Upon substituting H2O solvent with
cyclohexane again the catalytic activity differed significantly, as summarized in Table 2.3.
Also, increasing cyclohexane initial concentration, decreases the TOF for benzyl alcohol
oxidation over Pd-based catalyst.

Table 2.3: Benzyl alcohol oxidation over 1wt.-%Pd-based catalyst at comparable

reaction conditions?.1%1

TOF® (hr) Toluene  selectivity® Benzaldehyde

Solvent (%) Selectivity® (%)
PJAC  PdICNT Pd/AC  PdICNT  PdIAC  Pd/CNT
Neat 2980 1412 33 17 61 78
25 vol-% H,0 1485 730 25 25 71 73
50 vol-% H,0 1227 506 30 41 67 57
75 vol-% H,0 840 554 36 37 62 59
?)?/clohexane\/o'-% 2846 1462 29 24 67 74
?)?/clohexane\/o'-% 1482 1340 23 3 74 92
?)?/clohexane\/o'-% 490 493 8 8 88 88

aReaction condition: alcohol/metal 3000/1 (mol/mol), 80 °C, pO, =2 atm, 1250 rpm.
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*TOF calculated after 15 min of reaction.
°Selectivity at 90% conversion.

The solvent used in the alcohol oxidation also affects the product selectivity. The
benzyl alcohol oxidation over Pd/(AC) in an organic solvent, cyclohexane, favours the
formation of benzaldehyde at high cyclohexane initial mole contents, i.e., 80%
cyclohexane. On the contrary, increasing H20 initial moles decreases the selectivity
towards benzaldehyde compared to the solvent-free system and the system using
cyclohexane as a solvent at comparable conversion levels. Not only did the study
reinforce that various support materials influence the catalyst performance, but also
various initial moles of different solvents employed (in this case, H.O and cyclohexane)
has an influence on alcohol oxidation reaction. Furthermore, due to the formation of
toluene as opposed to benzoic acid, it is evident that a parallel reaction is more probably
than a consecutive reaction over Pd-based. This may indicate that Pd-based catalyst
promotes carbonyl scission in benzyl alcohol oxidation, thus forming toluene as a product.
As such, in a case where toluene is not desired (as it is in this current study), Pt-based
catalyst can be considered for benzyl alcohol oxidation. Alternatively, Ni can be
incorporated on a Pd-based catalyst to inhibit the formation of toluene, as previously
discussed.'®

In the oxidation of 1-octanol over Pt/C?58 the conversion of 1-octanol increased
with increasing water content in the water/dioxane solvent. This has also been observed
in the oxidation of 2-octanol over Pt/C catalyst?> and 2-propanol over PtYMCF-17%4. The
turnover frequency was 4 times higher when the liquid phase contained 80 mol-% water
compared to a non-aqueous liquid phase. Donze et al.,'>? also showed that adding water
to the benzyl alcohol oxidation over Pt/C increased the conversion. The role of water is
still much debated. It has been proposed that water acts as a weak base, thereby
facilitating the dehydrogenation step of alcohol oxidation.?®

Alcohol oxidation is a consecutive reaction. This means that the aldehyde product
that forms from alcohol oxidation can be further oxidized to carboxylic acid through its
hydrate.’®? The hydrate is then oxidized to the corresponding carboxylic acid, cf. Scheme
2.3.

32



OH OH

Oxidize 2 )\ xidize N
R Noy ——= R NXo == R MSon —>= R Yo

Aldehyde Hydrate Acid

Scheme 2.3: Hydration of the aldehyde product, thereby forming carboxylic acid
in the presence of H20.

The formed aldehyde may react further in the presence of water to generate hydration,
thereby forming carboxylic acid. Donze et al.,’®? observed that the presence of water
enhances benzyl alcohol conversion over Pt/C and at the same time, the increasing water
content favoured further oxidation, i.e. the formation of benzoic acid formation through
aldehyde intermediate hydration.%?
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CHAPTER 3:

Experimental procedure

Chemicals used

Chloroplatinic acid, H2PtCls6H20, platinum(ll) acetylacetonate, Pt(O2CsHv)2,
bismuth(lll) chloride, Bi(Cl)s, nickel(ll) acetate, Ni(CH;CO,),-4H,0, and
molybdenum pentacarbonyl, Mo(CO)s (all from Sigma Aldrich) were used as
precursors for the catalytically active material. The synthesis of the catalyst was
performed using solvents, chloroform (CHCIs, Sigma Aldrich) and benzyl ether
((CsHsCH,),0, Sigma Aldrich) in the presence of surfactants, oleylamine (C1gHs7N,
Sigma Aldrich) and oleic acid (C1gH3402, Sigma Aldrich). Furthermore, formic acid
(CH20., Sigma Aldrich), sodium hydroxide (NaOH, Kimix), iron(lll)chloride (FeCls,
Sigma Aldrich), Chloroform (CHCIs, Sigma Aldrich), Absolute ethanol (C2HsOH,
99.9% Merck) given purity), and acetone (CsHsO, 299.9%, Sigma Aldrich) were
used.

The catalytically active material was supported on TiO. (Degussa P25, Evonik,
Sger = 46.4 m?/g), TiO, (rutile, Sigma Aldrich, Sger = 44.5 m?/g), y-Al.O3 (Puralox
SCCa 5-150, Sasol Technology, Sger = 140.5 m?/g), MoOs (Sigma Aldrich, Sger =
3.0 m?/g) and CeO, (Sigma Aldrich, Sger = 1.7 m?/g) were used as supports.

The reactants benzyl alcohol (C7HsO) and cyclohexyl methanol (C7H140) were
obtained from Sigma Aldrich. The solvents used in the oxidation of alcohols are
deionized water (0.8 uS/cm), m-xylene (C7H140, Kimix) and n-heptane (C7H1s,
Sigma Aldrich). The oxidation was typically performed using synthetic air (Afrox,
20% O3z in N2) or hydrogen peroxide (30 vol-% solution, Merck). Hydroquinone
(CeHsO2, Sigma Aldrich) was in some experiments added as a scavenger.
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3.1 SYNTHESIS OF PLATINUM-BASED CATALYST BY SLURRY IMPREGNATIONS

A series of supported platinum catalysts (ca. 4 wt.-% Pt) were prepared by slurry
impregnation of an aqueous chloroplatinic acid solution (0.52 M) on various support
materials, which include TiO2 (P25), y-Al2Os3, y-Fe203, MoO3s and CeO:..

The y-Fe2O3 support was synthesized by precipitation of FeCls in an aqueous
solution of NaOH at 40 °C with FeClz and NaOH in equimolar amounts. The resulting
precipitate was then washed in copious amounts of distiled H2O three times. The

resulting suspension is recovered by filtration and dried in an oven overnight at 120 °C.

The support materials were calcined in the air in a static oven at 350 °C for 2 hours
before use to remove any adsorbing species, e.g., organics while in storage. The
temperature was chosen to avoid any possible phase change of the support material,
which may occur at higher temperatures, while being sufficiently high to
desorb/decompose any adsorbing organics. The pre-treated support material was
slurried in an aqueous solution of chloroplatinic acid (0.52 M). After sonication for 15 mins,
the sample was placed in a crucible. The solvent water was removed by heating the
sample in an oven at 120 °C for 2 hours at atmospheric pressure. The catalyst was
subsequently calcined in a static oven at 350 °C for 6 hours.

3.2 SYNTHESIS OF CATALYSTS USING COLLOIDAL IMPREGNATION OF NANOPARTICLES

Various platinum-based nanoparticles were synthesized in the presence of a
surfactant to obtain nano-sized particles with a narrow size distribution. The synthesis
method is based on the tungsten carbonyl facilitated reductive precipitation'53-1%% in the
presence of surfactants. Tungsten acts as the reductant for the (noble) metal ions. In this
study, a modified process using molybdenum carbonyl as the reductant for bimetallic
nanoparticle synthesis was used instead of tungsten carbonyl."%®

3.2.1 Synthesis of Pt nanostructures:

In a typical synthesis of platinum nanoparticles (NP), platinum acetylacetonate
(Pt(acac)2) (0.16 g, 0.41 mmol) was dissolved in benzyl ether (25 mL) and oleylamine
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(OAm, 40 mL), with the latter acting as a surfactant also. The resulting metal salt-
surfactant-solvent reaction mixture was heated to 150 °C and kept at that temperature for
5—-10 minutes under vigorous magnetic stirring in a round bottom flask. Upon addition of
the reducing agent, molybdenum hexacarbonyl (Mo(CO)s) (0.1 g, 0.38 mmol), the
resultant pale-yellow homogeneous solution turned dark purple with evolving cloudy
smoke suggesting the evolution of gaseous CO. The synthesis mixture was then heated
to 240 °C using a heating rate of 10 °C/min, upon which the mixture turned dark brown.
After that, the colloidal medium was removed from the heat source and rapidly quenched
to room temperature by flowing tap water over the round bottom flask to ensure minimal
structural transformations/changes. Subsequently, the as-synthesized NPs were
extracted from the bulk organic synthesis medium through flocculation by adding an
excess amount of absolute ethanol and chloroform at equal volume. After settling
(typically 1-2 days), the excess organic solvent was decanted. The particles were further
cleaned by re-suspending in 20 mL absolute ethanol. This colloidal refining process was
performed 3 times. The black product was finally re-dispersed in chloroform, yielding a

dark brown colloidal suspension.

3.2.2 Synthesis of Pt-Ni nanoparticles

Pt(acac)2 (0.16 g, 0.41 mmol) and nickel(ll) acetate tetrahydrate
(Ni(CH3CO,),-4H,0) (0.034 g, 0.14 mmol) were dissolved in a mixture of benzyl ether
(25 ml) and oleyl amine (40 mL). The resulting metal salt-surfactant-solvent reaction
mixture was heated to 150 °C and kept at that temperature for 5-10 minutes under
vigorous magnetic stirring in a round bottom flask. The reduction was initiated by the
addition of the reducing agent, molybdenum hexacarbonyl (Mo(CO)e, 0.1 g, 0.38 mmol).
The synthesis mixture was then heated to 240 °C using a heating rate of 10 °C/min.
Thereafter, the colloidal medium was removed from the heat source and rapidly quenched
to room temperature. Subsequently, the as-synthesized NPs were extracted from the bulk
organic synthesis medium through flocculation by adding excess amounts of absolute
ethanol and chloroform at equal volume. After settling (typically 1-2 days), the excess
organic solvents were decanted, and the particles were further cleaned by re-suspending
in 20 mL absolute ethanol. This colloidal refining process was performed 3 times. The
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black product was finally re-dispersed in chloroform, yielding a dark brown colloidal

suspension.

3.2.3 Synthesis of Pt-Bi nanoparticles

Chloroplatinic acid, H2PtCle-xH20 (Pt content = 37-40%, 0.2 g, 0.38 mmol) and
BiClz (0.04 g, 0.13 mmol) were dissolved under vigorous stirring at 150 °C in benzyl ether
(20 mL), a solvent with a high boiling point, in the presence of a mixture of surfactants
oleylamine (OAm, 15 mL) and oleic acid (OLEA, 5 mL). Oleylamine also acts as a
reducing agent. The resultant pale-yellow homogeneous solution was heated up to 200
°C with a heating rate of ca. 10 °C/min, subsequently obtaining a dark brown suspension.
The resultant bulk organic synthesis media was maintained at 200 °C for 5-10 mins,
removed from the heat source and allowed to cool down to room temperature.
Subsequently, the as-synthesized material was extracted from the bulk organic synthesis
medium through flocculation by adding excess amounts of absolute ethanol and
chloroform. After settling (typically 1-2 days), the excess organic solvent was decanted,
and the material was further cleaned by re-suspending in absolute ethanol. This colloidal
refining process was performed 3 times. The black product was finally re-dispersed in

chloroform, yielding a dark brown colloidal suspension.

3.2.4 Deposition of platinum-based catalyst on TiO2 (Rutile)

The as-prepared nanoparticles were deposited on titanium(IV)dioxide (TiOz2) rutile
(nano-powder, particle size <100 nm) via colloidal impregnation. On the basis of
calculated Pt mass (0.075 g), 1 wt.-% loading of Pt in Pt/TiO2, PtsNi/TiO2, PtNi/TiO2 and
Pt-Bi/TiO2 was prepared by adding TiO2 (7.4 g, assuming 100% recovery of the Pt-
nanoparticles during the flocculation/purification process) to the 20 mL colloidal
suspension, followed by vigorous sonication at room temperature for 20 mins. The
resulting catalyst-support mixture was dried in a fume hood at room temperature
overnight. The surfactants attached to the surface of the nanoparticles were removed by
the addition of 20 mL formic acid (CH202) to the dried sample and further sonication for
15-20 mins. The product, catalyst-support, was again washed six times using an excess
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mixture of ethanol and acetone in an equimolar ratio to remove CH20, and some
surfactants. Finally, the as-impregnated materials were dried overnight at 70 °C in an

oven.

3.3 CATALYST CHARACTERIZATION

A variety of characterization methods have been employed to elucidate the
composition, morphology of the catalyst.

3.3.1 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

The elemental composition of the catalysts was determined by inductively coupled
plasma-optical emission spectroscopy (/ICP-OES) using a Varian ICP 730-ES
spectrophotometer. The samples were digested in a MARS-5 Microwave digester. The
calcined and uncalcined samples of the catalysts (ca. 50 mg) were placed in Xpress
Teflon tubes. A mixture of 6 mL concentrated HCI-solution, 2 mL concentrated HF-
solution, and 2 mL concentrated HNOz3-solution was used to digest each sample.

3.3.2 Transmission electron microscope (TEM)

The morphology of the unsupported nano-sized particles and nanoparticles on the
supports were imaged using a transmission electron microscope (TEM) using a TECHNIA
2001l operating at 200 kV. The samples were sonicated in methanol for ca. 10 minutes.
Subsequently, the suspension was loaded on a carbon copper-coated grid for analysis.
The particle size distribution and the average particle size of the nano-sized particles
representing the noble metal were determined by measuring between 70 and 200

nanoparticles using ImageJ®.

3.3.3 X-ray diffraction analysis (XRD)

The phase composition of the catalyst samples was analyzed using XRD on a
Bruker D8 ADVANCE diffractometer (Co-K,, radiation, 35 kV, 40 mA). The scan was taken
from 20 =20° to 100°, and the obtained diffraction patterns were compared to the one

reported for standard compounds in the JCPDS data file.
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3.3.4 Fourier Transform Infra-Red Spectroscopy (FTIR)

FTIR spectroscopy was used to observe characteristic bands of various species
on the surface of supports impregnated with platinum. A total of 32 scans were taken in
the range between 400 and 4000 cm™' for each sample with a resolution of 4 cm™. A

background scan is taken before every analysis.
3.3.5 CO Chemisorption

The number of active sites on the surface of the catalysts was determined by CO
chemisorption analysis using an ASAP 2020 C unit. The sample (ca. 100 mg) was
degassed with helium (He) at 350 °C for 30 mins. The sample was held at 350 °C under
flowing hydrogen for 12 hours at atmospheric conditions. Followed by evacuation of the

sample with He for ca. 165 mins at 125 °C. CO chemisorption was performed at 35 °C.
3.3.6 NH; Temperature programmed desorption (NH3;-TPD)

The temperature-programmed desorption (TPD) of ammonia was used as an
alternative method to determine the metal surface area using Micromeritics Autochem I1.
After the sample (ca.150 mg) was degassed for one hour with helium at a flow rate of 20
mLn/min at 500 °C, 5%NHz3/He at a flow rate of 20 mL./min was passed over the sample
at 120 °C. The remaining gaseous physisorbed ammonia was removed at 120 °C using
helium at a 20 mLn/min flow rate for 1 hour. Subsequently, the sample temperature was
increased linearly (heating rate: 10 °C/min) to 700 °C. At that temperature, it was kept for
3 hours. The composition of the effluent was monitored by a thermal conductivity detector
(TCD). It should be noted that a cold trap (using liquid nitrogen) was employed to
condense any desorbing H2>O from the sample. This was to prevent any effects of the
desorbing H>0O on the NH3-TPD profile of each sample.

3.3.7 X-ray photoelectron spectroscopy (XPS)

Semi in-situ XPS analysis of Pt-Bi/TiOz(rutile) sample was performed at the SXS
(soft X-ray spectroscopy) beamline DO8A at the Brazilian Synchrotron Light Laboratory
(LNLS), Campinas, Brazil, with excitation energy of 1922.6 eV using a PHOIBOS 150
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electron analyzer. Before the oxidation treatment, the XPS survey scan and a scan in the
region of interest of the sample were obtained. Subsequently, the sample was treated
with air (10 mLs/min) at 350 °C in the preparation chamber for 3 hours. After the oxidation
treatment, the sample was transferred to the analysis chamber. Again, high-resolution
spectra were recorded using 40 eV pass energy and 0.1 eV energy step with survey
scans of the samples obtained prior and post oxidation treatment between 1100 - 4 eV
binding energy range. The Pt (4d and 4f) and Bi (4d) binding energy were analysed.

The binding energy in all the spectra was calibrated to the O 1s and Ti 2p
photoemission peak of the oxide support at 462 eV and 532 eV, respectively. Linear-type
background subtraction was applied to the photoemission lines, which were fitted using
a combined Gaussian-Lorentzian line shape (CasaXPS). The Pt (4d, 4f) and Bi (4d)
spectra were fitted to two components (metallic and coordinated metal) based on the

binding energy values.

3.3.8 Enthalpy of immersion

The hydrophobicity/hydrophilicity of the support materials was determined by
measuring the enthalpies of immersion at 25 °C using a Precision Solution Calorimeter
(TA instruments). The instrument was electrically calibrated against a known power input
to determine the specific heat capacity of the calorimetric system. The solution
calorimeter was chemically calibrated using the dissolution of KCI (NBS1655) as a test
reaction at 298.15 K.1%7

A brittle glass ampoule loaded with dry oxide support of known weight was sealed
using silicon rubber and molten beeswax. The sealed ampoule was inserted into the
stirrer and the reaction vessel, which was filled with 100 mL of H20O liquid using a pipette.
Enthalpy of immersion measurement was initiated by breaking the glass ampoule once

thermal equilibrium was achieved.

3.3.9 Capillary rise experiment
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The hydrophobicity/hydrophilicity of the support materials was further probed by
measuring the contact angle between the support and water. The common method to
measure the contact angles, in this case, is to conduct capillary rise experiments where
the sample is suspended below a balance. The dry metal oxide powder is placed in a
powder holder. Small holes in the bottom covered with filter paper are immersed into the
testing liquid. The amount of liquid absorbed into the powder bed is measured against
time. Figure 3.1 shows the absorption of liquid of powder sample to determine the

capillary constant and contact angle using the Washburn method.
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Figure 3.1: Schematic representation of liquid absorption of the metal oxide support

material to determine contact angle using capillary rise.

The capillary constant was determined before determining the contact angle
measurements of the oxide support material with H2O. The capillary constant can be
determined by dipping the sample into a complete wetting liquid, n-hexane. Thus, the H.O
contact angle of each oxide is derived from the average capillary constant of each oxide
material using the Washburn method, refer to appendix A-3.1. Figure 3.2 show the

measurement set up for capillary constant and contact angle using the Washburn method.
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Figure 3.2: Wash-burn method contact angle and capillary rise measurement set up.

3.3.8. DFT CALCULATIONS

Periodic DFT calculations were performed to predict the effect of H2O on O
adsorption on a p(3x3) Pt(111) surface slab. using the Vienna Ab Initio Simulation
Package (VASP).'%81% A generalized gradient approximation exchange-correlation
functional with the Perdew, Burke and Ernzerhof (PBE) functional,'®® was used with the
projector augmented wave (PAW) method."®" Spin polarization was considered in all
calculations. A set with a 400 eV kinetic energy cut-off was used. All relaxed atoms were
optimized by minimizing the Hellman-Feynman forces to below 0.02 eV/A. The energy
was converged within 107° eV/unit cells in the self-consistency loop. The description of
the electronic structure optimization was based on the Methfessel-Paxton scheme'? with
a smearing width of 0.1 eV for adsorbed states, while Gaussian smearing with a smearing
width of 0.01 eV was used for gas-phase O2 molecules. In both cases, adsorbed states
and O2 gas, the total energies were extrapolated to 0 K. The climbing image nudged
elastic band (CI-NEB) method'®3 was used together with the fast-inertial relaxation engine

(FIRE)'®4 to determine the transition states for the diffusion of atomic oxygen.
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3.4. CATALYST TESTING

The performance of the synthesized platinum-based catalysts was evaluated for

selective oxidation reactions in a semi-batch reactor system.
3.4.1 Reactor set-up

The liquid-phase oxidation reactions were carried out in a 250 mL autoclave
reactor equipped with a magnetic stirrer, gas inlet stream, dip tube, and liquid condenser.
The pressure of the synthetic air stream is reduced to ca. 5 bar, and its flow rate is
controlled using a mass flow controller. The gas is sparged under the impeller through
the liquid. The gas passes through a condenser operating at -7 °C, to remove the
condensable vapours from the effluent. The pressure in the system was monitored using
a pressure indicator mounted after the condenser. The gas flow rate was checked using

a bubble foam meter.

The temperature in the reactor was maintained using an external heating element
with a thermo-element measuring the temperature in the liquid. Samples of the liquid

could be taken using the dip tube.
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Figure 3.3: Semi-batch reactor schematic for the alcohol oxidation reaction. PIC: flow
control valves; TIC: temperature controller, MFC: Mass Flow Controller, PI:

Pressure Indicator and TI: Temperature Indicator.
3.4.2 Reaction procedure

The batch reactor (250 mL autoclave) is filled with a total of 70 mL of liquid with
varying compositions for the different oxidation reactions. Different organic substrates
were used, i.e., benzyl alcohol and cyclohexyl methanol, for oxidation reactions.

Benzyl alcohol oxidation was tested using various solvent systems, which include
water, n-heptane and/or m-xylene in various proportions. Cyclohexyl methanol oxidation
was also tested using water as a solvent system. A catalyst (0.5 g) is then added to the
liquid mixture. The autoclave is closed and reactor tightened, ensuring that the reactor is
not leaking using N2 for pressure testing and stirred at 850 rpm. The reactor system is
heated to the desired temperature at 10 °C/min in nitrogen at atmospheric pressure. The
N2 valve was then closed, and the reactor was degassed. It was pressurized using air at
a flow rate of 100 mL./min after the reactor attained the required reaction temperature.
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After reaching a pressure of 5 bar, the outlet valve was opened, ensuring a constant flow
of air out of the reactor. The catalyst was tested for 5 hours. The starting time of the
reaction for some reactions is difficult to define, especially for reactions occurring at
elevated temperatures and/or pressures. For this study, airflow (as an oxidant) into the
reactor at the desired temperature marks the reaction's starting time (time zero).

Experiments using H20: as an oxidant were also carried out in a 250 mL autoclave
batch reactor. A total liquid composition of 90 mol-% H20: in benzyl alcohol was used for
alcohol oxidation with a total liquid volume of 74 mL. A catalyst (0.5 g) was then added to
the liquid mixture. The autoclave is tightly closed and heated to 90 °C at 10 °C/min without

any gas flow. Heating of the reactor to 90 °C marked time zero for these experiments.

A blank experiment showed no conversion of benzyl alcohol/cyclohexyl methanol
in the absence of Pt-based catalyst, confirming that benzyl alcohol/cyclohexyl methanol
does not undergo autoxidation and all the support material is inactive under these

conditions.

3.4.3 Sampling

Sampling was conducted hourly through the dip tube for the first 5 hours for all
alcohol oxidation runs. Sampling was performed while stirring due to the biphasic nature
of the reaction liquid (organic and aqueous liquid phases). It should be noted that during
sampling, some catalysts may have also been sampled with the liquid reaction medium
(ca. 0.1 mL of liquid). As such, sampling was only done hourly for 5 hours to minimize the
loss of catalyst from the reactor.

The withdrawn liquid may consist of an organic and an aqueous phase. A known
amount of methanol or acetone was added to homogenize the liquid sample and act as
an external standard. However, the absolute determination of conversion and selectivity
was not possible at the time-resolved measurement since the amount of the aqueous and

organic phases withdrawn from the reactor may vary.

3.5. PRODUCT ANALYSIS
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Various methodologies were employed to elucidate and monitor the extent and the
selectivity of the oxidation reaction of organic substrates.

3.5.1. Gas chromatography using GC-FID

A GC (Varian 3400) fitted with a flame ionization detector (FID) was used to
analyze the organic compounds in the samples. Helium was used as a carrier gas. The
operating conditions and the gases detected in the column are given in Table 3.1.

Table 3.1: Conditions for gas-chromatographic analysis conditions

Conditions
Compounds analysed Liquid organic compounds
Column Capillary column, stationary phase: VF-1ms,

length: 15 m, inner diameter: 0.25 mm, film
thickness: 0.25 um

Column Temperature (°C) 40 °C, 0.2 min isothermal
30 °C/min to 80 °C, 0.2 mins isothermal
30 ‘C/min to 120 °C 0.2 isothermal

Mode Splitless
Carrier gas He
Detector Temperature (°C) 200
Injector Temperature (°C) 200
Inlet Pressure (psi) 28.5

The FID response is carbon-specific and will allow for the determination of the
compounds by the carbon numbers. Carboxyl and carbonyl groups, however, will give a
different response, as the carbon-oxygen bond does not break during the cracking
reactions within the flame. Single carbon-oxygen bonds result in a lower response. For
this reason, mass-specific theoretical response factors were applied to account for these
differences. The factor is calculated using the following equation:

Nc

fi= 3.3

T Nc_c+0.55-Nc—o+0-Nc=o
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Where fi is the theoretical response factor (see Table A-3.1 in the Appendix), Nc is
the carbon number of the compound, Nc.c is the number of carbon atoms not bonded to
an oxygen atom, and Nc.o is the number of carbon atoms with a single bond to an oxygen
atom. To determine the number of moles of each compound present in the samples, the

following equation was used:

_ fmethanol Aj
= ' " Nmethanol 34

& fciNci  Amethanol

Where nj, N;, fi, and A; are the number of moles, carbon number, response factor
and peak area, respectively, for compound i, whereas the subscript ‘methanol’ refers to
the internal standard methanol. It should be noted that upon adding methanol as the
internal standard, the solution was homogenous, i.e., single phase.

3.5.2. Gas chromatography using GCxGC -MS

A 2-dimensional GC, GCxGC (LEGO PEGASUS 4D GCxGC TOFMS) fitted with a
mass-specific detector (MS) was used to analyse samples. Helium was used as a carrier
gas. The operating conditions are given in Table 3.2.

3.6. DATA EVALUATION

The sample readings taken were used to calculate the substrate conversion (Xi):

fi-Aj

Zj fj A

X, = (1- ) 100% 35

The selectivity of a reaction to the product j is defined as the amount of product
formed relative to the amount of reactant converted. In this study, the selectivity of the
product obtained was determined as:

g — 4

I = S heAn 100% 3.6
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The rate of reaction was determined from the mole balance around the semi-batch

reactor with

ro= i 3.7
and thus, the rate of reaction can be determined from the slope of the conversion

as a function of reaction time

_ aX;
-1 = Ni,O ' ? 38

The turnover frequency (TOF) and platinum-time yield (PTY) were determined
according to equations 3.9 and 3.10, respectively.

TOF = —————— 3.9

(Pt dispersion)

PTY = — L 3.10

loadingp¢
My pt
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Table 3.2: Conditions for GCxGC-MS (LEGO PEGASUS 4D GCxGC TOFMS)

chromatographic analysis conditions.

Parameter

Information/Values

Sample analysed

Carrier gas

Liquid organic compounds
He

Settings and conditions of the injector

Injection method
Split ratio

Injection temperature

Split
1:400

250°C

Columns specifications

Primary column

Secondary column

Varian capillary column, stationary phase: CP-Wax 52 CB, length: 30 m,
inner diameter: 250 pm, film thickness: 0.25 pm

Fused silica capillary column, stationary phase: RTX-5, length: 1.39 m,
inner diameter: 180 ym, film thickness: 0.2 ym

Setting and conditions used during the GCxGC analysis

Detector

Total flowrate
Detector temperature
Modulator offset
Modulation period

Hot pulse

Cold pulse

Primary oven

Secondary oven

Total analysis time

Time of flight mass spectrometer (TOF-MS)
1.4 ml/min

225°C

+35°C

6 seconds

1.5 seconds

1.5 seconds

40 °C, 0.2 min isothermal

30 °C/min to 80 °C, 0.2 mins isothermal
30 °C/min to 120 °C 0.2 isothermal

75 °C, 0.2 min isothermal

30 °C/min to 115 °C, 0.2 mins isothermal
30 °C/min to 155 °C 0.2 isothermal

11 mins
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CHAPTER 4:

The influence of water on benzyl alcohol oxidation over
Pt/TiO2(P25) catalyst

OVERVIEW

Water has been observed to promote alcohol oxidation over gold, platinum and
palladium-based catalysts.®'*? This opens up the possibility of synthesizing high-value
organic compounds synthesis (through heterogeneous catalyzed alcohol oxidation) using
a more environmentally benign methodology. Water is an easily accessible solvent, and
its use for industrial processes, such as alcohol oxidation, may promote green chemistry.
However, the effect of H20 on alcohol liquid oxidation is not well understood, especially
considering that it may form two immiscible phases with the substrate. Here, the effect of

water on benzyl alcohol oxidation has been explored.
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4.1 BENZYL ALCOHOL + WATER SYSTEM

Liquid-phase oxidation of organic substrates typically results in the co-formation of
water. This may lead to phase separation in the reaction mixture, i.e., the formation of an
organic and an aqueous phase, depending on the miscibility of the organic substrate and
water and on the amount of water formed in the reaction. Hence, heterogeneously
catalysed oxidations of organic substrates using air as an oxidant may involve up to four
different phases, viz. a gas phase (air), a solid phase (catalyst), a liquid organic phase
and an aqueous phase. It is, thus, of interest to gain a thorough insight into the phase
composition at equilibrium in this type of reaction, in particular when water is present in

the reaction mixture.

4.1.1. PHASE SEPARATION IN THE LIQUID-PHASE - THERMODYNAMIC MODELLING

The liquid-liquid equilibrium (LLE) of the system benzyl alcohol + benzaldehyde +
water has been determined experimentally at temperatures between 303 and 343 K by
Wang et al.,'®® The reported data were re-fitted to the non-random two liquid (NRTL)
model using ASPEN® since the reported parameters did not seem to describe the

reported data well. The data were fitted to:

aqueous  _aqueous __ _organic _ organic

l l l 2

4.1

with the activity coefficients given by
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Yi-aTjiGjixj GiiXi Y i G
In(y) = Ly 38 S (g - Bt i)
Zk=1 GriXk Zk:lej'xk Zk=1 ij-xk_
- i
with T =e T 4.3
G =e Ty 4.4

)

where T is the absolute temperature (K), and aj and bj are the binary interaction
parameters in the NRTL model. The data were regressed with all non-randomness
parameters, aj, set at 0.2 and the energy parameters searched in the range of [-1000,
1000]. The regressed NRTL binary parameters, aj and by, for the system benzyl alcohol
(1) + benzaldehyde (2) + water (3) are shown in Table 4.1.

Table 4.1:  Optimized binary interaction parameters for the NRTL model for benzyl
alcohol (1) + benzaldehyde (2) + water (3) system obtained by regressing
data obtained at 303.15 to 343.15K under atmospheric pressure by Wang

et al. 165166
ij Qij ajj aji bjj, K bji, K
12 0.2 6.37 -4.69 -173.48 1720.59
13 0.2 -3.32 6.75 735.16 -267.37
23 0.2 1.64 0.26 264.57 -548.07

Figure 4.1 shows the liquid-phase diagram for the system benzyl alcohol (BA) +
benzaldehyde + water at 363 K. Benzyl alcohol and the primary oxidation product,
benzaldehyde, are completely miscible at 363 K. However, neither the reactant nor the
product is completely miscible with water. Phase segregation can be expected in the
oxidation of benzyl alcohol using air at 363 K starting from pure benzyl alcohol at a
conversion of benzyl alcohol of more than 60-70% of all produced water remains in the
liquid phase. Conversely, the oxidation of benzyl alcohol using air as the oxidant will take
place in a single liquid phase if the conversion is less than ca. 60%. It can be further noted
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that the addition of water to benzyl alcohol may result in the formation of a reaction system
containing two liquid phases if the water content is more than 55 mol-% and less than
99.5 mol-%.

Benzyl alcohol

0 50 100

Benzaldehyde Water

Figure 4.1: Liquid-Liquid Equilibrium (LLE) in the ternary system benzyl alcohol +
benzaldehyde + water at 363.15 K and 501.125 kPa as estimated using
NRTL model (parameters given in Table 4.1; concentration given in mole-
%. Dots indicate the composition of the liquid mixtures investigated for
benzyl alcohol oxidation in this study.

Evidently, the use of water as a solvent in an organic reaction mixture may result
in the presence of two different liquid phases. Vigorous agitation may disperse the
aqueous phase throughout the organic phase or vice versa. Figure 4.2 illustrates the
emulsion of water and benzyl alcohol at various compositions (reported in mole percent
of H20 in the system) after the intensive stirring of the mixture. With increasing water
content, the number of droplets decreases, implying the formation of an oil-in-water
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emulsion rather than a water-in-oil emulsion (the latter would have increased the number

of droplets with increasing water content).

60 mol-% 80 mol-%
90 mol-% 93 mol-%
Figure 4.2: Water/benzyl alcohol emulsions with 60 mol-% water (top-left), 80 mol-%

water (top-right), 90 mol-% water (bottom-right) and 93 mol-% water
(bottom-right).

In a two-phase liquid system, the catalyst may be associated preferentially with
one of the liquid phases or randomly distributed over the two phases. Hence, the
hydrophobicity of the catalyst, Pt/TiO2(P25), was investigated for each liquid composition.
Approximately 0.05 g of Pt/TiO2(P25) catalyst was suspended in 5 mL of a water/benzyl
alcohol emulsion with various ratios of water to benzyl alcohol. The suspension was
sonicated and viewed under a microscope. The recorded images (see Figure. 4.3)
indicate that the catalyst is mainly associated with the organic phase rather than the
aqueous phase or the interface between the organic and the aqueous phase. This
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observation is consistent with the hydrophobic nature of the TiO2(P25) support, as
suggested by the measured contact angle of 89.5° of TiO2(P25) in H20 (see Chapter 6).

60 mol-% 80 mol-%

90 mol-% 93 mol-%

Figure 4.3: Sonicated water/benzyl alcohol emulsions containing Pt/TiO2(P25) (0.01
g/mL) containing 60 mol-% water (top-left), 80 mol-% water (top-right), 90
mol-% water (bottom-right) and 93 mol-% water (bottom-right).

4.2 BENZYL ALCOHOL OXIDATION

Benzyl alcohol oxidation in the liquid phase using air as an oxidant was used as a
model reaction to systematically probe the effect and the role of water in selective
oxidations of organic substrates over Pt/TiO2. The benzyl alcohol oxidation was
performed in a semi-batch reactor at 90°C using synthetic air as the oxidant (total
pressure = 5 bar) using 0.5 g of a 3.9 wt.-% Pt/TiO2(P25). The platinum particles had an

average size of 4.6 + 0.8 nm (see Appendix B-4.1). CO and O2 chemisorption and
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dispersion analysis of Pt/TiO2(P25) is outlined in Appendix B-4.2. Blank experiments (in
the absence of a catalyst) showed no substantial benzyl alcohol conversion indicating
that the benzyl alcohol does not undergo auto-oxidation under these conditions.
Moreover, the support material, TiO2(P25), was shown to be inactive for the liquid-phase
oxidation of benzyl alcohol as well. Substantial conversion of benzyl alcohol was only
obtained in the presence of Pt/TiO2(P25) catalyst.

4.2.1. THE CATALYTIC PERFORMANCE IN WATER + BENZYL ALCOHOL MIXTURES

The influence of the addition and amount of H20 on the aerobic benzyl alcohol
oxidation was studied over Pt/TiO2(P25) catalyst at 90 °C at 5 bar in a semi-batch reactor.
The total liquid volume was kept constant at 70 mL, but the initial water content in the
overall liquid was varied between 0 mol-% water and 90 mol-% water, cf. Table 4.2.
Hence, the initial number of moles of benzyl alcohol in the mixture was changed as well.
As such, it should be noted that (due to changing benzyl alcohol:catalyst ratio) the
catalytic activity is monitored in terms of the number of moles of benzyl alcohol converted

with time on stream.

Table 4.2:  Various liquid compositions mixtures containing benzyl alcohol (BA) + water

H,O H.O Total H20
(vol-%) BA (vol-%) (mmol) BA (mmol) (mmol) (mol-%) BA (mol-%)
0.0 70.0 0.0 647.3 676.4 0.0 100.0
14.0 56.0 776.9 517.8 1317.9 58.9 411
28.0 42.0 1553.8 388.4 19594 79.3 20.7
42.0 28.0 2330.7 258.9 2600.9 89.6 10.4
4.211. CATALYTIC ACTIVITY

Figure 4.4 shows the effect of H2O at various H20-benzyl alcohol liquid
compositions over Pt/TiO2(P25) catalyst as a function of time. The number of moles of
benzyl alcohol converted in a solvent-free system (absence of H2O as a solvent, denoted
as 0 mol-% H20 in benzyl alcohol) after a reaction time of 5 hours was ca. 3.61 mmol.
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The first observation is that upon the addition of H20 solvent into the system, the number
of moles of benzyl alcohol converted increased drastically from 3.61 mmol to 99.1 mmol
for the liquid composition at 90 mol-%H-0 in benzyl alcohol after 5 hours. Evidently, the
presence of H20 enhances the catalytic activity of Pt/TiO2(P25) in benzyl alcohol
oxidation. However, it should be noted that the number of moles of benzyl alcohol
converted per unit time is constant for all liquid compositions containing H20 as a solvent,
i.e., 90 mol-%, 80 mol-% and 60 mol-% H20 in the benzyl alcohol system. Due to varying
initial moles of benzyl alcohol with changing BA/H20 liquid composition while keeping
catalyst loaded in the reactor constant (thus changing benzyl alcohol:catalyst ratio), the
number of moles of benzyl alcohol converted per is expected to be comparable for all
BA/H20 liquid compositions.

100 P
ro}
g 80 o 0 Initial Mixture
g o BA/H,0: mol-%/mol-%
c
©10/90
S _ 60 ° 0]
=S % o 020/80
< € o 040/60
8 E 40 | @
= 0 A 100/0
> 20 + O
& o°
o
m 0 ., A A A 4, A A,
0 100 200 300

Reaction time, min

Figure 4.4: Number of moles of benzyl alcohol converted over 3.9 wt.-% Pt/TiO2(P25)
as a function of reaction time in reaction mixtures initially containing benzyl
alcohol (BA) and water. Reaction conditions: Viiqua = 70 mL, 0.5 g catalyst,
90°C, ptotal = 5 bar, Vair = 100 mLn/min.
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A slight decrease in the slope of the number of moles of benzyl alcohol converted
as a function of reaction time is observed for liquid compositions 80 and 60 mol-% H>O
in benzyl alcohol after 3 hours. This may be attributed to catalyst deactivation due to

strongly adsorbing carbonaceous species formed during oxidation.'®”

It is obvious that the catalytic activity for benzyl alcohol oxidation is enhanced upon
the addition of H20O as a solvent in the initial reaction system, at constant total volume.
The initial rate of reaction for the consumption of benzyl alcohol was evaluated from the
slope of the conversion as a function of time, taking into consideration the initial number
of moles of benzyl alcohol in the mixture. With only benzyl alcohol in the reaction mixture,
i.e., without water as a solvent, the initial rate was ca. 0.05 mmol/g/min. This corresponds
to a turnover frequency of 26.7 + 6.0 hr' when taking into consideration the Pt loading
(3.9 wt.-%) and a platinum dispersion of ca. 24% (based on the average particle size of
4.6 nm).

The rate of reaction increased significantly upon the addition of water into the
system (see Figure 4.5) irrespective of the H20/benzyl alcohol ratio in the initial mixture,
but the difference in reaction rate obtained upon decreasing the benzyl alcohol content in
the mixture from 40% to 10% is negligible. The average rate of benzyl alcohol oxidation
in the presence of two liquid-phases is ca. 0.60 £ 0.02 mmol/gre/min (see Figure. 4.5),
which corresponds to a turnover frequency of 677.4 + 23 hr'. As such, the reaction rate
is seemly independent of the amount of water added to the initial reaction mixture if the

reaction is performed in a biphasic liquid system.
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Figure 4.5: Turnover frequency in the benzyl alcohol oxidation over 3.9 wt.-%
P1/TiO2(P25) as a function of the mole fraction of initial water in benzyl alcohol
and water mixture. Reaction conditions: Viiqui« = 70 mL, 0.5 g catalyst, 90°C,

Ptotal = 5 bar, Vair = 100 mLn/min.

The reaction mixture will split into two separate liquid phases, viz. an organic phase
and an aqueous phase, if the initial mixture contains between 55 mol-% and 98 mol-%
water (see Figure. 4.1). Varying the water content in the initial reaction mixture between
80 mol-% and 90 mol-% changed the relative amount of the liquid phases initially present,
but not the composition of these phases. The invariance of the initial rate of consumption
of benzyl alcohol upon adding water to the initial reaction mixture implies that the relative
amount of the two phases present within the measured range does not affect the rate of

reaction.

4.2.2. THE CATALYTIC PERFORMANCE IN WATER + mM-XYLENE + BENZYL ALCOHOL MIXTURES

The experiments with the benzyl alcohol + water mixtures showed clearly that the
presence of water strongly enhances the rate of reaction. These experiments were
performed at an essentially constant fugacity of water and a constant mole fraction of

water in the organic phase. The remarkable influence of the water content in the initial

59



reaction mixture on the activity of Pt/TiO2(P25) on the benzyl alcohol oxidation was
investigated further using m-xylene as a high boiling point co-solvent while keeping the
initial moles of the benzyl alcohol substrate in the overall mixture constant.

The phase behaviour of the system benzyl alcohol + water + m-xylene has not
been determined experimentally yet but is expected to be similar to the phase behaviour
of the system benzyl alcohol + water + toluene as measured by Wang et al.,'® in the
temperature range between 303 and 343 K. In order to gain insight in the LLE at the
temperatures used in this study, the LLE of the system benzyl alcohol + water + m-xylene
was modelled using activity coefficients as predicted by UNIFAC as implemented in
ASPEN® (see Figure. 4.6). The obtained phase diagram was compared with the phase
diagram obtained for the system benzyl alcohol + water + toluene extrapolated to the
required reaction temperature using the non-random two liquid (NRTL) model (see
Appendix B-4.3 for benzyl alcohol + water + toluene ternary phase diagram). Benzyl
alcohol and m-xylene are fully miscible but adding some water to a benzyl alcohol + m-
xylene mixture results in phase splitting. It should be noted that the region in which the
benzyl alcohol + water + m-xylene are completely miscible is reduced in comparison to
the system benzyl alcohol + water + toluene. This may be attributed to an overestimation
of the immiscibility region by UNIFAC."®® It should be noted that the equilibrium criteria
for LLE require uniformity of temperature, pressure and the fugacity of each species
throughout both liquid phases.'®® Therefore, for mixtures within the two-phase region, the
fugacity of water in the organic phase remains virtually constant, although the mole

fraction of water in the organic phase changes.
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Figure 4.6: Ternary phase diagram of the liquid-phase in the system benzyl alcohol
+ water + m-xylene at 90 °C with tie-lines as predicted using UNIFAC
(data points indicate the initial reaction mixtures for the benzyl alcohol

oxidation using m-xylene as a co-solvent used in this study).

The initial reaction mixture containing benzyl alcohol + water + m-xylene readily
splits into two phases (when some water is present in the mixture). The water content in
the organic phase decreases upon increasing the mole fraction of m-xylene in the initial

mixture.
4.2.2.1. CATALYTIC ACTIVITY

Figure 4.7 shows the number of moles of benzyl alcohol converted as a function
of reaction time for the reaction mixtures containing benzyl alcohol + water + m-xylene. It
should be noted that the initial amount of benzyl alcohol fixed at 0.202 mol and the total

liquid volume fixed at 70 mL, cf. Table 4.3.
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Table 4.3:

Various liquid compositions mixtures containing benzyl alcohol + water + m-

xylene at constant initial mole of benzyl alcohol.

i Mole-
Volume in mL Moles Mole-  Mole-
%

Total % % B [

ota enz

H-0O Xylene BA HO Xylene BA H.0 Xylene y
Moles alcohol

0 49 21 0.000 0.397 0.202 0.599 0.0 66.3 33.7
14 35 21 0.778 0.284 0.202 1.263 ©61.6 22.4 16.0
28 21 21 1556 0.170 0.202 1.928 80.7 8.8 10.5
42 7 21 2.333 0.057 0.202 2592 90.0 2.2 7.8

The amount of benzyl alcohol converted after a reaction time of 5 hours for the

system with m-xylene as the only solvent in the initial reaction mixture was ca. 2.97 mmol.

Having an initial reaction mixture containing m-xylene and water in a molar ratio of 90:10,

79:21 and 59:41 resulted in a number of moles of benzyl alcohol converted of 21.5 mmol,

14.5 mmol and 11.9 mmol after 5 hours, respectively.

25
E g Initial Mixture
G>J 20 O BA/m-xylene/water:
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Figure 4.7: Moles of benzyl alcohol converted as a function of reaction time in the

benzyl alcohol oxidation over Pt/TiO2(P25) with initial mixtures containing
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water and m-xylene as solvents and constant initial moles of benzyl
alcohol (BA). Reaction conditions: Viiquia = 70 mL, ngao = 0.202 mol, 0.5
g catalyst, 90 °C, ptotai = 5 bar, Vair = 100 mLn/min.

The measured turnover frequency (TOF) in the absence of H2O, i.e., an initial
mixture containing 34 mol-% benzyl alcohol and 66 mol-% m-xylene, corresponds to 23.1
+ 1.6 hr'. Interestingly, this turnover frequency obtained from 34 mol-% benzyl alcohol
and 66 mol-% m-xylene system is statistically comparable to the obtained turnover
frequency from solvent-free benzyl alcohol oxidation of 26.7 + 6.0 hr' despite the varying

initial moles of benzyl alcohol in the reaction mixture.

Upon the addition of H20 to the reaction mixture at constant initial moles of benzyl
alcohol and total liquid volume, TOF increases with increasing H20 content in the initial
mixture, as shown in Figure 4.8. However, in the presence of m-xylene as a co-solvent in
the initial reaction mixture, TOF was lower compared to the system with H20 as the only
solvent: the turnover frequency decreased from ca. 677.4 + 23 hr'' in a system containing
only benzyl alcohol and water (see Figure. 4.5) to 232.4 hr'in a system also containing
some m-xylene (the highest rate). The results of the addition of m-xylene as a co-solvent
in the benzyl alcohol and H2O system in this section clearly show that the TOF of benzyl
alcohol oxidation is strongly dependent on the number of moles of H20 on the system
(see Figure. 4.8). The increase in the TOF of the reaction with increasing H20 content in
the system cannot be attributed to the change in the fugacity of water, seeing that the
fugacity of water is virtually constant in all systems containing two liquid phases (since
the mole fraction of water in the aqueous phase is close to one). The change in the TOF
may, however, be linked to the change in the mole fraction of water in the organic phase.

63



400

()
0 1 1 1 1

0O 02 04 06 08 1
XH,0, nitial overall mixture

Figure 4.8: Turnover frequency in the benzyl alcohol oxidation over 3.9 wt.-%
P1/TiO2(P25) as a function of the initial mole fraction of water in the overall
mixture containing 0.202 mol of benzyl alcohol, and m-xylene and water in
various amounts. Reaction conditions: Viiquid = 70 mL, 0.5 g catalyst, 90 °C,
Ptotal = 5 bar, Vair = 100 mLn/min.

4.2.3. THE CATALYTIC PERFORMANCE IN N-HEPTANE + BENZYL ALCOHOL MIXTURE

m-Xylene is an aromatic molecule that may compete with benzyl alcohol for
adsorption on the catalytically active surface. This may result in a reduction in the turnover
frequency in benzyl alcohol oxidation. The oxidation of benzyl alcohol was performed in
a benzyl alcohol + n-heptane liquid mixture also to avoid interference by competitive
adsorption. In order to determine the effect of competitive adsorption, benzyl alcohol
oxidation was performed using m-xylene and n-heptane as a solvent system. The latter
is thought to have minimal interaction with the catalyst surface due to its paraffinic nature.

The LLE of the system benzyl alcohol + water + n-heptane was modelled using
UNIFAC as implemented in ASPEN® (see Figure. 4.9). Benzyl alcohol and n-heptane are
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fully miscible, however as expected, due to the low dielectric constant of n-heptane, the
system readily splits into two phases when some water is present in the mixture. Benzyl
alcohol oxidation reaction in a binary system containing 90 mol-% n-heptane in 10 mol-
% benzyl alcohol will yield a bi-phasic liquid as the reaction proceeds yielding
benzaldehyde and water (as indicated by the arrow in Figure 4.9). This is due to the
formation of H20 as a co-product of benzaldehyde in benzyl alcohol oxidation in oxygen,
which may change the dynamics of the reaction due to the splitting of the liquid phase.

benzyl alcohol
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Figure 4.9: Ternary phase diagram of the liquid-phase in the system benzyl alcohol +
water + n-heptane at 90°C with tie-lines (data point indicates the initial
reaction mixture for the benzyl alcohol oxidation using n-heptane, with an
arrow highlighting the change in the liquid-phase as the reaction proceeds

at constant n-heptane moles).

4.2.3.1. CATALYTIC ACTIVITY USING n-HEPTANE OR M-XYLENE AS REACTION
SOLVENTS

The initial reaction mixture was changed from the mole fraction of the benzyl

alcohol in the initial reaction mixture from 34 mol-% benzyl alcohol (in 66 mol-% m-xylene)
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to 10 mol-% benzyl alcohol (in 90 mol-% n-heptane) while keeping the initial total liquid
volume constant at 70 mL. The obtained number of moles of benzyl alcohol converted
after a reaction time of 5 hours is 2.97 mmol and 1.68 mmol for benzyl alcohol + m-xylene

system and benzyl alcohol + n-heptane system, respectively (see Figure. 4.10).
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Figure 4.10:  Moles of benzyl alcohol converted in reaction systems containing 34 mol-
% m-xylene or 90 mol-% n-heptane solvent with the balance of benzyl
alcohol (BA) as a function of reaction time. Reaction conditions: 0.5 g
catalyst, 90°C, Ptotal, air = 5 bar, Viotar = 70 mL, Vair = 100 mLn/min.

The TOF of benzyl alcohol oxidation in the presence of organic solvents are 20 +
2 hr'and 23.1 £1.6 hr for the reaction mixtures initially containing 90 mol-% n-heptane
and 66 mol-% m-xylene in benzyl alcohol liquid compositions, respectively. This indicates
that the turnover frequency, 20 + 2 hr' obtained from benzyl alcohol + n-heptane system,
is statistically comparable to that obtained in pure benzyl alcohol (27 + 6 hr') and 66 mol-
% m-xylene in 34 mol-% benzyl alcohol (23.1 + 1.6 hr''). This suggests that the rate of
benzyl alcohol conversion is virtually independent of the initial concentration of benzyl
alcohol in the starting mixture. Importantly, the invariance of TOF for benzyl alcohol
oxidation may also indicate that m-xylene does not adsorb competitively with benzyl
alcohol during the reaction.
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4.3. THE EFFECT OF MOLECULAR OXYGEN SOLUBILITY IN A SOLVENT SYSTEM

There is a very slight variation in the number of moles of benzyl alcohol converted
per unit time in solvent-free (benzyl alcohol) and other solvent systems employed (H20,
m-xylene and n-heptane) for benzyl alcohol oxidation at 90 °C and 5 bar in the air as
shown in Figure 4.11. n-Heptane, which is the most apolar solvent in the series, showed
the lowest number of moles of benzyl alcohol converted per unit time (0.338 mmol/hr).
See Figure 4.11-A. The most polar solvent, H-O, exhibited the highest number of moles
of benzyl alcohol per unit time (with 19.82 mmol/hr of benzyl alcohol converted), see
Figure 4.11-B.
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Figure 4.11:  Moles of benzyl alcohol converted in reaction systems containing A: 34

mol-% m-xylene or 90 mol-% n-heptane solvent and B 90 mol-% H20
with the balance of benzyl alcohol (BA) as a function of reaction time.
Reaction conditions: 0.5 g catalyst, 90°C, Piotal, air = 5 bar, Viotar = 70 mL,
Vair = 100 mLn/min.

The solvent in the oxidation reaction is a crucial parameter to consider since it may
affect the solubility of the Oz oxidant. This may affect the rate of the selective oxidation of
benzyl alcohol if gas-liquid mass transfer limits the benzyl alcohol oxidation (otherwise,
the liquid-phase and the gas phase will be close to equilibrium, and the rate of reaction
will be influenced by the partial pressure of oxygen).
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The solubility of oxygen has been measured in water,'®® n-hexane,'® and
toluene'" (see, Figure. 4.12). The solubility can be expressed in terms of the Henry
coefficient

x(s)olvent =H- pOZ 45

2

A higher value of the Henry coefficient implies a higher solubility of oxygen in the
solvent. The solubility as given by the Henry coefficient is 83 times higher in n-hexane as
a solvent compared to water as a solvent and 45 times higher in toluene as a solvent in

comparison to water as a solvent.
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Figure 4.12:  Henry’s constant for oxygen solubility in various solvents over a range of

temperatures.'6%-171

A similar trend to Henry’s constant for oxygen solubility in toluene, n-hexane and
water, is observed in oxygen solubility in xylene, n-heptane and water over a range of
temperatures predicted by Peng-Robinson state of equation (PR-EOS) as implemented
in ASPEN®, see Figure 4.12. At 90 °C (reaction temperature for benzyl alcohol oxidation

in this study), the oxygen solubility decreases in the following trend: xylene > benzyl
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alcohol > n-heptane > water. As clearly shown in Figures 4.12 and 4.13, the oxygen
solubility in water is much less than in the organic solvents (up to a factor of more than
100).
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Figure 4.13: Oxygen solubility trend in various organic liquids over a range of
temperature predicted by Peng-Robinson state of equation (PR-EQOS).

As shown previously, the number of moles of benzyl alcohol converted per unit
time in H20 is much greater than that obtained from other organic liquid systems in the
series, despite the much lower oxygen solubility. It should be noted that the solubility of
oxygen in the solvent will only play a role if oxygen adsorbed on the catalytically active
phase is not in (or close to) equilibrium with oxygen in the gas phase, i.e., when the
adsorption of oxygen or the mass transfer of oxygen (either from the liquid-phase to the
catalyst or from the gas phase to the liquid-phase) controls the rate of the reaction. The
high rate of reaction in the presence of water may indicate that the solubility of oxygen in
the solvent does not affect the rate of reaction and that surface oxygen is in (or close to)

equilibrium with oxygen in the gas phase.
4.4. PRODUCT SELECTIVITY
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For consecutive reactions, such as benzyl alcohol oxidation, the product selectivity
can be strongly dependent on the conversion levels. The product selectivity was
evaluated for the liquid oxidation of benzyl alcohol as a function of conversion.

Solvent-free benzyl alcohol oxidation yielded a high benzaldehyde selectivity at a
very low benzyl alcohol conversion level. In the presence of H20 as the sole solvent, a
high benzaldehyde selectivity was also obtained despite high benzyl alcohol conversion
after 5 hours in the stream (see Figure 4.14). Relatively low benzaldehyde selectivity was
obtained in liquid systems with organic solvents (i.e., benzyl alcohol + m-xylene and
benzyl alcohol + n-heptane) even at low benzyl alcohol conversion levels. Seemingly, the
presence of H20 does not only enhance the activity but also inhibits the further oxidation
yielding benzoic acid.
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Initial Mixture:
(mol-%/mol-%)
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OBA/water (10/90)
ABA/m-xylene (34/66)
OBA/n-heptane (10/90)
@ BA (100)

Benzaldehyde selectivity,
%
S
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0 10 20 30 40

Benzyl alcohol conversion, %

Figure 4.14: Benzaldehyde selectivity of various initial reaction mixtures (100 mol-%
BA; 90 mol-% n-heptane in 10 mol-% BA; 34 mol-% m-xylene in 66 mol-
% BA; 90 mol-% H20 in 10 mol-% BA) with respect to moles of benzyl
alcohol converted.
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The selectivity differed quite a bit for the system benzyl alcohol and H2O if the
reaction was stopped after 5 hours. The reaction mixture was allowed to stand overnight
(ca. 16 hours) to cool until room temperature without air/O> flow under stirring. The
reaction product recovered from systems initially containing more than 60 mol-% water
(and the balance benzyl alcohol) contained a liquid phase and a solid product (see Figure.
4.15). The solvent-free liquid system (100 mol-% benzyl alcohol) produced a liquid
product only, which is not surprising, seeing the low conversion obtained even after a
reaction time of 5 hours. The biphasic products (solid and liquid products) obtained from
liquid composition greater than 60 mol-% were isolated as faint yellow crystal and clear
liquid.

<—— Solid Product

<— Liquid Product

Figure 4.15:  Bi-phasic product mixture obtained from benzyl alcohol oxidation over
Pt/TiO2(P25) with a reaction mixture initially containing 80 mol-% H20
and 20 mol-% benzyl alcohol.

The liquid-phase was analysed using proton nuclear magnetic resonance
spectroscopy ('"H NMR) in deuterated chloroform at 400Hz (see Figure. 4.16). The
spectrum showed a singlet in the aldehyde region (ca. & = 10.06 ppm) integrating for one
proton. This was assigned to the proton of the aldehyde moiety. The multiplicity of the

observed proton is expected to be a singlet as the neighbouring carbon is a carbonyl
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carbon. The chemical shifts for benzyl ring are in the expected regions corresponding to
those reported in the literature.’? A doublet, at 8 ppm region corresponding to the
hydrogens ortho to the aldehyde group, is also detected. Since they are the closest to
aldehyde, these hydrogens should be deshielded the most and show a peak toward the
end of the benzene region. In this region, a doublet of doublets is seen at ca. 7.5 ppm
corresponding to hydrogens meta to the aldehyde. These protons are more shielded
compared to protons in the ortho position. The doublet of doublets coupling arises from
the ortho and para hydrogens, as they are in a different electronic environment. Finally,
a triplet is seen ca. 7 ppm corresponding to the hydrogen para to the aldehyde. At this
position, the hydrogens are more shielded and resonate ca. 7 ppm. The multiplicity of
these hydrogens arises from the neighbouring proton in the meta position. Furthermore,
the spectrum showed a singlet at ca. & = 2.20 ppm, integrating for one proton assigned
to the benzyl alcohol substrate's hydroxyl proton (H8). This suggests that the liquid phase
obtained is a mixture of benzyl alcohol and benzaldehyde, as expected.
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Figure 4.16:  Proton nuclear magnetic resonance ("H NMR) of the liquid-phase product

obtained from oxidation of benzyl alcohol for the reaction mixture initially
containing 80 mol-% water and 20 mol-% benzyl alcohol.
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The solid phase product was analysed by determining its melting point using a hot-
stage microscope. The solid product showed melting with an on-set temperature
occurring at ca. 120 °C with bulk melting at 123 °C, see Figure 4.17. In literature, the
melting point for benzoic acid is reported to be 122.4 °C."”® This may suggest that the
solid material observed as a product of benzyl alcohol oxidation is benzoic acid. It should
be noted that in the case where benzaldehyde is desired as the product, and the formation
of benzoic acid is regarded as over-oxidation since it may be formed from the consecutive

oxidation of benzaldehyde.
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Figure 4.17:  Melting point determination of the solid product obtained from oxidation
of benzyl alcohol in a mixture initially containing 90 mol-% water and 10
mol-% benzyl alcohol system using a hot-stage microscope (HSM).
Highlighting phases present at: a) 23 °C, b) 120 °C, ¢) 123 °C and d) 126
°C.

Products mixture recovered from all other liquid compositions (100 mol-% BA, 60
mol-% H20 in BA, 80 mol-% in BA and 90 mol-% H20 in BA) after cooling for ca. 16 hours
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were analyzed using GCxGC coupled with mass spectroscopy for product identification.
In the case of biphasic products, the solid and liquid products were mixed in methanol
resulting in the formation of a single phase. The obtained GC-GC traces are shown in
Figure 4.18. The obtained fragmentations confirmed that the liquid and solid products
obtained are benzyl aldehyde and benzoic acid, respectively. Benzaldehyde and benzoic
acid are thus the only observed products in all the benzyl alcohol oxidation experiments
reported here.

— 810,00

T 45000

81000
" 45000
1:30.00
80 mol-% 90 mol-%

Figure 4.18: GCxGC trace of the products in the benzyl alcohol oxidation in reaction
mixtures initially containing pure benzyl alcohol (top-left), 60 mol-% water
and 40 mol-% benzyl alcohol (top right), 80 mol-% water and 20 mol-%
benzyl alcohol (bottom left) and 90 mol-% water and 10 mol-% benzyl
alcohol (bottom right). (1) Methanol, (2) Benzyl aldehyde, (3) Benzyl
alcohol and (4) Benzoic acid. Reaction conditions: 0.5 g 3.9 wt.-%
Pt/TiO2(P25) catalyst after cooling for 16 hours.

Quantitative analysis suggests that the obtained benzaldehyde selectivity in the
liquid initially containing pure benzyl alcohol (0 mol-% water) was larger than 99 %.
Increasing the water content in the initial reaction mixture to 60 mol-% water, 80 mol-%
water and 90 mol-% water resulted in the selectivity for benzaldehyde after cooling down
the reactor dropping to 83 %, 8 % and <1 %, respectively. Benzaldehyde and benzoic
acid were the only products obtained. While benzaldehyde selectivity diminishes with
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increasing water content, the benzoic acid selectivity increases from <1 %, 7 %, 92 % to
>99 % upon increasing the water content in the initial reaction mixture from 0 mol-%, 60

mol-%, 80 mol-% to 90 mol-%, respectively.
4.5. PROBING THE IN-SITU EVOLUTION OF HYDROPEROXYL SPECIES

The addition of water enhances the rate of benzyl alcohol oxidation over
Pt/TiO2(P25). The precise promotional role of water on benzyl alcohol oxidation is not
fully established. Using DFT analysis, Yang et al.>?> showed that water facilitates the O
dissociation over Au(111), yielding surface hydroperoxyl species (OOH*). These in-situ
formed OOH* species may also act as an oxidant in benzyl alcohol oxidation. However,
hydroperoxyl species (OOH*) on Pt(111) has previously been shown to be unstable
relative to gas-phase Oz and gas-phase water,**, and thus the existence of these species

is doubtful over Pt systems.

4.5.1. ADDITION OF A HYDROPEROXYL SCAVENGER

The presence of OOH-intermediates was probed in this study by adding oxygen-
centred radical scavengers to the reaction mixture (i.e., 0.091 mol hydroquinone,
independent of the reaction mixture). Hydroquinone is thought to react with the in-situ
formed hydroperoxyl species yielding p-benzoquinone as the oxidation product. Thus, the
addition of hydroquinone may reduce benzyl alcohol conversion since hydroquinone is
known to have a strong affinity for OOH.'”# However, the addition of hydroquinone may

also lower activity through strong adsorption on the catalyst surface (catalyst poisoning).

Transformation of hydroquinone to p-benzoquinone in the presence of
hydroperoxyl species (OOH*) may provide strong evidence of the in-situ formation of
hydroperoxyl species on the platinum surface. Hence, various systems were investigated
for benzyl alcohol oxidation, i.e., benzyl alcohol (BA), benzyl alcohol + hydroquinone
(BA/HQ), benzyl alcohol + hydroquinone + water (BA/HQ/water) and benzyl alcohol-
water system (BA/water). The BA/water system showed the highest number of moles of
benzyl alcohol converted per unit time (as measured for benzyl alcohol oxidation activity)
ca. 19.82 mmol/ (99.1 mmol after 5 hours), refer to section 4.2.1.1. A dramatic decrease
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in the number of moles of benzyl alcohol converted per unit time is observed upon the
introduction of hydroquinone, i.e., BA/HQ/water system, from 19.82 mmol/hr to 1.18
mmo/hr (5.92 mmol after 5 hours on stream), see Figure 4.19. This might indicate that
hydroquinone in BA/HQ/water system reacts with in-situ formed hydroperoxyl species,
thereby reducing the number of moles of benzyl alcohol converted per unit time. This
should, however, be validated by the formation of the oxidation product, p-benzoquinone.
However, this product could not be detected in the liquid product (after homogenizing with
methanol) using either GC-FID or GCxGC-MS. Hence, it cannot be conclusively stated
that the decrease in the benzyl alcohol conversion is due to a reduction in the availability
of surface hydroperoxyl species. The disappearance of hydroquinone and the lack of the
oxidation product p-benzoquinone may indicate that either or both compounds adsorb

strongly on the catalytically active surface.

The BA/HQ systems also exhibited the lowest number of moles of benzyl alcohol
converted per unit time of 0.2 mmol/hr (1 mmol after 5 hours). The further decrease in
benzyl alcohol conversion in BA/HQ system may suggest that hydroquinone and/or the
possible oxidation product p-benzoquinone are strongly adsorbed on the catalytically
active surface, thus reducing the activity.
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Figure 4.19: Number of moles of benzyl alcohol converted as a function of reaction time
with 0.676 mol of benzyl alcohol and 0.091 mol hydroquinone, BA/HQ;
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0.202 mol of benzyl alcohol in 0.091 mol hydroquinone and 2.33 mol of H20,
BA/HQ/water; and 0.202 mol of benzyl alcohol in 2.33 mol of H20,
BA/water over 0.5 g Pt/TiO2 (P25) catalyst at 90 °C and Ptotal, air = 5 bar.
Viiquie= 70 mL and Vair = 100 mLn/min.

4.5.2. OXYGEN DISSOCIATION IN THE PRESENCE OF WATER OVER PT(111) SURFACE: DFT
STUDY

DFT calculations were used to explore the role of water on the dissociation of
oxygen and the distribution of oxygen-containing species on Pt(111) further. It is known
that OOH* species are not stable on Pt(111) relative to gas-phase O and gas-phase
H20.34 However, water co-adsorbed with O> may affect the O activation over Pt(111).

The dissociation behaviour of Oz in the presence of H20 has been investigated on
a clean p(3x3)-Pt(111) surface with O2(g) and H20(g) as reference states. For
comparison, the dissociation of O2 has also been investigated over a p(3x3)-Pt(111)

surface in the absence of water.

4.5.21. O2 ADSORPTION ON PT(111)

The optimized structures of species involved in the O2 dissociation over Pt(111)
surface in the absence of water are shown in Figure 4.20. Molecularly adsorbed oxygen
prefers to be adsorbed over an fcc site on Pt(111). Upon adsorption, the O-0O bond length
in molecularly adsorbed O adsorbed on Pt(111) is substantially elongated from 1.234 A
for Oz in the gas phase to 1.396 A. The bond length of molecularly adsorbed Oz on Pt(111)
agrees well with the experimental value of 1.40 A for peroxo states.'”® The elongation of
the O-O is indicative of the Oz dissociation (bond breakage). It has been shown that the
superoxo species (O2’) is localized at bridge sites, while the peroxo species (02%) are
positioned at fcc hollow sites.'”® Thus, molecular Oz adsorbs on Pt(111) in its initial state
as something like a peroxo precursor.'”® The adsorption energy for the adsorption of
molecularly adsorbed O2 was determined to be -0.64 eV relative to gas-phase O2 and the
bare Pt(111) surface, which is in good agreement with previously reported values.3®
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0,*(fcc) + H,0 (gas) Transition state 0*(hcp) + O*(hcp) + H,0 (gas)
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Figure 4.20: Dissociation of O2* to O* on p(3x3)-Pt(111) using DFT (Functional:
PAW-PBE; Ecutof: 400 eV; smearing: 15t order Methfessel-Paxton
with 6 = 0.02 eV).

Initial state: do—o*=1.396 A; do*—pt, (02 atop)= 2.028 A; do*—pt, (0,
bridge)= 2.224 Aand 2.182 A.

Transition state: do—pt, (0 atop)= 2.031 A; do*—pt, (0* bridge)= 2.022 A and
2.224 A.

Final state: do—pt, r0) = 2.04 A and 2.042 A.

The Pt-O bond length was measured to be do*—pt, (0, atop)= 2.028 A; do*—pt, (0, bridge)=

2.224 A and 2.182 A in the initial state. The transition state in the dissociation of
molecularly adsorbed O2 on Pt(111) was obtained with one oxygen almost in the atop
position with a Pt-O distance of 1.944 A and the other oxygen on a long-bridge site with
Pt-O distances of 2.041 A and 2.048 A. The O-O bond length is now substantially
elongated to 2.007 A. The energy of the transition state is 0.43 eV higher in energy than
that of molecularly adsorbed Oz on Pt(111). In the final state, the atomic oxygen prefers
to adsorb on the hcp site. This is in agreement with previously reported site preference.®
The obtained Pt-O bond length in this state was measured to be 2.04 A and 2.042 A.

4.5.2.2. CO-ADSORPTION OF O2 AND H20 oN PT(111)

The effect of co-adsorption of O, and H2O on O dissociation is estimated by
bringing the reactants (H20 and O3) in proximity as seen in the initial state (see Figure
4.21). In the initial state, the Oz still prefers the fcc site. At the same time, the co-adsorbed
H2O adsorbs preferably on the atop site on Pt(111), through the oxygen atom. The O-O
bond length of adsorbed molecular Oz is in the presence of co-adsorbed H20 1.436 A (cf.
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1.396 A in the absence of co-adsorbed water). It suggests that co-adsorption of H.0O and
O2 weakens the O-O bond in the initial state, and that oxygen will have a structure similar
to a peroxo-species.® The shortest distance between O in adsorbed molecular oxygen
and H in water is only 1.709 A indicating a possible interaction between molecularly

adsorbed oxygen and adsorbed water over the interlinking H-atom.

0,*(fcc) + H,0*(top) Transition state O*(hcp) + OH*(top) + OH*(top)

" ON N
BE He

Figure 4.21: Dissociation of adsorbed molecular oxygen in the presence of water
on p(3x3)-Pt(111)
Initial state: do—o* = 1.436 A, dh.on = 1.01 A and 0.978 A;

do—pt, (Ho0) = 2.253 A; do*—pt, (0, atop)= 2.053 A
do—pt (0, bridge)= 2.161 A and 2.196 A

Transition state: do—o-= 1.791 A, du.ov = 1.055 A; do—pt, (H,0) =
2.182 A; do—pt, (05 atop)= 1.944 A; do—py, (O bridge)=
2.048 A and 2.041 A

Final state: do—n=1.001 A and 0.979 A; do-—pt, (or) = 2.01 A
and 1.964 A; do—pi, (0= 2.06 A, 2.042 A and
2.053 A

The interaction energy of co-adsorbed water and molecular oxygen was calculated

from the following expression:

Einteraction = Lslab+i+j + Eslab - Eslab+i - Eslab+j 4.5

Where Esiav+i+j is the energy of the co-adsorbed species on the Pt(111) surface,
Esiab, is the energy of the clean slab, Esiab+i and Esiap+j is the energy of the individual
species i and j adsorbed on Pt(111). A negative value for the interaction energy (Einteraction

<0) denotes an attractive interaction, and a positive value for the interaction energy
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(Einteraction >0) implies a repulsive interaction. The calculated interaction energy between
O2* and H20* on Pt(111) surface was -0.23 eV indicating an attractive interaction. This
suggests that the presence of water stabilizes the adsorption of molecular Oz, possibly
through HO-H---O-0 interaction.

In the transition state for the dissociation of adsorbed, molecular oxygen in the
proximity of co-adsorbed water a further elongation of the O-O bond in adsorbed
molecular Oz is observed to 1.791 A (cf. Table 4.4). It should, however, be noted that the
elongation is less than the one observed in the absence of co-adsorbed water. It can be
further noted that the shortest distance between O in adsorbed, molecular Oz and H in
adsorbed water is further reduced to 1.505 A. This implies that the transitions state seems
to be an HO-H:--O-O complex. The energy of the transition state 0.18 eV is higher than
the energy of the initial state of co-adsorbed water and molecular O..

Table 4.4: Energetics excluding zero-point energy (ZPE) and geometry of the
adsorption of Oz on p(3x3)-Pt(111)

E?ds Bond lengths
(eV) 0-0 O-H Pt-O
Ref
(A) (A) (A)
02 (gas) 1.234
H,O (top) -0.22 2.253
O (fec)_dry -0.64' 1.396 1.40176-178
1.01 & 2.053 (top),
882) (fec)_near_H0 4 52 1.436 0.978 2.161(bridge)
(1.709%) 2.196 (bridge)
H-O (ts) _ (top) 2.182
Oa(ts)_dry -0.21" 2.007 2.05'7
1.944 (top),
O, (ts)_near H,O  -0.942 1.791 1.505° 2.048(bridge)
2.041 (bridge)
1.001 &
OH (fs)_(top) 0.979 2.01
O (fs)_(hcp) -0.94* 1.791 1505°  S0% 202 &

"Ef = B3 11y — Eitg) — Epecinnys 2ER™ = B85 smo0 — Eig) — Epeinn)+mo; ° Shortest distance between

O in molecularly adsorbed O2 and H in adsorbed H20; # Calculated adsorption energy with respect to %0..
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The final state formed upon dissociation of the HO-H---O-O complex consists of
atomic oxygen in an hcp site and two hydroxyl species each in an atop site. The Pt-O
bond length of the resulting O and OH species were measured to be 2.06, 2.02 and 2.05
A for the O hcp site and 2.01 A for the adsorbed OH in the atop site. The OH bond lengths
were also measured to be 1.001 and 0.979 A.

Figure 4.22 shows the energy diagram for the dissociation of adsorbed molecular
O20n Pt(111) in the presence and absence of water. For comparison, the energetics for
the reaction in the absence of water is also given for p(2x2)-Pt(111), as reported by
Madala.3* At a coverage of 80,= 1/4 ML, the activation barrier for dissociating adsorbed
molecular Oz on Pt(111) is 0.61 eV (ca. 60 kd/mol). Decreasing the surface coverage to
8o, = 1/9 ML results in decreased activation barrier for the dissociation of adsorbed
molecular Oz on Pt(111) to 0.41 eV (ca. 40 kJ/mol). The activation barrier for the
dissociation of molecular oxygen in the presence of water on Pt(111) is reduced to only
0.18 eV (ca. 17 kd/mol). This indicates that co-adsorption of H2O affects the activation of
O2. This may indicate that water accelerates the benzyl alcohol oxidation rate by

facilitating the dissociation of molecular oxygen over Pt-based catalyst.
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Figure 4.22: Energy profile for the formation of O*, *OH from adsorbed O> without (blue
and with (red) the involvement of H20 on Pt(111) surface.

4.6. DISCUSSION

The liquid-phase aerobic benzyl alcohol oxidation over Pt/TiO2(P25) catalyst is
accelerated by the presence of H20 despite the biphasic nature of the liquid phase of the
reaction mixture. The amount of water in the initial mixture, and thus changing the initial
moles of the benzyl alcohol substrate as well, does not change the average turnover
frequency of benzyl alcohol consumption of 677.4 + 23 hr' for systems where two liquid-
phases co-exist. This is ascribed to the fact that in such a system, neither the fugacity of
H20 nor the fugacity of benzyl alcohol change (although the fraction of each liquid-phase
changes; it should be noted that the concentration of water in the organic phase is

constant).
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Importantly, the reaction rate seems to be almost independent of the concentration
of benzyl alcohol in xylene, n-heptane solvent and solvent-free (pure benzyl alcohol)
series. This implies that a change in the concentration of benzyl alcohol cannot account
for the change in the rate of reaction for benzyl alcohol, m-xylene/benzyl alcohol and n-
heptane/benzyl alcohol system.

The precise role of water in benzyl alcohol oxidation remains ambiguous. The
fugacity of water should control the rate of the process if water adsorbed on the surface
is in equilibrium with water in the fluid phase for each tested reaction mixtures. However,
keeping the initial moles of benzyl alcohol substrate constant while varying moles of H.O
by introducing m-xylene as a co-solvent showed that increasing moles of H2O solvent
enhanced the rate of benzyl alcohol consumption even though the H2O fugacity is
constant. This indicates that the water fugacity does not control the rate of benzyl alcohol
oxidation. It may be argued that water on the surface (or near the surface) is not in
equilibrium with the water in the bulk fluid phase. The catalyst is hydrophobic (due to the
hydrophobic nature of TiO2(P25) support used in the study) and thus preferentially
present in the organic phase. Hence, it may be suggested that the amount of water in the
organic phase may influence the reaction rate.

A reasonable correlation is obtained between the turnover frequency and the
estimated mole fraction of water in the organic phase (see Figure 4.23) despite
inaccuracies in the determination of the composition of the organic phase as a
consequence of the use of the UNIFAC model to describe the system benzyl alcohol +

m-xylene + water, as shown in Figure 4.23.
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Figure 4.23:  Turnover frequency in the benzyl alcohol oxidation as a function of the
concentration in the organic phase estimated using NRTL-model fitted to

experimental data (¢) and UNIFAC (O).

Clearly, the TOF for benzyl alcohol oxidation is enhanced by increasing the mole
fraction of water in the organic phase. Remembering that the liquid system is biphasic in
nature (organic and aqueous phase). The formation of organic droplets in water could
lead to micelles with the hydrophobic tail of the alcohol in the organic solvent (m-xylene
in this case) and the hydrophilic O—H head in the water.'”® Therefore, the presence of
H20 in the organic phase may also induce H-transfer reactions that may facilitate alcohol
oxidation. According to Griffins et al.’® H,O can act as a weak base facilitating the
abstraction of the hydrogen atom from the hydroxyl moiety of the alcohol substrate

resulting in the formation of an alkoxide intermediate. Alternatively, water adsorption may
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yield surface hydroxyl groups, which may be essential in alcohol oxidation, as they may
be involved in other H-transfer reactions.??> One of the proposed oxidation reaction
mechanisms proceeds through a classical oxidative dehydrogenation of the adsorbed
alcohol on the metal surface.?® This leads to the formation of hydrogen adsorbed on the
metal surface, which ultimately reacts with adsorbed oxygen and desorbs as water. In
this study, DFT-calculations showed that the optimized co-adsorption configuration of
H20 and Oz lowered the activation barrier for the dissociation of molecular oxygen through
the formation of HOH:--O2 intermediate which dissociates to form two moles of surface
OH* per mole of atomic O*. The formed surface OH and O species on Pt moiety of the
catalyst may also facilitate the activation of the O-H bond of benzyl alcohol substrate
during oxidation reaction??, yielding surface alkoxide species. Zope et al. 32 also stated
that the presence of surface-bound hydroxide intermediates can facilitate O-H bond
activation of the alcohol substrate (which is the initial step of alcohol oxidation) via proton
transfer over Au/TiO2 in the presence of H.O. The promotional effects of H.O on the
alcohol oxidation over Au(111) has been linked to the in-situ formation of surface OOH

species.® However, these species are not stable on Pt(111).34

Besides the H20 involvement in the activation of alcohol substrate (benzyl alcohol),
DFT-calculations in the current study showed that the optimized co-adsorption
configuration of H20 and O2 has lowered the adsorption energy of Oz from -0.64 eV to -
1.02 eV and activation energy upon H2O co-adsorption. This suggests that in the
presence of H2O, the adsorption of Oz is more stable on the Pt surface.

Dissociation of molecular oxygen to atomic oxygen is crucial for the oxidation
reaction. Therefore, lowered activation energy for the dissociation of O2 in the presence
of H20 suggests that H.O promotes dissociation of O2 to atomic surface oxygen. This
may suggest that the concentration of atomic oxygen on the surface in the presence of
H20 is relatively higher than on a dry surface. Atomic surface oxygen is a key constituent
in the oxidation reaction. Thus high concentration of atomic oxygen promotes benzyl
alcohol oxidation during the reaction.

4.5.2. EFFECT OF H20 ON PRODUCT SELECTIVITY
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Benzaldehyde is an obtained product with high selectivity even at high H.O
concentrations after 5 hours on stream. Weston et al.,'”® and Yang et al.,® observed that
increasing H20 initial concentration for benzyl alcohol oxidation enhances further
oxidation of benzaldehyde intermediate, resulting in a decline in benzaldehyde selectivity.
Further oxidation of benzaldehyde is typically observed by the formation of a benzoic acid
product. In this study, benzoic acid is only observed during or after cooling the reaction
mixture (cooling duration of ca. 16 hours) for all the liquid compositions containing H20.
It is believed that after the reaction was terminated after running for 5 hours (in which it
the reaction was terminated and cooled down after for ca.16 hours) there was some
oxygen still in the fluid phase which continued interacting with the catalyst surface and
reacting with benzaldehyde intermediate and/or benzyl alcohol. Hence, the observed

further oxidation of the benzaldehyde intermediate.
4.7. CONCLUSION

This body of work has demonstrated that the addition of liquid H20 in liquid-phase
aerobic benzyl alcohol oxidation significantly enhances the reaction rate over
Pt/TiO2(P25) despite reducing the oxygen solubility in the liquid phases. This may indicate
that oxygen on the surface is in equilibrium with oxygen in the gas phase. The phase
involved splitting the liquid-phase upon adding water, resulting in the formation of a water-
rich phase and an organic phase containing water. The water-rich phase contains more
than 99 mol-% water (and thus a constant water fugacity). It is thus suggested that the
reaction rate is not controlled by the fugacity of H.O. Nevertheless, the rate of reaction
increased upon increasing the amount of water in the initial benzyl alcohol/m-xylene/water
mixture, which may indicate that the reaction is affected by the concentration of water in

the organic phase, where the heterogeneously catalysed reaction takes place

It is believed that H2O has a two-fold role in benzyl alcohol oxidation which result
in an enhanced catalytic performance over Pt/TiO2(P25): H2O in the organic phase is
thought to facilitate the H-transfer reactions, thus facilitating the benzyl alcohol activation.
Secondly, the presence of H20 facilitates the activation of molecular oxygen by forming

surface hydroxyl species and atomic oxygen, as the energy barrier for the dissociation O>
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is reduced from 0.41 eV to 0.18 eV for dissociation of adsorbed O: in the absence and
presence of H20, respectively. Overall, the reduced activation energy, in conjunction with
the formation of hydroxyl species on the catalyst surface, may enhance catalytic activity.
However, the role of water may not only be limited to the activation of molecular oxygen
and H transfer reactions.

Benzoic acid is only obtained during the cooling process of the reaction mixture for
all the liquid compositions containing water and benzyl alcohol only. This is attributed to
dissolved residual oxygen that may further react or recrystallise during the cooling of the

reaction mixture.
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CHAPTER 5:

Pt-Ni alloy as a catalyst for alcohol oxidation

OVERVIEW

The adsorption properties of the reactants and products on the surface of the
catalytically active material play a pivotal role in heterogeneously catalyzed
reactions and thus also in the benzyl alcohol oxidation. Alloying Pt with Ni (forming
Pt-skin alloy) may offer chemisorption properties that may influence
(diminish/promote) the known effects of H.O when using Oz as an oxidant in benzyl

alcohol oxidation.

Here, nano-sized particles with the nominal composition Pt, PtsNi and PtNi have
been synthesized and supported on TiO- (rutile phase) with a platinum loading of
ca. 1 wt.-%. The mixed-metal catalyst systems are investigated for their role in
alcohol oxidation. The effect of the Pt-Ni alloy is further investigated using H20; as
an oxidant for benzyl alcohol oxidation rather than O.. This is to probe the influence
of the surface OH group (derived from H.O. dissociation) on benzyl alcohol

oxidation, as suggested in Chapter 4.



5.1. RESULTS

5.1.1. CHARACTERIZATION OF SYNTHESIZED NANO-SIZED MATERIALS

Nano-sized platinum-nickel alloys were synthesized using a reductive method with
Mo(CO)s as the reducing agent (see Chapter 3) to obtain nano-sized materials with a

nominal composition Pt3Ni and PtNi.

X-ray diffraction analysis was used to show the formation of an alloy. Alloy
formation is typically indicated by a shift of the diffraction lines relative to the pure
unalloyed material. Furthermore, the samples' phase and average crystallite size can be
determined from the most intense, resolved diffraction line. Figure 5.1 shows the XRD
patterns of the materials with the nominal composition PtsNi and PtNi. The XRD pattern
of the nano-sized platinum synthesized using a similar procedure was used for
comparison to identify any structural difference that arose upon alloying Pt with Ni. The
XRD-pattern of nano-sized platinum shows diffraction lines at 26 = 46.9°, 54.3°, 80.2°,
98.2° and 104.7°, which corresponds to the diffraction planes of metallic fcc-Pt indexed
as (111), (200), (220), (311) and (222), respectively. The measured diffraction lines
correspond to a lattice parameter of 3.919 + 0.014 A; the lattice parameter for bulk
platinum, 3.9242 A 81 js within the error margin of the determined lattice parameter of the

nano-sized platinum.

The XRD pattern of the sample with the nominal composition PtsNi exhibited the
same diffraction lines as the sample with Pt composition, albeit at slightly higher diffraction
angles, viz. 48.4°, 56.4°, 83.6°, 102.6° and 109.4°. A similar XRD pattern for PtsNi alloy
is obtained by Lima et al.'82, These diffraction lines can be matched to fcc structure (111),
(200), (220), (311), and (222) diffraction planes, respectively. This suggests a decrease
in d-spacing of the lattice upon incorporating the smaller nickel atom in the platinum
structure, which indicates alloy formation. The obtained lattice parameter 3.791 + 0.008A
is lower than the reported 3.841 A by Lucas et al.,"® for single crystal PtsNi.

The XRD pattern of the material with a nominal composition PtNi showed a rather
similar diffraction pattern to the pattern obtained of the material with the nominal
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composition Pt3Ni with a slight shoulder preceding from the main diffraction lines. This
indicates the presence of pure Pt and Pt-Ni alloy within the sample. No additional
diffraction lines correspond to metallic phase and/or oxide/hydroxides peaks of the
alloying species (Ni). However, the formation of an amorphous material cannot be
discarded. The diffraction lines in the XRD sample with the nominal composition PtNi
pattern also corresponds to an fcc structure with the diffraction lines at the same position
as in the XRD pattern of the sample with the nominal composition Pt3Ni. It should be
further noted that the diffraction lines are broadened significantly (see Figure 5.1). This
might indicate inhomogeneous strained incorporation of the Ni component within the Pt
crystal structure. The XRD pattern of PtNi alloyed material characterized by broad
diffraction peaks is similar to the XRD pattern of PtsNi alloy obtained by Zhang et al.'®

PtNi

_MM
A Pt,Ni

:

(111)

s

(200)
(220) (311)
A M Pt
40 60 8.0 1;10 } 120

Diffraction angle (Co-Ka), 20, °

Figure 5.1: X-ray diffraction pattern of unsupported samples with the nominal
composition Pt, PtsNi and PtNi.

Using Vegard’s law, the element composition of the Pt/Ni alloys might be estimated
according to equation 5.1, using the measured lattice parameter of Pt, PtsNi and PtNi (apt,
aptni, and apwi) of 3.916 + 0.014 A, 3.791 + 0.008 A and 3.785 + 0.016 A, respectively.
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ape—ni = (1 — xn;) * ape + Xy; * Ay 5.1

Where a is the lattice parameter and x is the mole fraction of the components in
the alloy. Thus, the mole fraction of nickel in the main, visible phase in the X-ray diffraction
pattern was estimated at ca. 30 % and 31 % for the samples with a nominal composition
of PtsNi and PtNi, respectively assuming the validity of Vegard’s law. This means that the
main phase in the sample with the nominal composition Pt3Ni, which nominally contains
25% nickel, is enriched in nickel, possibly due to the enhanced rate of nickel incorporation
compared to platinum using the applied method. Similarly, the main phase in the sample
with the nominal composition PtNi contains almost the same amount of nickel as the same
phase with the nominal composition Pt3Ni. This might be related to a retardation of the

incorporation of more nickel in the structure.

The average size of fcc-crystals in the samples with the nominal composition Pt,
Pt3Ni and PtNi, was determined from the broadening of the (111) and (200) reflection for
all the samples (using Scherrer’s equation), obtaining an average crystallite size of 7.2

nm, 8.2 nm, and 5.4 nm, respectively.

The morphology of materials with the nominal composition Pt, Pt3Ni and PtNi, was
further analyzed using a transmission electron microscope (TEM). lllustrated in Figure 5.2
are the bright-field TEM micrographs of Pt, PtsNi and PtNi. The samples contained mainly
spherical nano-sized particles without any noticeable particle agglomeration. The
average particle size and the variance were determined by fitting the observed particle
size distribution to a log-normal distribution. The obtained average sizes of the nano-sized
Pt, PtsNi and PtNi, particles with the standard deviations were 4.2 + 0.6 nm, 6.3 £ 0.6 nm,
and 4.1 £ 0.7 nm, respectively.
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Figure 5.2: Bright-field TEM micrographs of the unsupported samples with a nominal
composition of Pt, PtsNi and PtNi and the log-normal distribution of the
particle size (N = 200 nanoparticles).
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Table 5.1 summarizes the average size of the synthesized nanoparticles as
determined by TEM and XRD analysis. The observed difference in average particle size
obtained from TEM and XRD analysis could arise from the overlapping of diffraction

peaks of the XRD patterns of the analyzed samples.

Table 5.1: Morphological properties of the different of platinum-based catalyst as
determined by TEM and XRD analysis.

drem dxrp lattice parameter,
Sample

nm' nm? A
Pt 42+06 7.2 3.916+£ 0.014
PtsNi 6.3+£0.6 8.2 3.791 £ 0.008

PtNi 41+0.7 54 3.785+0.016

Notably, as determined by XRD analysis, the average crystallite size in each
sample is larger than the average particle size obtained from TEM analysis. This may be

because the detection limit of XRD is biased towards larger nanoparticles.

5.1.2. CHARACTERIZATION OF SYNTHESIZED NANO-SIZED MATERIALS SUPPORTED ON
Ti1O2(RUTILE)

The synthesized nanoparticles with the nominal composition Pt, PtsNi and PtNi,
were re-dispersed in n-hexane and immobilized on TiO2 (rutile phase; Sigma Aldrich;
average nano-crystallite size ca. 29 nm) via colloidal deposition. The resulting catalyst
samples were dried at 120 °C and annealed at 350 °C under N2 to yield ca. 1 wt.-% of

platinum in the nano-sized materials supported on rutile. According to XRD analysis, the

! Average particle size measured from TEM analysis
2 Average crystallite size and lattice parameter of the phase belonging to the main diffraction lines
attributed to fcc-Pt and fcc-Pt alloy, respectively
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deposition of these materials on TiOx(rutile) did not seem to alter the structure of the

titania support (see Appendix C-5.1).

The composition and the active metal loading of the catalyst were verified using
ICP-OES analysis (see Table 5.2; STEM-EDX mapping of Pt-Ni sample is found in
Appendix C-5.2). Molybdenum, which could have originated from the reducing agent
Mo(CO)s used in the synthesis, was not detected by STEM-EDX in any synthesized nano-
sized particles (see Appendix C-5.2). The samples containing the alloys supported on
rutile do contain ca. 1 wt.-% of platinum. Still, the sample Pt/TiO2(rutile) contained only

0.78 wt.-% platinum.

Table 5.2: Elemental analysis and textural properties of the different platinum-based
catalyst as determined by /CP-OES and TEM analysis.

Composition
i .+ v y
Sample (Wt. _0/0)3 NI/(NI Pt) dactive metal
(mol/mol) (nm)*

Pt Ni
Pt/TiO2 0.78 - 0 4.2+0.8
Pt3Ni/TiO> 0.91 0.16 0.36 11.8+14
PtNi/TiO2 0.96 0.79 0.73 123 +1.2

The elemental analysis of the sample with a nominal composition of Pt3Ni is
enriched in nickel (as was already deduced from the position of the diffraction lines and
applying Vegard’'s law). It is thus concluded that the applied method'® results in
enhanced incorporation of nickel. The enhanced reduction of nickel compared to platinum
can also be observed with the sample with a nominal composition of PtNi. However, nickel
is not incorporated into a crystalline structure, nor could amorphous nickel be detected
using TEM.

3 Determined by ICP-OES analysis
4 Average particle size determined using TEM analysis
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5.1.2.1. MORPHOLOGY

A transmission electron microscope (TEM) was used to determine the morphology
of the synthesized nanomaterials supported on TiOx(rutile), their size distribution and the
average particle size in all the samples (see Figure 5.3). The average particle size of the
sample containing only Pt on TiOx(rutile) was determined to be 4.2 + 0.8 nm, which is
similar to the average size obtained for the unsupported Pt-nanoparticles (4.6 + 0.6 nm),
implying that the colloidal deposition technique did not alter the particle size distribution.

The materials with a nominal composition of Pt3Ni and PtNi supported on
TiOo(rutile) resulted in significantly larger average particle sizes (11.8 £ 1.4 nm and 12.3
+ 1.2 nm, respectively) than that of the unsupported samples. TEM analysis of the
unsupported sample with the nominal composition of PtsNi only showed the presence of
spherical crystallites with an average crystallite size of 6.3 +0.7 nm. This may be a
consequence of bias in detecting nanoparticles on the supporting material (aggravated
by the low metal loading). Alternatively, it might indicate that these samples sintered
during the drying and calcination step of synthesising these supported materials, although
the mechanism by which these particles sintered remains obscure, as the pure platinum
particles supported on TiO2(rutile) did not show any evidence of sintering.
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Figure 5.3: Bright-field TEM micrographs of materials with the nominal composition Pt,
Pt3Ni and PtNii supported on TiO(rutile) and the log-normal distribution of
the nano-sized particles (N = 200 nanoparticles).

5.2. RESULTS

The influence of alloying platinum with nickel on the catalytic performance in the
aerobic oxidation of benzyl alcohol was evaluated over Pt3Ni/TiO2(rutile) and

PtNi/TiOz(rutile). The catalytic performance over the Pt/TiOx(rutile) catalyst is used as a
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basis for comparison. Blank experiments were conducted, and no significant benzyl
alcohol conversion was observed in the absence of the catalyst or even with only
TiO2(rutile). This indicates that the aerobic oxidation of benzyl alcohol requires metallic
sites, such as platinum, to proceed. Hence, the benzyl alcohol conversion activity
reported here is neither attributed to autoxidation of the substrate nor catalyzed by the
support, TiOz(rutile), on its own. This series of catalysts has some minor variations in
active metal loading and size distribution, which must be considered when investigating

the effect of alloying platinum with nickel on the aerobic benzyl alcohol oxidation.

5.2.1. SELECTIVE OXIDATION OF BENZYL ALCOHOL: EFFECT OF THE CATALYST COMPOSITION

The liquid-phase benzyl alcohol oxidation was performed in a semi-batch reactor
operating at 90°C, 5 bar using air (flow rate of 100 mL~/min(NTP)). A total of 0.5 g of the
catalyst was added to the reaction mixture in the autoclave (total volume of the liquid
phase of 70 mL). The liquid phase initially consisted of 2.33 mol H20, 0.0574 mol m-
xylene and 0.202 mol benzyl alcohol. The reaction was allowed to run for 5 hours. The
catalyst activity is reported in terms of benzyl alcohol conversion since the initial moles of
benzyl alcohol in the system added are comparable for all catalyst evaluations. The
reaction rate is reported as the number of moles of benzyl alcohol converted per mole of
platinum in the catalyst loaded in the reactor (0.5 g of catalyst) per hour since the number
of surface Pt atoms was not determined. This rate is defined as the platinum-time yield
(referred to as PTY hereafter).

The conversion of benzyl alcohol decreases when alloying platinum with nickel
(see Figure 5.4), despite the higher platinum loading. Monometallic Pt/TiO2(rutile) catalyst
was the most active for the oxidation of benzyl alcohol under these conditions, resulting
in a conversion of 7.2% after 5 hours. The platinum-nickel sample with the nominal
composition PtsNi supported on TiO2(rutile) exhibited the lowest conversion of 1.2 mol-%
after a reaction time of 5 hours. The conversion-time profile obtained with the platinum-
nickel sample with the nominal composition PtNi is rather unusual with high initial activity
(same conversion as Pt/TiOo(rutile) after 1 hour), but a strong deactivation resulting in no
further reaction after 1 hour on stream.
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Figure 5.4: Benzyl alcohol oxidation as a function of reaction time over platinum-
nickel alloys supported on TiO2(rutile) at 90 °C. Reaction conditions: 0.202
mol of benzyl alcohol in 2.33 mol of H2O and 0.0574 mol of xylene, as
solvent mixture, 0.5 g catalyst, Piotal, air = 5 bar at Fair = 100 mLy/min(NTP).

Table 5.3 summarizes the catalytic performance of Pt/TiOx(rutile),
PtsNi/TiO2(rutile) and PtNi/TiOz(rutile). The platinum-time yield (PTY) of benzyl alcohol
consumption over Pt/TiOx(rutile) was determined to be 148.8 + 3.7 hr'. This can be re-

calculated as a turnover frequency of 540 + 13 hr' assuming a mean platinum particle

112

size of 4.6 nm and dispersion of platinum given by D(%) = Do)’
pt(nm

The higher turnover

frequency obtained with this material in comparison to the impregnated Pt/TiO2(P25)
(232.4 + 31.1 hr'') may be related to the difference in the support structure (see Chapter
6).

Alloying platinum with nickel resulted in a strong reduction in the platinum-time
yield over the material with the nominal composition of PtsNi to 20.9 + 0.9 hr'. The initial
platinum-time-yield (after a reaction time of 1 hour) over the material with a nominal
composition PtNi is similar to the platinum time yield obtained over Pt/TiOx(rutile), but
measured over the full 5 hours reaction time, the corresponding PTY for benzyl alcohol
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oxidation reduced to 27.5 + 5 hr'! (with the corresponding high standard deviation due to
deactivation). Incorporating the nickel as a second metal to Pt for benzyl alcohol oxidation

does not result in an enhanced benzyl alcohol conversion when using Oz as an oxidant.

The oxidation of benzyl alcohol over Pt/TiO2(rutile) at 90°C after a reaction time of
5 hours was selective towards the formation of benzaldehyde with selectivity above 99
%, despite a relatively large variation in conversion levels. The oxidation of benzyl alcohol
over Pt3Ni/TiO2 was less selective, and selectivity towards benzaldehyde of ca. 97 % after
5 hours on stream was obtained (the remainder was benzoic acid). The lowest
benzaldehyde selectivity of ca. 49% was obtained over PtNi/TiO2, and the benzoic acid
selectivity is almost 51%. This may suggest that secondary oxidation, i.e., further
oxidation of benzaldehyde intermediate, is favoured over the catalyst with a nominal
composition of Pt-Ni possibly related to the presence of an amorphous nickel in the

sample.

Table 5.3: Benzyl alcohol conversion over nickel-platinum-based catalysts supported on
TiO2 (rutile phase) at 90°C after 5 hours on stream.?

Benzyl alcohol Benzaldehyde

Platinum-time-yield

Catalyst sample conversion, (hr) selectivity
(%) (%)

Pt 7.2 148.8 £ 3.7 >99

PtsNi/TiO2 1.2 209+0.9 97

PINi/TiO2 1.3 275 150 49

5.3. KINETIC OUTLOOK: EFFECT OF TEMPERATURE

The bimetallic catalyst samples with the nominal composition Pt/TiO. and

Pt3Ni/TiO2 were also tested for benzyl alcohol oxidation at 120 °C (see Figure 5.5).

> Reaction conditions: initial composition of the liquid mixture: 0.202 mol of benzyl alcohol in
2.33 mol of H2O and 0.0574 mol of xylene, 0.5 g catalyst, Piota, air = 5 bar, T = 90 °C, Viiquia = 70
mL, Vair = 100 mL,/min.
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Pt/TiO2 catalyst showed benzyl alcohol conversion of ca. 12 % while benzyl alcohol
conversion of ca. 1.8 % was obtained over Pt3Ni/TiO2 catalyst. The corresponding
platinum-time yield (PTY) obtained over Pt/TiO, and Pt3Ni/TiO> was 183.6 + 22.6 hr' and
32.2 + 1.7 hr, respectively. The platinum-time yield (PTY) for benzyl alcohol oxidation
increased upon increasing temperature from 90 °C to 120 °C, albeit rather moderately.
The activation energy for the benzyl alcohol oxidation over Pt/TiO2(rutile) was estimated
to be 20 kd/mol. Low activation energy could arise in a reaction, which is strongly inhibited
by-products/reactants not directly involved in the rate-determining step. The estimated
activation energy for the benzyl alcohol oxidation over the catalyst with the nominal
composition Pt3Ni/TiO2 was even less dependent on the temperature, and activation
energy of only 9 kd/mol was determined. This may imply that either the activation energy
of the rate-determining step is lowered or that the adsorption energy of the
products/reactants is not directly or indirectly involved in the rate-determining step
increased. Moreover, low activation energy often associated with mass transfer limitations
(either gas-liquid mass transfer limitation or liquid-solid mass). If the reaction system was
mass-transfer controlled, the measured rates in all the systems would be comparable and
limited by the oxygen transfer rate. The oxygen transfer rate between the gas and the
liquid phase and between the liquid and the solid phase may be estimated from reported
values of mass transfer values/correlations, see Appendix C-5.3.

P1t/TiO2 showed benzaldehyde selectivity of >99 % in the benzyl alcohol oxidation
at the slightly elevated temperature of 120 °C, relatively independent of the benzyl alcohol
conversion levels of ca. 12%. This implies that even going to a conversion level of ca 15%
Benzaldehyde selectivity over Pt3Ni/TiO2 also remains high (99%) when operating at 120
°C. A significant increase in the extent of secondary oxidation to benzoic acid was thus
not observed.
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Figure 5.5: Comparison of the conversion in the benzyl alcohol oxidation over the
materials with a nominal composition of Pt and Pt:Ni supported on
TiOo(rutile) at 120 °C using air as an oxidant at Protal, air = 5 bar.

5.4. PROBING THE ROLE OF THE OXIDANT IN THE SELECTIVE OXIDATION OF BENZYL
ALCOHOL OVER PLATINUM-NICKEL BASED CATALYST

Alloying Pt with Ni, resulting in Pt-skin and Ni subsurface alloy,'8 may affect the
electronic properties of the alloy constituents and, thus, the strength of adsorption of
various adsorbates. Hence, the effect of Ni in a platinum-nickel alloy on benzyl alcohol

oxidation was explored by comparing H202 and O> as oxidants.

Figure 5.6 shows benzyl alcohol conversion at 90 °C over Pt/TiO2 and Pt3Ni/TiO2
using different oxidants, H202 and O2. The use of Oz as an oxidant in the benzyl alcohol
oxidation over Pt3Ni/TiO: yielded, as shown above, a rather low benzyl alcohol conversion
of ca. 1.2 %, which is equivalent to a PTY of 20.9 + 0.9 hr'. Substituting oxygen oxidant
with H202 (as 90 mol-% of 30% H202-solution and 10 mol-% benzyl alcohol liquid
composition) resulted in a significant enhancement of benzyl alcohol conversion over
Pt3Ni/TiO2 to ca. 16 mol-% after a reaction time of 3 hours corresponding to platinum time
yield (PTY) of 506.6 = 37 hr''. The benzyl alcohol conversion over Pt/TiO2 in the presence
of H2O2 as the oxidant is slightly higher than the conversion obtained with O2 as the
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oxidation (obtaining 5.7% and 4.4% for H202 and Oz oxidants after 3 hours on stream,
respectively). Hence, the platinum time yield over Pt/TiOx(rutile) was 120.6 + 6.4 hr'in
the presence of Ozand 186.1 + 15.1hr" in the presence of H202 oxidant.
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Figure 5.6: Benzyl alcohol oxidation for 3 hours of the reaction over Pt/TiO2 and

PtsNi/TiO2 catalyst at 90°C in the presence of H202 and O as oxidants.

The benzaldehyde selectivity remained at >99% in the benzyl alcohol oxidation
over Pt/TiO2 and Pt3Ni/TiO2 catalyst when H202 was an oxidant at a reaction temperature
of 90 °C. Neither the change in the oxidant nor the presence of Ni seems to affect the
product selectivity despite the differences in the benzyl alcohol conversion.

5.5. DISCUSSION

Alloying may change the adsorptive properties of the catalyst surface and, thus,
the prevalence of various surface species. Hammer and Narskov'®” argued that the
interactions between adsorbates and transition metal surfaces include the entire d-band
and the characteristics of the surface metal d-bands. Hence, the weighted centre of the
d-band plays a significant role in defining surface reactivity. There should, thus, be a
correlation between chemisorption energies and the average energy of the d-state on the
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surface atoms to which the adsorbate binds. The d-band centre on the surface Pt-atoms
of Pt-skin PtsNi(111) alloy is shifted downwards by 0.30"76 - 0.36'3%.188 gV relative to the
d-band position of surface atoms in Pt(111). A lowering of the d-band centre will result in
the weakening of the adsorption.'”® This can be explained based on the induced charge
polarization between surface (Pt-skin) and subsurface (Ni) layers in the alloy. The
difference in the electronegativity between Pt and Ni in the Pt-skin alloys results in an
electron transfer from the subsurface to the surface metal atoms affecting the metal
adsorbate bonding. This results in a higher partial density of state (PDOS) for s, dxz, dyz,
dxy, and d-? of Pt(111) and Pt-Ni(111), which alters the chemical bonding behaviour of Pt
upon alloyed with Ni. The downshift of the d-band centre of the surface Pt layer on
Pt3Ni(111) would result in a reduced contribution of surface d-bands near the Fermi level,
particularly dx, and d,, states."® Hence, chemisorption of molecular and atomic oxygen
on Pt3Ni (Pt-skin and Ni subsurface) alloys is thus characterized by a weaker oxygen-
metal bond compared to oxygen adsorption on pure Pt. The weaker chemisorption of Oz
on the Pt3Ni(111) surface also results in a lower electron density on Oz in comparison to
the adsorption of O2 on Pt(111) even though the surface Pt atoms of Pt3Ni(111) having

more electrons.

Similarly, the chemisorption of atomic oxygen becomes weaker upon shifting the
d-band centre downwards.'#® Due to the scaling relationship, the chemisorption of OH is
expected to be weaker on Pt-skin Pt3Ni(111) than on Pt(111). However, the oxygen atom
in OH is has a higher electron density than atomic O, due to electron transfer from H to
O in OH."® Hence, the adsorption energy of OH changes less than the adsorption energy
of atomic oxygen upon shifting the d-band centre downwards when changing from Pt(111)
to Pt-skin on Pt3Ni(111).

The weaker adsorption of molecular oxygen, atomic oxygen and surface hydroxyl
species on Pt-skin on Pt3Ni(111) may result in lower surface coverage of these species.
Furthermore, the activation energy barrier associated with the dissociation of Oz over Pt-
skin Pt3Ni(111) is higher (0.63 eV) than over Pt(111) (0.83 eV)."®° Hence, the dissociation
of molecularly adsorbed O: in the absence of co-adsorbed water is more facile over
Pt(111) than over Pt-skin Pt3Ni(111) alloy surface.
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The presence of co-adsorbed water on Pt(111) resulted in a reduced activation
barrier for the dissociation of adsorbed molecular oxygen. The downshift in the d-band
centre will cause a reduction in the adsorption energy of water as well.'®" This may result
in a reduction in the amount of water on the surface, thus lowering the rate of O2
dissociation over Pt-skin Pt3Ni(111) even further. A lowering of the rate of dissociation of
molecular oxygen over PtsNi in comparison to the dissociation over Pt(111) in addition to
the reduced coverage of Oz, O, OH due to the weakening in the chemisorption may be
linked to the observed reduction in catalytic activity in the aerobic oxidation of benzyl
alcohol over Pt3Ni/TiO2(rutile) in comparison to the oxidation over Pt/TiOx(rutile).

The oxidation of benzyl alcohol over PtsNi/TiO(rutile) is accelerated when H202
is the oxidant. Hydrogen peroxide can be activated over Pt(111), resulting in its
dissociation' via O-O bond cleavage in H20>, yielding two surface OH species. Duang
and Wang'®° reported an activation energy of 0.26 eV for this reaction, i.e. a slightly higher
activation energy than the activation energy for the dissociation of molecular oxygen over
Pt(111) in the presence of water, which also results in the formation of surface hydroxyl
species in addition to atomic oxygen. The mechanism for the dissociation of H.O> over
Pt-skin Pt3Ni(111) alloy surface is proposed’® to be similar to that over Pt(111), but the
dissociation of adsorbed H202 over Pt-skin Pt3sNi(111) alloy surface proceeds with a
significantly lower activation barrier of only ca. 0.08 eV. This would result in a much more
facile formation of surface OH-groups on Pt3Ni(111) in comparison to their formation on
Pt(111), where they can be formed either from H2O- or from co-adsorbing H20O and O:.
This may be linked to the enhanced benzyl alcohol oxidation over Pt3Ni/TiO2 catalyst

when using H202 as an oxidant.

5.6. CONCLUSION

The catalytic studies revealed that the catalytic performance of the Pt/TiO> catalyst
in benzyl alcohol oxidation with Oz as an oxidant is drastically decreased upon alloying
Pt with Ni (PtsNi/TiO2 and PtNi/TiOz2), even after increasing reaction temperature (from
90°C to 120°C). However, substituting the oxidant O2 with H20> yielded a significant
enhancement in the benzyl alcohol conversion at 90°C. The effect of alloying Pt with Ni
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on benzyl alcohol oxidation reaction is, thus, thought to be due to the change in electronic
properties of Pt upon alloying with Ni, to from Pt-skin alloy (Pt3Ni). As such, the low benzyl
alcohol conversion over Pt-Ni/TiO. catalysts is attributed to weaker adsorption of
molecular and atomic oxygen, surface hydroxyl species and adsorbed water on Pt-skin
PtsNi alloy in comparison to on Pt(111), due to the expected downward shift of the d-band
centre of surface platinum atoms when alloying the subsurface with nickel. However,
using H20: as an oxidant, which dissociates into surface OH species, yields an enhanced
benzyl alcohol conversion compared to the system that uses O2 as an oxidant. This
difference is most likely ascribed to the difference in the activation energy induced by the
difference in the adsorption strength of the reactants and products in that particular

elementary reaction step over Pt3Ni/TiOo.

Similar to Pt3Ni/TiO2 catalyst, the PtNi/TiO2 catalyst also showed low catalytic
activity. However, the main difference is that PtNi/TiO2 catalyst resulted in an
overoxidation to form benzoic acid with a selectivity level of ca. 49%. In contrast, the other
catalysts yielded with high selectivity benzaldehyde. This might be related to the presence

of an amorphous nickel in the sample.
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CHAPTER 6:

Influence of the oxidic support material on benzyl alcohol
oxidation

OVERVIEW

Metal oxides are often used as supports to finely disperse the catalytically active
metal nanoparticles. The surface of metal oxide may have different forms of defects
and/or environments (kinks, steps, terraces and/or vacancy sites), which may play a

defining role in the overall catalytic phenomenon.

Here, reducible and irreducible metal oxides are employed as support material to
dispersed Pt nanoparticles in the range of 2.5- 4.6 nm for benzyl alcohol oxidation
catalysts. The influence of reducible (TiO2(P25), CeO2, MoOs and y-Fe2O3) and
irreducible metal oxides (y-Al2O3) supported Pt catalyst is investigated for benzyl alcohol

oxidation reaction in the presence of H>O as a solvent.
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6.1. RESULTS

Using different metal oxides as support material for the catalytically active metal in
the liquid-phase oxidation of alcohols may affect the overall catalytic performance.’" This
may be caused by differences in the resulting metal dispersion. The interaction of the
support with the liquid phase, i.e. its hydrophobicity, and its reducibility may play a role in
the catalytic performance. Here, the catalytic performance of platinum supported on
TiO2(P25), y-Al203, CeO2, MoO3 and Fe20s3 in benzyl alcohol oxidation is explored. The
BET surface of the support materials was determined to be TiO2(P25): 48.4 £ 0.2 m?/qg, y-
Al2O3: 140.5 + 0.7 m?g, CeO2 1.7 £ 0.0 m%¥g, MoOz: 3.0 £ 0.1 m?g, and y-Fe203

(maghemite):16.2 + 0.1 m?/g, respectively.

6.1.1. Wetting behaviour: Water/oxide support interactions at the interface

Water has been shown to accelerate benzyl alcohol oxidation (see Chapter4).
Appreciation of the interfacial properties of water and the oxide support material may
provide an added dimension to the reaction dynamics of alcohol oxidation. Furthermore,
understanding how the water at the interface interacts with the reactants at the extended
hydrophobic surface may provide insights into reaction mechanisms at water/ surface
interfaces. The hydrophobicity/hydrophilicity of the support material may thus affect this

reaction.

The contact angle of solid material on a specific liquid can provide information
about the hydrophobicity of the solid material. Thus, the contact angle, 6c, n,0 (derived

from the capillary constant) between the support, y-Al.O3, y-Fe203, CeO2, MoO3 and

TiO2(P25), and H20 was measured using the Washburn method. 92

The capillary constant and the contact angle of water with the oxidic support
materials, TiO2(P25), y-Al203, CeO2, MoO3 and y-Fe20s3, are given in Table 6.1. Most of
the contact angles were between 50° and 65°, except for TiO2(P25), for which a contact

angle of 89.5° was determined. The measured 6, 1,0 for TiO2 is in agreement with that

measured B¢, 1,0 for TiO2 film (86.9°) measured by Kong et al.’®® While the measured 6,
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H,0 for Al203 measured by Cieslinski and Kryger'®* was between 91.5° -99.9°. DFT study
by Fronzi et al.,"®® showed that CeO2(111) surface is the most hydrophobic with 6c, 1,0 =
112.53° and CeO2(100) surface measuring a 6, 1,0 of 93.91°. However, the CeO2(110)
surface was the most hydrophilic with 6, 1,0 = 64.09°. The latter measured is in
agreement with the 6, +,0 of CeO2 measured in this current study. The difference between
the obtained 6, 1,0 in this study and that reported in the literature may be due to the

difference in material particle size, the porosity of the oxide support material employed

and 6., n,0 measuring methods used.

The obtained 6, H,0 indicates that all these support materials, except for

TiO2(P25), have an adequate wettability since their contact angle is substantially less than
90°. TiO2(P25) material is rather hydrophobic compared to the other oxide support
materials in the series. It can be classified as almost non-wettable since the contact angle
is close to 90°.

Immersion calorimetry was employed to complement contact angle measurements
and to provide a thermodynamic dimension to solid-liquid interactions.’® Immersion
calorimetry is an established technique to quantify the interaction of, e.g. solid material
with a specific liquid. The enthalpy of immersion, AHimm, is defined as the heat change
arising from the interaction of the solid-liquid interface when a solid surface is immersed
in a liquid."® The solid-liquid interactions can be classified as physical or chemical
interactions. The physical interaction is typically characterized by a negligible change in
the enthalpy upon immersion. The heat of immersion, AHimm, depends on the chemical
nature of the surface of the solid material and immersion liquid. In a polar liquid, the
enthalpy of immersion increases with the polarity of chemical functions on the surface of
the solid. For example, using water as the immersion liquid, the enthalpy of immersion
may also include the change in enthalpy due to the (partial) hydroxylation of the surface
of the oxides.’™ It should be noted that samples were not preheated before the

measurements, however all samples were stored in a desiccator for 24 hours before
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measurements. More information on the heat of immersion of the samples is outlined in
Appendix D-6.1.

The heat of immersion originates from the interaction of the surface of the solid
with the liquid. Hence, the heat of immersion scales with the surface area of the material
and should be normalized concerning its surface area. The normalized enthalpy of
immersion of TiO2(P25), y-Al203, CeO2, MoQs, and y-Fe20s in water was thus -0.096 J/m?,
-0.106 J/m?, -2.875 J/m?, 58.9 J/m? and -0.198 J/m?, respectively. The enthalpy of
immersion of MoOs is rather large. Molybdenum oxide is slightly soluble in water (solubility
at 18 °C: 1.066 g/L)'®® and the heat of immersion of MoQOs in water (176.6 J/g) comes
close to the heat of dissolution of MoO3 (328.4 J/g — estimated based on the temperature
dependency of the solubility of MoO3'®°). This may imply that a significant part of the

sample dissolved during the determination of the heat of immersion.

Table 6.1: The characterization of the employed oxide support materials in terms of
BET-surface area, contact angle with water (and the associated capillary
constant), and the immersion enthalpy (both per unit mass and per unit
surface area).

Oxide BET surface, capillary Contact AHimm, water AHimm., water
support m?/g constant, c, angle,° J/g J/m?
x10%cm™ ’

TiO2(P25) 484 +0.2 2.14 89.5 -4.6 -0.096
1—AlO3 1405+0.7 2.35 61.6 -14.9 -0.106
CeO2 1.7+0.03 0.79 52.3 -4.9 -2.875
MoO3 3.0+£0.13 1.06 56.7 176.72 58.92
1—Fe203 16.2+0.081 1.81 65.3 -3.2 -0.198

@ Dissolution of MoOs during determination of heat of immersion likely

The heterogeneously catalyzed, aerobic oxidation of benzyl alcohol in water
containing medium may be a four-phase system with two liquid, an aqueous, and an
organic phase (see Chapter 4). The catalyst may be preferentially located in one of the
liquid phases depending on its hydrophilic or hydrophobic nature. Hence, the catalyst

distribution in a liquid mixture containing 7 mol-% benzyl alcohol and 93 mol-% water was
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studied (see Figure 6.1). Platinum supported on the most hydrophobic TiO2(P25) oxide
support is preferentially located in the organic phase or at the interface between the
aqueous and organic phase since the aqueous phase is clear in colour with white
emulsion (which is the organic phase). The catalysts comprising platinum and the
relatively hydrophilic materials y-Al203, CeO., and MoOs- are distributed over both liquid
phases. Notably, consistent with the reported heat of dissolution for MoOs3 (vida supra),
MoOs3 support seems to be associated with the aqueous liquid phase also. Platinum
supported on y-Fe2O3 seems to be on the interface of the aqueous/organic phase of the
liquid system. The distribution of the catalyst in the liquid phases may mimic the catalyst
distribution during benzyl alcohol oxidation.

Pt/CeOz

Pt/y-Fe,0;

Figure 6.1: Micrographs of a platinum-based catalyst supported on various oxides
suspended in an emulsion containing 93 mol-%H20 and 7 mol-% benzyl

alcohol.
6.1.2. CATALYST SURFACE MORPHOLOGY

The oxide support materials were impregnated with platinic acid yielding a 4 wt.-%
PYTiO2 (P25), Pt/y-Al203, Pt/CeO2, Pt/MoO3; and Pt/y-Fe203 (maghemite) using slurry
impregnation. The target loading of 4 wt.-% was generally achieved (see Table 6.2).
However, the experimentally determined Pt loading in Pt/CeO2 catalyst is much lower
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than expected. The low surface of CeO2 may have resulted in poor contact with some

platinum remaining behind in the crucible rather than on the support.

After calcining the catalysts at 350 °C in a static oven, the surface morphology of

the synthesized supported platinum samples was viewed using a transmission electron
microscope (TEM). The samples, Pt/TiO2 (P25), Pt/MoO3 and Pt/y-Fe203 (maghemite),

consisted of relatively small platinum particles homogeneously distributed throughout the

support material surface with no visible particle agglomeration. The average particle size
was determined to be 4.6 £ 0.8 nm, 3.1 £ 0.6 nm and 2.5 £ 0.5 nm for Pt/TiO2, Pt/MoOs3

and Pt/y-Fe2O3 samples, respectively, as illustrated in Figure 6.2.

Figure 6.2:
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Poor contrast between the metallic platinum particles and the support material for
Pt/y-Al,O3 and Pt/CeO., as shown in Figure 6.3, indicates the necessity for a more
detailed analysis such as chemisorption to obtain the average particle size of platinum in

these samples.

Pt/CeO, Pt/‘Y—A|203

Figure 6.3: TEM-images of Pt/CeO2 and Pt/y-AloO3 catalyst samples.

Notably, XRD analysis confirmed no phase change or alloy formation between the
support material and Pt noble metal after catalyst calcination treatment (see XRD patterns

of all the samples in Appendix D-6.3).

O, chemisorption was used to determine the metal surface area and thus the metal
dispersion since these materials are used in oxidation catalysis. The average crystallite
size of platinum in Pt/TiO2(P25), Pt/y-Al.O3, Pt/CeO., Pt/MoOs and Ptly-Fe2O3
(maghemite) catalyst samples according to O2 chemisorption was determined to be 3.8
nm, 2.6 nm, 4.3 nm, 3.6 nm and 3.3 nm, respectively (see Table 6.2 for a summary).
These values can reasonably well be correlated with the average particle size obtained
from the evaluation of the TEM images (where possible). This corresponds to a metal
dispersion in Pt/TiO2(P25), Pt/y-AloO3, Pt/CeO2, Pt/MoO3 and Pt/y-Fe>Os catalyst of
29.9%, 42.3%, 28.6%, 36.1% and 44.8%, respectively.
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Table 6.2: Platinum loading (determined using ICP-OES), average platinum particle

size (either determined from TEM-images using ImageJ® or O2-
112

chemisorption) and dispersion (obtained from D (%) = d—m).
. D2
Pt loading, dpt, TEM, dpt, chem, %’
Sample wt.-% nm nm
Pt/TiO2(P25) 3.9 46+0.8 3.8 29.9
Pt/y-Al203 4.5 - 2.6 42.3
Pt/CeO2 1.7 - 4.3 28.6
Pt/MoO3 3.7 3.1+£0.6 3.6 36.1
Pt/ y-Fe2Os 4.0 25105 3.3 44.8

#based on an amount to form a monolayer, assuming Pt:0=2:1

6.1.3. TEMPERATURE PROGRAMMED DESORPTION OF AMMONIA (NH3-TPD)

Ammonia TPD is typically used to characterize the acidity of materials. However,
ammonia may also adsorb on metals, such as platinum. As such, the ammonia adsorption
characterized by NH3-TPD (fitted with a thermal conductivity detector, TCD) can thus be
used to characterize support acidity as well as metal dispersion.’®® The peak position may
indicate the strength of adsorption. At the same time, the amount desorbed is indicative
of the number of adsorption sites. Typically, ammonia desorbing from acidic solids at
relatively low temperatures (100-210 °C) is ascribed to the presence of a weak acid
site.?%2 On the other hand, ammonia desorbing from solid acids at a medium (210- 500
°C) and high temperatures (> 500 °C) are typically ascribed to the presence of medium
and strong acid sites, respectively.??° In the case of the pure metal oxides, the number of
acid sites corresponding to the amount of ammonia desorbed can be reported in terms of
the number of moles of NH3z desorbed per unit surface area of the pure oxide. This should
give insight into the density of acid sites.

NH3-TPD profiles of the metal oxide support materials are shown in Figure 6.4.
TiO2(P25) consists of the rutile and anatase phases. The NH3-TPD profiles obtained with
TiO2(P25) can be deconvoluted into the anatase and rutile phases (see Appendix D-6.4).
The TiO2(P25) sample shows a pronounced asymmetric desorption peak occurring at ca.

190 °C, which may be ascribed to the weak acid site present on the anatase phase. It
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should be noted that the weak acid sites on the rutile phase will also contribute to the
main desorption peak in the NH3-TPD obtained with TiO2(P25). The medium acid sites
on the rutile phase are hidden in the tail of the main desorption peak in the NH3-TPD
obtained with TiO2(P25). The density of acid sites in TiO2(P25) is estimated to be 11.2
nmolnH,/M2oxide. This would correspond to a surface OH-density of 6.7 OH-groups per nm?
assuming that surface hydroxyl groups are the acid sites on TiO2(P25). This value
corresponds well with the values reported for anatase and rutile.201.202

The NH3-TPD spectrum obtained with y-Al2O3 yielded two distinct desorption
peaks at 257 °C and 567 °C, respectively, assigned to medium and strong acid sites. The

number of acid sites estimated for y-Al20s, amounted to 5.9 umolnm,/m2xide (i.e. total
number of the acid centre of 822.2 pnmolnH,/g). This corresponds to 3.5 molecules of NHs

per nm? of the sample, which would correspond to a surface hydroxyl concentration of
3.5 OH-groups per nm?.

The NH3-TPD spectrum obtained with CeO2 exhibits only one small desorption
peak at 179 °C attributed to weak acid sites. Glorious et al.,?°® also obtained a similar
NHs-TPD profile with a CeO> sample that exhibited low surface area. The number of acid

sites on CeO2 was only 0.153 umolnh,/g (due to the low porosity of the sample). This
would amount to 0.09 umolnm,/m?oxide or 0.05 OH-groups per nm2. This is a rather low

amount of surface hydroxyl groups. It should be noted that CeO2 has a low surface area,
and the amount of ammonia, which desorbed, was low. Error in each of the values may

have affected the conclusion regarding the total number of surface hydroxyl groups

The NH3-TPD spectrum with MoO3 exhibited two desorption peaks at 183 °C and
602 °C ascribed to the weak and strong acid site, respectively. The total amount of
ammonia desorbed from MoOs; amounted to 10.6 pmolnH,/M?oxide (31.8 umolnm,/g). This
corresponds to 6.4 molecules of ammonia per nm2. The number of acid groups on a
support can be determined by assuming a 1:1 ratio between the base (NH3) and the acid
site (OH) group. The obtained molecules of ammonia per surface area correspond to 6.4
molecules of hydroxyl species per nm2. The sample showed a relatively higher number
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of acid sites per gram compared to the literature.?%* This may be attributed to the
difference in the specific surface area of MoOs. Molybdenum oxide contains both strong

and weak acid sites in a ratio of 1:0.47.

The NH3-TPD spectrum obtained with y-Fe2O3 showed two peaks at 178 °C and
482 °C, indicating the presence of weak and medium acid sites. The weak acid site of the
sample has a shoulder peak at 285 °C, which corresponds to medium acid sites of the
sample. However, the shoulder peak was also observed by Husnain et al.206 at a
relatively low temperature of 197 °C. The difference in temperature peaks may be due to
the different experimental conditions of the NH3-TPD analysis.?°® The number of weak

acid sites was determined to be 6.2 pmolnu,/m? (100.9 pmol NH,/Jeat), and the number of
medium acid sites was determined to be 2.2 pmolnu,/m? (34.8 pmol NHy/Geat). This

corresponds to 3.7 and 1.3 NH3z molecules per nm?, respectively.
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Figure 6.4: NH3-TPD profile of various oxide support materials.
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The oxide support materials in the series were impregnated with platinic acid and
thermally treated, yielding metallic Pt on the support. The NH3-TPD of the resulting
catalyst samples was analyzed (see Figure 6.5). It should be noted that the presence of
metallic platinum may result in the desorption of NHs from metallic platinum and the
desorption of NH3 from acidic sites of the support.

The NH3-TPD spectrum obtained with Pt/TiO2(P25) exhibited a broad single
desorption peak extending to relatively high temperatures, with a maximum at ca. 238 °C.
The broadness of this peak may cover the presence of multiple peaks contributed to TiO>
anatase, TiOo rutile phase and metallic platinum. This may be solely ascribed to ammonia
rather weakly adsorbed on the catalyst Pt/TiO2(P25). The amount of ammonia desorbed
increased slightly in the presence of platinum moiety of the catalyst from 537.5 pymolnh,/g

to 605 umolnn,/g (see Table 6.3). Suppose the difference can be attributed to ammonia
adsorbed on metallic platinum. In that case, it implies that 0.31 mol of NH3 desorbs per
mole of platinum in the catalyst. This is in good agreement with the calculated dispersion

of platinum in the catalyst (see Table 6.2) if it can be assumed that the adsorption
stoichiometry of NH3:Ptis 1:1.

The NH3-TPD spectrum obtained with Pt/y-Al2O3 also has multiple desorption
peaks, with a sharp distinct peak at 284.5 °C and a broad peak at ca. 559 °C. The broad
desorption peak at 559 °C is ascribed to desorption from strong acid sites on y-Al>Os.
Desorption at low temperature accounts for weak/medium acid sites in the y-Al2O3
framework is also observed. However, the desorption of ammonia from weak and medium
acid sites is overshadowed by the additional sharp peak observed in the profile of Pt/y-
Al2Os. As such, the sharp peak at 284.5 °C is thought to correspond to NH3 desorbing
from the Pt moiety of the catalyst. This would correspond to 0.23 mol NH3 desorbed per
mol of platinum in the catalyst (again relating reasonably to the platinum dispersion as
determined by oxygen chemisorption).

The NH3-TPD spectrum obtained with Pt/CeOz2 has a single, relatively low-intensity
NH3z desorption peak at low temperatures of ca. 187 °C, suggesting sites weakly

adsorbing ammonia. The amount of NH3 desorbed per gram of catalyst for Pt/CeO: is
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higher than that of NH3 desorbed per gram of catalyst for CeO.. Ascribing the difference
to NH3 adsorbed on metallic platinum results in an amount of NH3 desorbed relative to
the amount of platinum in the catalyst of 0.33 molnna/molpt. This is in reasonable
agreement with the dispersion determined using O2-chemisorption, which was 28.6%,

assuming dissociative adsorption of oxygen.

The NH3-TPD obtained with the sample Pt/MoOs also has a single, relatively low-
intensity NH3 desorption peak, but now at slightly higher temperatures of ca. 203 °C.
MoOs3 only has significant desorption at rather high temperatures, which is not observed
with Pt/MoOs. This could be observed if platinum was anchored to or covering the surface
acid sites. Suppose the NH3 desorbed at low temperature can be solely attributed to
ammonia desorbing from platinum. In that case, a dispersion of platinum of 22.2% can be

estimated (slightly lower than estimated using O2-chemisorption).
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Figure 6.5: NH3-TPD profile for platinum nanoparticles supported on various supports.

The NH3-TPD profile obtained with Pt/y-Fe2O3 catalyst sample exhibited two
distinctive NH3 desorption peaks at 200 °C and 548 °C corresponding to the weak and
strong acid sites (see Table 6.3). Distinctively, upon the impregnation of y-Fe>O3 with
platinic acid, the B peak is more pronounced. Since y-Fe203 is a reducible oxide sample
and NHs can act as a reducing agent. Therefore, reduction of y-Fe>O3 specifically in the

presence of Pt may have occurred.
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Table 6.3:

and the resulting platinum catalysts.

Quantitative analysis of NH3-TPD profiles of the oxide support materials

NH3 desorption, pmolnH3/gsample

Sample Tq, °C Tg, °C
Aq Ag Aq+ Ap

TiO2(P25) 542.1 - 542.1 193

y-Al203 562 266.95 829 257 556

CeO2 0.153 - 0.15 179 -

MoOs 0.9 30.9 31.8 183 602

y-Fe203 34.02 (34.82 204 89.2 179 (285) 491

Pt/TiO2(P25) 605 - 605 239

Pt/y-Al.O3 584 298 882 258 409

Pt/CeO- 2.9 - 291.7 182 -

Pt/MoO3 42.15 - 42.15 191 -

Pt/y-Fe203 36.94 215 251.9 193 548

@Shoulder peak

6.2. CATALYTIC PERFORMANCE OF PT-BASED CATALYST OVER THE VARIOUS SUPPORT
MATERIAL

The effect of the nature of the oxidic support material on liquid-phase benzyl
alcohol oxidation was probed using Pt/TiO2(P25) and Pt/y-Al2O3 as model catalysts. A
semi-batch reactor was used in this study with 0.5 g of catalyst dispersed in 70 mL of
benzyl alcohol operating at 90 °C and 5 bar using air as an oxidant without using a solvent.

The reaction was monitored for 5 hours on stream, sampled hourly.

6.2.1. CATALYST ACTIVITY — THE ROLE OF WATER

The catalytic activity of reducible Pt/TiO2(P25) catalyst was compared with the
catalytic activity obtained over irreducible Pt/y-Al2O3 catalyst using either pure benzyl

alcohol or benzyl alcohol/water as a starting mixture to investigate the effects of oxidic

119



nature of the support material (reducible and irreducible oxide) on liquid-phase benzyl
alcohol oxidation.

In the absence of water in the initial starting mixture, the benzyl alcohol conversion
was 1.5% and 0.48% over Pt/TiO2(P25) and Pt/y-Al.Os, respectively, after a reaction time
of 5 hours. The turnover frequency (TOF) for benzyl alcohol oxidation over Pt/TiO2(P25)
in the absence of water was 26 + 5 hr'- slightly higher than the turnover frequency
obtained over Pt/y-Al,O3 catalyst (TOF: 9.3 + 3.8 hr'). Evidently, using the reducible
support, Pt/TiO2(P25), yields higher site-specific catalytic activity than using an irreducible
support material, Pt/y-AlO3, at comparable reaction conditions. This indicates that the
nature of the oxide support plays a role in benzyl alcohol oxidation beyond dispersing the
active metal. The catalytic activity of benzyl alcohol oxidation may also depend on the
nature of an oxidic support material employed.

The effect of the interaction of the catalyst with the reaction medium on TOF is
also investigated using H20 as a solvent, and a reaction medium initially containing 93
mol-% H20, and 7 mol-% benzyl alcohol was used. Figure 6.6 illustrates benzyl alcohol
conversion obtained over Pt/TiO2(P25) and Pt/y-Al,O3, catalyst in the presence and
absence of a solvent, H2O. The obtained benzyl alcohol conversion in the presence of
H20 as a solvent after a reaction time of 5 hours was 36.2% and 6.3% over Pt/TiO2(P25)
and Pt/y-AlbO3 catalyst, respectively. The corresponding TOF of benzyl alcohol
consumption in the presence of water increased to ca. 619 + 18 hr' and 80 + 7 hr' over
Pt/TiO2(P25) and Pt/y-Al>Og, respectively. The rate enhancement of the benzyl alcohol
oxidation upon the addition of water over Pt/TiO2 (P25) is significantly higher (26 + 7 times
higher) than over Pt/y-Al2O3 (9 + 3 times higher). As shown in Chapter 4, the initial number
of moles of benzyl alcohol in the reactor did not affect the rate of benzyl alcohol
consumption of Pt/TiO2(P25), significantly influence the reaction rate. Suppose it may be
assumed that it does not affect the rate of benzyl alcohol consumption over Pt/y-AloO3
either. In that case, this result must be interpreted as an indication that the support affects

the absolute activity and the relative enhancement given by using water as a solvent.
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Figure 6.6: Benzyl alcohol conversion over Pt/TiO2(P25) and Pt/y-Al2O3 catalyst in the
presence of water (initial reaction mixture: 93 mol-% water + 7 mol-%
benzyl alcohol) and absence of water (initial reaction mixture: pure benzyl
alcohol). Reaction conditions: 0.5 g catalyst, 90 °C, Pttar = 5 bar, Viiguid =
70 mL, Vair = 100 mL/min.

6.2.2. CATALYST ACTIVITY — THE ROLE OF SUPPORT

The support role in benzyl alcohol oxidation using mixtures containing initially
water and benzyl alcohol in a molar ratio of 9.3:0.7 was further investigated using other
well-known reducible oxide support materials, such as ceria molybdenum trioxide and
maghemite. Figure 6.7 shows the benzyl alcohol conversion as a function of reaction time
for the various supported Pt-catalyst. Pt/TiO2(P25), Pt/y-AloO3, Pt/CeO., Pt/MoO3 and
Pt/y-Fe20s3 catalysts. Benzyl alcohol conversion of ca. 37%, 6% 12%, 16% and 8% was
obtained over Pt/TiO2(P25), Pt/y-Al.O3, Pt/CeO2, Pt/MoOs and Pt/y-Fe2O3 catalysts,
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respectively, after a reaction time of 5 hours using otherwise comparable reaction

conditions.
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Figure 6.7: Benzyl alcohol conversion over various supported platinum catalyst.
Reaction conditions: 0.5 g catalyst, 90 °C, Piota = 5 bar, Viiquia = 70 mL, Vair

= 100 mLn/min, initial reaction mixture 93 mol-% H20 and 7 mol-% water.

Hereafter, the catalyst activity is reported as a rate of benzyl alcohol consumption
per surface Pt-atom to account for the variation in the Pt loading and dispersion (see
Table 6.2). The turnover frequency, TOF, for the benzyl alcohol consumption obtained
using this initial reaction mixture (93 mol-% H20 and 7 mol-% benzyl alcohol) is 619 + 18
hr', 80 + 7 hr', 556 + 28 hr', 301 + 18hr' and 99 * 4 hr' for Pt/TiO2(P25), Pt/ y-Al2Os3,
Pt/CeO,, Pt/MoOs and Pt/y-Fe203, respectively (see Table 6.4). Thus, the surface-specific
catalyst activity increases in the following order: Pt/TiO2(P25) > Pt/CeO2 > Pt/MoO3 >Pt/y-
Fe-Os and Pt/ y-Al203. This seems to indicate that the catalyst activity is strongly
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dependent on the nature of the oxide support employed since they are investigated at

comparable reaction conditions.

Table 6.4: Performance of platinum catalyst supported on various oxide support
materials in the benzyl alcohol Reaction conditions: 0.5 g catalyst, 90 °C,
Ptotal, air = 5 bar, Viota = 70 mL at 90 °C

selectivity, (%)

Catalyst Pt loading, Conversion, TOF?, Benzyl

Sample (wt.-%) (%) (hr'™) aldehyde Benzoic acid
PYTiO2 (P25) 3.89 36.2° 619 £18 >08P <2.0°
(0Omol-% H20) 1.5¢ 26 +5 >99¢ <1c
Pt/y-Al.O3 4.50 6.3° 80+7 >QQb <1b

(0mol-% H20) 0.5¢ 9+4 >99¢ <1¢

Pt/CeO2 1.73 12.0° 556 + 28 Q0P 10°b

Pt/MoO3 3.7 15.5° 301 +18 >99P <1b
Pt/y-Fe203 3.86 8.3° 9+4 94p 6P

#TOF determined from the slope of the conversion as a function of reaction time and the dispersion of platinum in the catalyst
b initial reaction mixture: 93 mol-% water + 7 mol-% benzyl alcohol

¢ pure benzyl alcohol.

In the presence of H2O, a higher TOF was observed over Pt nanoparticles
supported on slightly reducible oxide support material (i.e., TiO2(P25), CeO2 and MoQOs3)
catalysts compared to Pt nanoparticles on a non-reducible oxide (y-AloO3). However, Pt/y-
Fe203 exhibited also a rather low TOF, indicating that the reducibility of the support
material is not the only contributing factor.

It should be noted that the particles size of platinum nanoparticles in the samples
may have an influence on the overall activity. However, particles size of platinum
nanoparticles in the samples is increasing in the order based on O2 chemisorption: Pt/y-
AlLO3 < Pt/y-Fe203 (maghemite) <Pt/MoOs < Pt/TiO2 (P25) < Pt/CeOs.. It is expected that
Pt/TiO2 (P25) and Pt/CeO2 samples to exhibit the least catalytic activity if the average
particle size was the dominating effect on catalytic activity. Yet, the catalytic activity is
increasing in the order: Pt/TiO2(P25) > Pt/CeO2 > Pt/MoOs >Pt/y-Fe203 and Pt/y-Al2Os.
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Therefore, the average size of the active metal is not the dominating effect on activity.
Therefore, average particle size of Pt does not have effect on catalytic activity.

6.3. PRODUCT SELECTIVITY

The oxidation of benzyl alcohol is a consecutive reaction that may proceed through
benzaldehyde as an intermediate yielding ultimately benzoic acid. Thus, the product
distribution may change with reaction time.

High selectivity for the formation of benzaldehyde (>99 %) was obtained with both
catalysts, i.e., the reducible Pt/TiO2 and the irreducible Pt/y-Al.Og, in the solvent-free liquid
system (initial liquid composition of 100 mol-% benzyl alcohol). This suggests that the
consecutive reaction to form benzoic acid may be suppressed due to the low
concentration of benzaldehyde in the reaction mixture since the conversion levels in these

systems were rather low.

The role of the support material was further probed in the benzyl alcohol oxidation
using an initial reaction mixture containing water and benzyl alcohol (see Figure 6.8). It is
intuitively expected that higher benzyl alcohol conversion would yield a lower selectivity
for benzaldehyde. In contrast, benzoic acid selectivity would be favoured with increasing
conversion. However, the support material does seem to play some role here as well. A
high selectivity towards benzaldehyde of > 99 % is obtained over Pt/y-Al2O3 and Pt/MoO3
when starting with an initial reaction mixture containing 93 mol-% water and 7 mol-%
benzyl alcohol. A similar, initial benzaldehyde selectivity was obtained over Pt/TiO2(P25),
albeit with some scatter. However, the selectivity seems to decrease with increasing
conversion. After a reaction time of 5 hours, the selectivity towards benzaldehyde is still
higher than 98% despite the relatively high conversion obtained over this catalyst. The
benzaldehyde selectivity decreases more strongly as a function of the benzyl alcohol
conversion when the reaction is performed using either Pt/CeO2 and Pt/y-Fe2O3 as a
catalyst. This would imply that the activity for the oxidation of benzaldehyde is higher over
catalysts using these support materials than the other catalysts. Furthermore, the
decrease in the selectivity for benzaldehyde as a function of benzyl alcohol conversion
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obtained over Pt/y-Fe20sis slightly stronger than over Pt/CeO>. This would imply that the
activity for the oxidation of benzaldehyde over Pt/y-Fe2Os is greater than over Pt/CeOs-.
However, the difference in the trend as a function of the benzyl alcohol conversion is small
and may be affected by experimental error.
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Figure 6.8: Benzyl aldehyde selectivity as a function of time on stream over various Pt-
based catalyst. Reaction conditions: 0.5 g catalyst, 90 °C, Pttar = 5 bar, Viiquid
= 70 mL, Vair = 100 mLn/min, initial reaction mixture 93 mol-% H20 and 7

mol-% water.

6.4. DISCUSSION
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Benzyl alcohol conversion over Pt-based catalyst immobilized over various metal
oxide support materials shows important differences in the specific activity and some
minor differences in selectivity. This implies that properties other than the use of H2O as

a solvent, as discussed in Chapter 4, affect catalytic activity and selectivity.

In a solvent-free benzyl alcohol oxidation (100 mol-% benzyl alcohol liquid
composition), reducible Pt/TiO2(P25) and irreducible Pt/y-Al,O3 catalyst showed a
reaction rate for benzyl alcohol oxidation of 26 + 5 hr' and 9 + 4 hr, respectively. The Pt
catalyst supported on reducible support (TiO2(P25)) evidently showed higher TOF than
platinum on the irreducible support material. The main difference in catalytic activity stems
from the different metal oxide supports and their surface chemistry. The compositions,
electronic and geometrical structures of the metal oxides may offer a very broad spectrum
of properties and behaviours that can result in the difference in catalytic activity. One of
those properties may include the tendency of oxides to create a surface vacancy by losing
a surface oxygen atom, e.g., using it in an oxidation reaction, which may facilitate the
oxidation reaction. This may be common in reducible metal oxide support, which can

exchange oxygen more readily.

This characteristic feature (readily oxygen exchange) results in the formation of
oxygen vacancy sites. Moreover, it may also indicate the presence of surface atomic
oxygen and excess electrons redistributed on the cation empty levels, thus changing their
oxidation state from M"* to M("~D* 1" The alcohol oxidation over titania supported catalyst
may involve surface oxygen species.?°¢ For instance, oxygen on the support may accept
hydrogen from the alcohol yielding a surface hydroxyl species. The elimination of the

formed surface hydroxyl species (as water) would create a surface vacancy.

Table 6.5 shows the reported energy to create a vacancy for the various supports
used in this study. The energy to form a surface oxygen vacancy is not known for y-Al20Os3,
but for 6-Al203, it has been reported to be 6.57 eV on the {100} facet and 6.75 eV on the
{001} facet?®” and 5.71 eV on a-Al203(0001).2°2 The energy required to form a vacancy
on TiOz2 is much smaller, i.e. 4.37 eV on the dominant (101) surface of anatase and 3.71
eV on the (110) surface of rutile.2%® This implies that oxygen can be more easily removed
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from a titania surface. In contrast, it will be difficult to create a surface oxygen vacancy on

an alumina surface.

Table 6.5: Energy to form a surface oxygen vacancy (relative to 72 O2) and the
adsorption energy of water on a perfect surface and an oxygen defect site

(all energies in eV).

Eads, H,0, perfect, Eads, H,0, defect,
Support 5{’7“"“"’ eV eV

Molecular dissociatedMolecular dissociated
TiO2(101)- anatase4.37" -0.779 -0.38¢ -1.48 -1.83
0-Al03 (100) 6.57¢ - -
y-Al203 (100) n.a.2 n.a.2 -0.67" n.a.2 n.a.2
CeO; (111) 2.76¢ -0.49' -0.36 -1.28' 1.4
MoO3(010) 2.57¢ -0.31i n.a.2 -1.35 -0.80
y-Fe203(111) -1.74f -0.28k n.a.? n.a.? n.a.?

anot available, °Li et al.,?® °Hinuma et al.,?” 9Mayernick et al.,?'* *Agarwal et al.,?'" Uian et al.,"2 SMartinez-Casado et al.,?"® "Digne et
al.,?" 'Fronzi et al.,?'> 'Head et al.,?'® *Ntallis et al.,?"” 'Tilocca 2

The low TOF for benzyl alcohol oxidation over Pt/y-AloO3 catalyst may be due to
the presence of Pt moiety in the catalyst only (and the enhancement due to the presence
of water caused by the increase in the activity of platinum as outlined in Chapter 4). The
obtained TOF for benzyl alcohol oxidation over reducible Pt/TiO2(P25) is thought to be
contributed by the Pt activity for oxidation reaction and oxide support influence on benzyl
alcohol oxidation. It is, therefore, thought that reducible metal oxide support material
facilitates benzyl alcohol oxidation according to the mechanism outlined in Figure 6.9. In
the proposed mechanism, the initial step includes the benzyl alcohol substrate's
adsorption through the substrate's oxygen atom over the platinum surface.

The obtained activity in the benzyl alcohol oxidation over Pt/y-Fe2Os3 is only slightly

higher than the obtained activity in the benzyl alcohol oxidation over Pt/y-Al2Os.
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Maghemite is much more reducible than either alumina or even titania. The formation of
a surface vacancy has been reported to be exothermic (-1.74 eV)?'” implying that a facile
formation of a surface vacancy, but the filling of the vacancy is expected to be severely

limited.

It is interesting to note that the activity of platinum supported on ceria and
molybdenum trioxide is also lower than that of Pt/TiO2(P25) despite a more facile
formation of surface oxygen vacancies.?'%2"" The adsorption energy of water in its
dissociated form may be taken as a measure for the tendency of the hydrogen abstraction
of adsorbed benzyl alcohol yielding a surface hydroxyl species, which upon elimination
will result in a vacancy. The formation of surface hydroxyl species on the defect site is
less favoured on MoO3 (010) than on CeO2(111), which in turn is less favoured than on
anatase-TiO2(101).

In summary, the hydrogen in the alcohol group of the substrate may interact with
an oxygen atom of the support material, thus forming and metal alkoxide on the platinum
surface and hydroxyl species on the surface of the support material, according to equation
6.1. Where * and * represent adsorption on the platinum surface and metal oxide support

material, respectively.
Benzyl Alcohol* + Of > Benzalkoxide* + OH* 6.1

The oxygen atom of the formed surface hydroxyl species on the support may
interact with B-hydrogen, forming benzaldehyde and H20 product. Moreover, the active
site is recovered while the oxygen vacancy site is formed upon the desorption of
benzaldehyde and H20 products, see equation 6.2.

Benzalkoxide* + OH* - Benzaldehyde* + H,O* 6.2
(and the obtained surface species may desorb)

The formed oxygen vacancy site is then recovered by the constant feed of
oxygen/air oxidant used during the oxidation reaction, according to equation 6.3. It should
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be noted that the dissociated oxygen may be supplied from the Pt-surface. Also, as
concluded in Chapter 4, the presence of H-O may facilitate the dissociation of molecular

oxygen.
M-+ + 1% Op > M™ 6.3

It is also possible that the formed surface hydroxyl species can recombine with
other surface hydroxyl species yielding H2O and atomic oxygen on the surface to
replenish the oxygen vacant site of the metal oxide, according to equation 6.4. Water
may affect the number of OH* groups on the surface, resulting in a support-specific role
of water (in addition to the reasons given in Chapter 4). The hydroxylation of the oxide
will thus result in partially reduced oxide support.

OH* + OH* > H,0* + Of 6.4

The adsorbed H20 is then desorbed from the platinum surface, thus regenerating

the active site and closing the catalytic cycle, according to equation 6.5.

S

Metal oxide support

_
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Figure 6.9: Schematic representation of the role of reducible metal oxide support
material on benzyl alcohol oxidation through the formation of oxygen
vacancy site, obeying Mars van Krevelen (MvK) mechanism.

6.4.1. PRODUCT SELECTIVITY

The benzyl alcohol oxidation process yields benzyl aldehyde product primarily.
Benzoic acid is thought to be formed through hydration of the benzyl aldehyde
intermediate followed by further oxidation, consequently forming benzoic acid.'®? A
decrease in the benzyl aldehyde selectivity is thus accompanied by an increase in the
benzoic acid selectivity since the formation of benzoic acid is a consecutive oxidation of
benzyl aldehyde. The inhibition of benzoic acid formation is considered an essential
feature in benzyl alcohol oxidation since benzoic acid is undesirable in the study but a
more thermodynamically favoured product.

The oxidation of benzyl alcohol over the various supported platinum-based
catalysts showed a slight variation in benzyl alcohol conversion levels; however, even
at relatively high benzyl alcohol conversion, high benzaldehyde selectivity is still
obtained for Pt/TiO2, Pt/MoO3; and Pt/y-Al2O3 catalyst. Moreover, in this case, there is
no well-defined correlation between benzyl alcohol conversion and benzaldehyde
selectivity over different metal oxide supports. The direct influence of various oxide
support on product selectivity may be determined by whether the oxide support material
can form oxygen vacancy sites, which may indicate the presence of labile oxygen.
Consequently, the existence of the labile oxygen (derived from the formation of oxygen
vacancy sites) may promote further oxidation of the benzaldehyde intermediate, thus

forming benzoic acid.

6.5. CONCLUSION

The principal purpose of the oxide support material is to disperse and immobilize
the active metal of the catalyst, thereby improving the mechanical and thermal stability of
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the catalyst. However, in liquid-phase oxidation, the oxidic support material does play a
role beyond just dispersing the active metal. Reducibility of the metal oxide support
material has an influence on alcohol oxidation. The activity obtained from irreducible Pt/y-
Al203 may be attributed solely to metallic platinum. On the other hand, the y-Fe20s3 is a
very reducible support material. However, the surface oxygen defects will not regenerate
upon the removal of the hydroxyl group. The obtained activity over Pt/y-Fe2Oz3 is, thus,
similar to the activity obtained over Pt/y-Al2O3 and may be ascribed mainly to the activity

of metallic platinum.

The adsorption of the hydroxyl group on a defect site is in the order:
MoO3<CeO2<TiO2. The obtained TOF for benzyl alcohol oxidation is still maintained in
this order. This may suggest that hydrogen abstraction (dehydrogenation of OH group of
the benzyl alcohol substrate) by the oxygen in the surface of the support is more facile
using TiO2 as support in comparison to CeO2, which in turn is more facile than on MoOs.
In essence, the promotional effect associated with the oxidic support material requires
that the support material abstract hydrogen from the substrate, remove the generated

hydroxyl species in the form of water (reducibility), and regenerate oxygen defect sites.
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Chapter 7:

Investigating the role of bismuth in Pt-based catalyst for
alcohol oxidation

OVERVIEW

Bismuth as a modifier in Pt or Pd catalyst systems has been extensively used in
studies of the selective oxidation of alcohols.'%613! Bj is thought to have a twofold
influence on alcohol oxidation: assisting oxygen supply to Pt, removing the metal hydride
from Pt and chelating effect.!” Platinum may alloy with bismuth, and at low temperature,
stable Bi.Pt and BiPt phases have been reported.?’® Here, nano-sized particles with
the nominal composition Pt-Bi have been synthesized and supported on TiO2 (rutile
phase) with a total metal loading of ca. 1 wt.-%. The ability of Bi to regulate oxidation of
the Pt metal is probed using “semi in-situ” XPS analysis. Furthermore, the nature of the
substrate is investigated by comparing similar alcohols, viz. benzyl alcohol and cyclohexyl
methanol, on the role of bismuth on alcohol oxidation.
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7.1. CHARACTERIZATION OF SYNTHESIZED NANO-SIZED MATERIALS

7.1.1. XRD-ANALYSIS

The platinum-bismuth system was synthesized using the reductive method with
Mo(CO)s as a reducing agent (see Chapter 3). The XRD-pattern of the sample with the
nominal composition Pt-Bi shows the presence of two distinctly different phases, with
sharp diffraction lines at 20 = 27.8°, 33.7°, 47.7°, 48.9°, 60.8°, 70.9°, 81.5° and 90.7° and
broad diffraction lines at 20 = 46.9°, 54.3°, 80.2°, 98.2° and 104.7° (see Figure 7.1).

A pure Bi sample was synthesized using the identical method used to synthesise
the Pt-Bi sample but omitting the addition of platinic acid to the reaction mixture to
elucidate the phase represented by sharp diffraction lines. The XRD pattern of this sample
showed sharp diffraction lines with strong intensity at 20 = 26.4°, 31.7°, 44.4°, 46.4°,
52.2°, 63.3°, 57.5°, 66.4°, 70.5°, 73.7°, 76.6° and 84.5°and a much broader diffraction
line at 20 = 38.9°. Similar diffraction peaks are observed by Ahila et al.,??° for a bismuth
film, which crystallizes in the rhombohedral system. The diffraction lines were indexed as
the diffraction planes (003), (012), (104), (110), (015), (006), (202), (024), (107), (116),
and (018) of the metallic rhombohedral bismuth, respectively. Hence, the sharp diffraction
lines can be attributed to metallic Bi. The lattice parameters for metallic Bi were
determined as a=b =4.505 A, ¢ = 11.794 A with o = = 90° and = 120° (quite close to
the reported lattice parameter of metallic Bi.?2'?2 The broader diffraction lines at 26 =
38.9°could be indexed as «-Bi2O3(121) with the more intense line belonging to a-
Bi203(120) (expected at 20 = 31.7° phase overlapping with the diffraction line belonging
to Bi(012).

The sharp diffraction lines observed in the XRD-diffraction pattern of the
synthesized Pt-Bi sample show similarity to those observed in the XRD-diffraction pattern
of metallic Bi. Thus, the diffraction lines occurring at 26 =27.8°, 33.7°, 47.7°, 48.9°, 60.8°,
65.8°, 70.9°, 81.5° and 90.7° are indexed to diffraction to (hkl) equal (003), (012), (104),
(110), (015), (006), (202), (107) and (116), respectively. The sharp diffraction lines

obtained with the Pt-Bi sample are, however, shifted significantly towards higher values
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of 26 compared to the ones obtained with the pure Bi sample. The lattice parameters for
this triclinic phase were determined as a = b = 4.306 A, ¢ = 10.895 A with « = = 90° and
y = 120°. The contraction in the lattice parameter is probably attributed to the alloying of
the bismuth phase with platinum (the atomic radius of Pt, 175 pm, is smaller than the
atomic radius of Bi, 230 pm, and thus a contraction of the lattice parameter is expected).
The average nano-crystallite size of pure Bi and Pt-Bi samples was determined from the
broadening of the (012) reflection measured from the sharp diffraction line at 26 = 31.7°

and 33.7° of the XRD pattern of the corresponding samples. It was 48.4 nm and 49.8 nm,

respectively.
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Figure 7.1: X-ray diffraction pattern of the synthesized unsupported bismuth, platinum
and Pt-Bi samples.

It can be noted further that the intensity of the diffraction lines in the XRD-pattern
of the alloyed, triclinic Bi-Pt phase differs significantly from that those of the pure Bi-
sample (see Table 7.1). In particular, the lines attributed to (hkl) of (003), (104) and (110)

are more intense upon the addition of platinum. The difference in intensity may result from
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preferential crystal growth??? with diffraction at planes in the growth direction becoming
more intense. Hence, the difference in the relative peak intensity may be a consequence
of a different particle shape

Table 7.1:  Diffraction line positions and their relative intensity for the triclinic bismuth
phase for pure bismuth and platinum-bismuth system.

(hkI) Pure Bi Bi-Pt

207, ° [ 207, ° |
003 26.4 7 27.8 23
012 31.7 100 33.8 100
104 44.4 39 47.8 87
110 46.4 43 49.1 64
015 52.2 10 60.6 13
006 53.3 11 65.8 11
202 57.5 21 70.5 21
024 66.4 14 81.6 13
107 70.5 5 90.5 13
116 73.7 13 101 13
018 76.6 15

! diffraction angle using Co-Ka radiation (A = 1.7891A)

The broad diffraction lines present in the XRD-diffractogram of the sample Pt-Bi
correspond exactly to the diffraction lines of fcc-Pt. The crystallite size of the Pt moiety in
the Pt-Bi sample was determined to be 5.2 nm from the broad diffraction line at 26 = 54.3°
(the (220) reflection plane is used to determine the average crystallite size of the Pt moiety
instead of (111) due to peak overlap, which would result in an inaccurate crystallite size
determination; see Table 7.2).
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Table 7.2: Morphological properties of the different of platinum-based catalyst as
determined by TEM and XRD analysis.

daverage, XRD, M
dptaverage;  TEm,Lattice parameter fcc-Pt,

Sample Pt- Bi- nm

phase phase
Pt 7.2 - 4.2 +0.6 3.919+0.014
Pt-Bi 5.2 498 48118 3.916

7.1.2. TEM-IMAGING

The morphology of materials with the nominal composition Pt and Pt-Bi was
analyzed using a transmission electron microscope (TEM). Table 7.2 summarizes the
morphological properties of the synthesized nanoparticles analyzed using TEM and XRD

techniques.

lllustrated in Figure 7.2 is the bright-field TEM micrographs of Pt exhibited primarily
spherical nano-sized particle shape without any noticeable particle agglomeration. The
average particle size and the variance were determined by fitting the observed particle
size distribution to a log-normal distribution. The obtained average size of the nano-sized

Pt particles with the standard deviations was 4.2 + 0.6 nm.
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Figure 7.2: Bright-field TEM micrograph of Pt sample and the log-normal distribution of
the nanoparticles (N = 200 nanopatrticles).

The TEM analysis of the sample with the nominal composition Pt-Bi showed a
mixture of different shapes of nano-sized materials, viz. nano-sheets and nanoparticles
(see Figure. 7.3). The TEM micrographs of pure bismuth and pure platinum nanomaterials
synthesized similarly as the Pt-Bi sample (see Chapter 3) are included to further
differentiate between bismuth and platinum morphology from the Pt-Bi sample. The pure
bismuth sample shows the presence of nano-sheets material. In contrast, the pure
platinum sample is comprised of nano-sized particles. Clearly, the nano-sheets in the Pt-
Bi sample corresponds to the bismuth-rich phase in the sample. At the same time, the
observed nanoparticles may be attributed to Pt-rich nanoparticles. The average particle
size of the nanoparticles in the Pt-Bi sample was determined to be 4.8 nm £ 1.8 nm
(relatively small sample size was used to determine the average particle size, due to poor
contrast between the nanoparticles and the nano-sheets, which may have affected the
standard deviation to the average particle size). The average size of the nano-sheets
could not be determined using TEM due to the poor definition and overlap of these sheets.
The measured particle size of Pt in the Pt-Bi sample obtained from XRD is consistent with

the average nano-particle size obtained from TEM analysis.
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Figure 7.3: Bright-field TEM micrograph of the sample with the nominal composition of
Pt-Bi (top), bismuth and platinum and the average particle size (histogram),
fitted with percentage probability density function of the average size of the
nanoparticles (curve) attached to the nanosheets (N = 70 nanoparticles).

7.2. CHARACTERIZATION OF SYNTHESIZED NANO-SIZED MATERIALS SUPPORTED ON TIO2

The synthesized nanoparticles with the nominal composition Pt-Bi were re-
dispersed in n-hexane and immobilized on TiO2 (rutile phase; Sigma Aldrich; average
nano-crystallite size ca. 29 nm) via colloidal deposition. The resulting catalyst samples
were dried at 120 °C and calcined at 350 °C under N2 to yield ca. 1 wt.-% of the nano-
sized material on rutile. According to XRD analysis, the deposition of these materials on
TiO2(rutile) did not seem to alter the structure of the support (see Appendix E-7.1).
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7.2.1. ELEMENTAL ANALYSIS

The composition and the active metal loading of the catalyst were verified using
ICP-OES and STEM-EDX analysis (see Appendix E-7.2). The content of the sample
concerning the secondary metal Bi, relative to the platinum and support (TiO2 — rutile
phase) in the samples and textural properties are shown in Table 7.3. The sample with a
nominal composition of Pt-Bi/TiO2 is enriched in Pt (molar ratio of Pt:Bi = 4.1 : 1), which
can be taken as an indication that platinum is preferentially reduced in the synthesis
mixture. Molybdenum, which could have originated from the reducing agent Mo(CO)e
used in the synthesis, was not detected by STEM-EDX in any of the nano-sized particles

synthesized.

Table 7.3: Elemental analysis and textural properties of the different platinum-based
catalyst as determined by /ICP-OES and TEM analysis.

Composition

Bi/(Bi+Pt) dey,
Sample (Wt -%)°
(mol/mol) (nm)’
Pt Bi
PHTIO2 0.78 i 0 4208
Pt-Bi/TiO2  0.96 0.25 0.21 9.1£0.9

7.2.2. MORPHOLOGY

Transmission electron microscopy (TEM) was used to ascertain the morphology
of the nanomaterials supported on TiOx(rutile), their size distribution and the average
particle size in all the samples (see Figure 7.4). The average particle size of the sample
containing only Pt on TiO2(rutile) using TEM was determined to be 4.2 + 0.8 nm, which is
similar to the average size obtained using TEM for the unsupported Pt-nanoparticles (4.6
+ 0.6 nm), implying that the colloidal deposition technique did not alter the particle size

distribution.

% Determined by ICP-OES analysis
7 Average particle size determined using TEM analysis

140



The nanosheets, which were observed in the unsupported material with the
nominal composition Pt-Bi, can also be observed in the TEM-image of the supported
materials (see Figure 7.4). Furthermore, well defined, spherical nanoparticles can be
seen with an average particle size of 9.1 + 0.9 nm. These nanoparticles are significantly
larger than the nanoparticles in the unsupported material, implying that some sintering
may have occurred during the drying and calcination step of the synthesis of these
materials. The nanosheets' average size and size distribution could not be measured from

the TEM images of the unsupported and supported samples.
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Figure 7.4: Bright-field TEM micrographs of materials with the nominal composition Pt
and Pt-Bi supported on TiOx(rutile) and the log-normal distribution of the
nano-sized particles (N = 200 nanopatrticles).

7.3. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) ANALYSIS OF PT-BI/TIO2
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Bismuth as a promoter in Pt-based catalysts is thought to assist the oxygen
transfer to the noble metal Pt, which can be correlated to the oxidation state of the noble
metal and the Bi promoter.'®'*" Hence, the changes in the oxidation state of platinum and
bismuth in the Pt-Bi/TiO2 catalyst sample exposed to oxidative conditions were evaluated.
Specifically, this is intended to investigate the oxidation state of Bi and whether the
presence of Bi impedes oxidation of Pt moiety through the formation of Pt-O species
on/near the surface.

The sample was analyzed using “semi in-situ” conditions, i.e. the sample was
exposed to oxygen for oxidation treatment in the pre-treatment chamber of the XPS
spectrometer at 350°C before being transferred to the measurement chamber under
vacuum without any exposure to the ambient atmosphere. Thus, the Pt-Bi/TiO2 sample
was treated using “semi in-situ” conditions under oxidative conditions at 350 °C, and the
structural changes of the catalyst, especially in terms of the oxidation states of platinum
and bismuth was monitored. Before oxidation treatment of the sample, a survey and
characteristic region (Ti, O, Pt and Bi regions) scans were obtained. The Ti 2p and O 1s
were used as references (see Appendix E-7.3).

Before the oxidation of the sample, the Pt 4f region shows two peaks (see Figure
7.5). Each peak can be deconvoluted into two peaks indicating the presence of two types
of Pt species. Therefore, the XPS curve was fitted with four peaks centred at 71.2 eV,
72.5eV,74.2 eV and 76.1 eV. The first doublet (71.2 and 74.2 eV) has a spin-orbital split
energy difference of 3.00 eV, which is characteristic of metallic platinum (Pt°).?%> The
presence of a second doublet at slightly higher energy indicate the presence of platinum
in a higher valence state, e.g. PtOx. The relative amount of Pt° to Pt3* before oxidation is
47:53.
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Figure 7.5: XPS spectra of the sample with the nominal composition Pt-Bi supported on
TiO2(rutile) in the Pt 4f region before (left) and after oxidation at 350 °C

(right).

After the treatment under oxidative conditions at 350°C, the Pt 4f region of the
spectrum for the sample is again described by two Gaussian doublets, one located at
71.2 eV (Pt 4f7) and 74.2 eV (Pt 4fsp), characteristic for metallic Pt6%223 and another
strong doublet at 72.5 and 76.1 eV which can be assigned to Pt%* species.??® The relative
ratio of Pt° to Pt** was determined from the Pt 4f doublets determined to be 49:51. There
is thus no significant difference in the relative ratio of Pt° to Pt®before and post the
oxidation treatment. This indicates that semi in-sifu oxidation treatment has had a
negligible influence on the valance status of Pt component in the sample with the nominal

composition Pt-Bi supported on TiOz(rutile).

The most intense absorption peaks for bismuth are identified by the Bi 4f peak
typically occurring in the range 156-175 eV. The XPS spectrum of the sample before
oxidation treatment shows a doublet in this region at 156.9 eV and 162.3 eV. The spin-
orbital spitting for Bi in this sample was determined to be 5.4 eV, which indicates the
presence of Bi® species.??3 After exposing this material to oxidative conditions at 350 °C,
the Bi 4f binding energy shifted to higher binding energies. Each peak could be convoluted
with two Gaussian peaks (see Figure 7.6). Therefore, the Bi 4f part of the XPS spectrum
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post oxidation treatment was fitted with four peaks centred at 156.9 eV, 157.8 eV, 162.3
eV and 166.8 eV. The peaks at 156.9 eV and 162.3 eV represent Bi® 4f7, and 4fs,
respectively,??*, while the fitted peaks at 157.8 eV and 166.8 eV indicate Bi?* 4f7, and

4fs, existence in the sample.??3

Pre-oxidation . Post-oxidation Bi 4f,;,
Bi 4f;,
Bi 4f;), Bi 4f;,
4
= y
170 166 162 158 154 170 166 162 158 154
Binding energy, eV Binding energy, eV

Figure 7.6: Bismuth 4f XPS spectra of 1 wt-% Pt-Bi/TiO2 catalyst pre- and post-
oxidation treatment at 350 °C.

Based on the Pt%/Pt?* peak ratio prior and post oxidation treatment of the sample,
it is evident that oxidation treatment of the sample does not affect the Pt coordination
significantly. The oxidation treatment of the sample resulted in the formation of ionic Bi
species, likely bismuth oxide (Bi?* or BiO), which was not observed before oxidation
treatment. This suggests that the new observed peaks post oxidation is due to bismuth
oxide species. Thus, the semi in-situ XPS analysis of the Pt-Bi/TiO2 sample may indicate
that some bismuth in this sample oxidizes. In contrast, platinum does not oxidize

significantly under these conditions.

7.4. SELECTIVE OXIDATION OF ALCOHOLS OVER SYNTHESIZED NANOPARTICLES
SUPPORTED ON T102 RUTILE

The influence of the presence of bismuth in a Pt-catalyst on the catalytic

performance was evaluated in the aerobic oxidation of aromatic (benzyl alcohol) and non-
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aromatic alcohol, cyclohexyl methanol. Pt/TiOx(rutile) catalyst is used as a basis for
comparison. Blank experiments were conducted, and no significant alcohol conversion

was observed in the absence of a catalyst.

7.4.1. SELECTIVE OXIDATION OF BENZYL ALCOHOL: EFFECT OF THE CATALYST COMPOSITION

The effect of bismuth added to platinum on the activity and selectivity in the liquid-
phase benzyl alcohol oxidation was probed in a semi-batch reactor operating at 90 °C, 5
bar using air (flow rate of 100 mL./min(NTP)). A total of 0.5g of the catalyst was added to
the reaction mixture in the autoclave reactor (total volume of the liquid phase of 70 mL).
The liquid phase consisted initially of 2.33 mol H20, 0.0574 mol m-xylene and 0.202 mol
benzyl alcohol. This results in a biphasic liquid system with an organic phase and an
aqueous. The reaction was allowed to run for 5 hours. Time zero is marked as the time
the oxidant (air) is passed through the reaction mixture.

Figure 7.7 illustrates benzyl alcohol conversion of both Pt/TiO2(rutile) and Pt-
Bi/TiOo(rutile) catalyst as a function of time on stream. Table 7.4 summarizes the catalytic
performance of Pt-Bi/TiO2 in comparison to Pt/TiOz(rutile). The material containing
platinum and bismuth with a composition of Pt-Bi supported on TiO2(rutile) results in
excellent catalytic activity with a conversion of 23% compared to 7% of the monometallic
catalyst, Pt/TiO2(rutile), after a reaction time of 5 hours. It can, however, be noted that the
rate of reaction slowed down after a reaction time of ca. 2 hours, which may be caused
by catalyst deactivation. A similar deactivation of the Pt-Bi system with reaction time was
reported by Karski and Witonska'?® for the oxidation of glucose using bismuth as a
promoter, which was ascribed to the deposition of carbonaceous product on the active
metal surface of the catalyst. The obtained initial platinum time yield (PTY) in the benzyl
alcohol oxidation over Pt-Bi/TiO2 was 736.2 + 24.9 hr! after 2 hours on stream. However,
the rate of benzyl alcohol conversion decreased after 2 hours on stream. An integral PTY
of 505.6 + 53.0 hr'' was determined after 5 hours on stream. The corresponding platinum
time yield, PTY, in the benzyl alcohol oxidation over Pt/TiOy(rutile) was 148.8 + 3.7 hr'').
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Figure 7.7: Benzyl alcohol oxidation for the first 5 hours of the reaction over
Pt/TiO2(rutile) and Pt-Bi/TiO2(rutile) at 90 °C. Reaction conditions: 0.202
mol of benzyl alcohol in 2.33 mol of H2O and 0.0574 mol of xylene, as
solvent mixture, 0.5 g catalyst, Pt = 5 bar, Viqua = 70 mL, Vair = 100

mLn/min.

The benzyl alcohol conversion over Pt/TiOx(rutile) was also performed at 120 °C
for a reaction time of 5 hours. A conversion of 12% after 5 hours on stream (see Figure
7.8) was achieved, and the corresponding platinum-time yield was 247.7 + 4.5 hr'. This

corresponds to an activation energy of 20.1 kd/mol.

An enhanced benzyl alcohol conversion of ca. 28 % is obtained over Pt-
Bi/TiO2(rutile). The conversion-time plot does not seem to indicate any deactivation. A
platinum-time yield of 544.3 + 12.5 hr' was determined. The reaction rate obtained over
Pt-Bi/TiO2 catalyst at 120 °C is almost 2.2 times that obtained over Pt/TiO2(rutile). Again,
the promotional effects associated with the presence of Bi in the catalyst on the rate of
the benzyl alcohol oxidation is evident, even at 120 °C. It should be noted that the
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platinum-time yield hardly increases upon increasing temperature indicating a rather
small activation energy for this reaction under the tested conditions.
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Figure 7.8: The effect of bismuth on benzyl alcohol oxidation reaction over
Pt/TiO2(rutile) and Pt-Bi/TiOz(rutile) at 120 °C. Reaction conditions: 0.202
mol of benzyl alcohol in 2.33 mol of H20 and 0.0574 mol of xylene, as
solvent mixture, 0.5 g catalyst, Pt = 5 bar, Viqua = 70 mL, Vair = 100
mLn/min(NTP).

The selectivity for the formation of benzaldehyde was obtained over both catalysts,
P1/TiO2 and Pt-Bi/TiO2, at various reaction conditions (i.e., at a reaction temperature of 90
°C and 120 °C) was larger than 99%.
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7.4.2. OXIDATION OF CYCLOHEXYL METHANOL

It has also been proposed that one of the promotional effects associated with the
presence of Bi on alcohol oxidation proceeds through a phenomenon called chelating
effect,’” which involves bond interaction between the alcohol substrate with Bi moiety (as
a Pt-Bi alloy, Bi-metal or oxide) in the catalyst. Robinson et al.??® showed that flat-lying
conformation of benzyl alkoxide is probable over Pt(111) surface. Similar, the adsorption
configuration of benzyl alcohol over polycrystalline Pt is also reported by Akinola et al.?2¢
This may suggest that the electronic conjugation of the aromatic alcohol substrate, benzyl
alcohol, induces © bonding between the substrate and the metal surface. However,
Tereshchuk et al.,??” and Freire et al.,??® also showed that ethanol adsorbs through the
oxygen atom over Pt(111) surface. This then suggests that there are at least two
adsorption conformations of benzyl alcohol over Pt-based catalyst possible. On the one
hand, even though Bi has a strong affinity for oxygen compared to Pt, the adsorption of
the alcohol substrate through the OH functional group over the Bi may result in an
unstable bismuth hydroxide species. Frostemark et al.,??° showed that BiOH?* and
Bi-OH?%* complexes have low stability constants of $11[BiOH?*] = (5.6 £ 0.1)x 10~3 mol kg~
1, B21[Bi2OH%"] = (3.37 £ 0.02)x 1072 derived from potentiometry, respectively. Therefore,
it can be argued that the adsorption of benzyl alcohol over Pt-Bi/TiO2 catalyst is such that

the substrate is adsorbed through the oxygen atom on Pt while the benzyl ring interacts
with Bi in Pt-Bi/TiO».

The promotional effects associated with the presence of Bi may then involve a
preferential adsorption geometry of the substrate on the catalyst surface. It is postulated
that the aromaticity of the alcohol substrate may assist the overall oxidation process
through its interaction with the Bi species of the catalyst. The resultant effect of this
coordination would intuitively be ¢ donation and © backdonation between the substrate
and metal surface. The ¢ donation is mandatory for the binding of the substrate onto the
metal. While the n bonding (which is associated with the d-orbitals of the substrate)
between the substrate and the metal suggests a firm binding of the substrate. This may,
then, enhance the reaction efficiency compared to the non-aromatic substrate. Therefore,

to probe this promotional role of Bi, the oxidation of cyclohexyl methanol is compared with
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the oxidation of benzyl alcohol. The performance over Pt/TiO2 catalyst is used as a basis

for comparison.

Cyclohexyl methanol as a substrate resulted in rather low conversions (<0.2 %) at
90 °C over both catalysts, Pt/TiO> and Pt-Bi/TiO2. Hence, the catalytic performance
obtained in the cyclohexyl methanol oxidation at 120 °C is reported here. The obtained
cyclohexyl methanol conversion obtained after a reaction time of 4 hours at 120 °C over
Pt/TiO2(rutile) and Pt-Bi/TiOo(rutile) was ca. 7.3 % and 7.4 % (see Figure 7.9)
corresponding to a platinum-time-yield of 183.6 + 22.6 hr' and 148.9 + 11.9 hr',
respectively. Thus, there is no major difference in the activity for the oxidation of
cyclohexyl methanol between both catalysts, despite the presence of bismuth. The
morphological difference between the two catalysts may have led fortuitously to a similar
platinum-time-yield. The platinum-time yield over Pt-Bi/TiO2(rutile) was expected to be
lower than the conversion over Pt/TiOz(rutile) if the reaction is not affected by Bi in the
sample. The average particle size of platinum nanoparticles in Pt-Bi/TiOz(rutile) (9.1 £ 0.9
nm) is almost twice the average particle size of platinum nanoparticles in Pt/TiOx(rutile)
(4.2 £ 0.8 nm). Hence, the surface area of the platinum nanoparticles in the Pt-
Bi/TiO2(rutile) sample should only be half of the surface area of the platinum nanoparticles
in Pt/TiO2(rutile) if all platinum in Pt-Bi/TiO2(rutile) is only present in platinum
nanoparticles. However, some platinum in Pt-Bi/TiO2(rutile) is also present in the Pt-Bi
alloy. Hence, the number of surface platinum atoms on the small platinum particles in Pt-
Bi/TiOo(rutile) is less than half the surface area of the platinum nanoparticles in
Pt/TiO2(rutile). Hence, it is concluded that bismuth also improves the activity in the

oxidation of cyclohexyl methanol.
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Figure 7.9: The effect of bismuth on the oxidation of cyclohexyl methanol over
Pt/TiO2(rutile) and Pt-Bi/TiO2(rutile) at 120 °C. Reaction conditions: 0.202
mol of cyclohexyl methanol in 2.33 mol of H.O and 0.0574 mol of xylene,
as solvent mixture, 0.5 g catalyst, Pita) = 5 bar, Viiquia = 74 mL, Vair = 100
mLn/min(NTP).

Figure 7.10 illustrates the selectivity for the formation of cyclohexane
carboxaldehyde in the oxidation of cyclohexyl methanol as a function of conversion. The
selectivity for the aldehyde is initially high but decreased considerably for reaction times
longer than 2 hours for both catalysts employed. The obtained selectivity for cyclohexane
carboxaldehyde was 72 % and 78 %, over PUTiOz(rutile) and Pt-Bi/TiO2(rutile),
respectively, after a reaction time of 4 hours at the comparable conversion of cyclohexyl
methanol. This may suggest that the presence of bismuth does not influence product

selectivity greatly.
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Figure 7.10: Selectivity for the formation of cyclohexane carboxaldehyde in the
oxidation of cyclohexyl methanol as a function of conversion over
Pt/ TiO2(rutile) and Pt-Bi/TiO2(rutile) catalyst in a batch reactor with 0.5 g
of the catalysts at T = 120°C, Viiquid = 70 mL consisting of Ncyciohexyl methanoal,
initial = 0.212 MoOl; Nyyiene, initial = 0.0574 MoOl, NH20, initial = 2.33 MOl Piotal = 5
bar, Viiquid = 74 mL, Vair = 100 mLn/min.

The decrease in the selectivity towards cyclohexane carboxaldehyde is
accompanied by an increase in the selectivity towards cyclohexane carboxylic acid. This
suggests a consecutive reaction where a secondary oxidation reaction utilizes the
cyclohexane carboxaldehyde intermediate. Thus, cyclohexane carboxylic acid is formed

from the cyclohexane carboxaldehyde intermediate.
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7.5. DISCUSSION

There are various roles of bismuth in alcohol oxidation that have been
discussed'7:106.124.134 " and there is still ongoing research to understand the promotional
effects of Bi as an additive in selective oxidations. Here, bismuth is thought to have dual
functionality in alcohol oxidation that ultimately enhances the catalytic activity: Assisting
dissociation of oxygen, thus increasing atomic oxygen availability and promoter-substrate

interaction mechanism.

7.5.1. THE PROMOTIONAL EFFECT ASSOCIATED WITH BISMUTH: EFFECT OF SUBSTRATE

The platinum-time yield in the benzyl alcohol over Pt/TiO; (247.7 + 4.5 hr') is
slightly higher (35 + 21%) than the platinum-time yield in the cyclohexyl methanol
oxidation (183.6 + 22.6 hr'; see Table 7.5). This may suggest that the oxidation
mechanism between benzyl alcohol and cyclohexyl methanol over Pt/TiOx(rutile) does
not differ very much. Therefore, it is possible that both alcohol substrates are adsorbed
on Pt active site through the lone pairs of the oxygen atoms of the alcohol group?®° rather
than the aromatic ring of the alcohol. Some effects may be induced by the presence of
the aromatic ring through electronic interaction. The adsorption of the aromatic alcohol
on platinum may be stronger than the adsorption of aliphatic alcohol due to the possible
electron conjugation induced by the aromaticity of the substrate. This may affect the

overall reactivity.

Table 7.5: Summary of the catalyst performance over bimetallic platinum-based
catalyst for selective oxidation of benzyl alcohol (after a reaction time of 5
hours) and cyclohexyl methanol (after a reaction time of 4 hours) at 120°C.

Platinum-time- Platinum-time- Aldehyde selectivity
Catalyst ield ield
samples  Y'©%8A yleldcyclomeoH, Benzyl Cyclohexane
hr') (hr'™)
( aldehyde Carboxaldehyde
Pt/TiO2 247.7+45 183.6 £ 22.6 >99 72
Pt-Bi/TiO2 544.3+£12.5 148.9 £11.9 >99 78
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The enhancement of the catalytic activity observed for cyclohexyl methanol
oxidation over Pt-Bi/TiO> catalyst is not as prominent as that obtained for benzyl alcohol
oxidation (although it has been argued that the observed activity for the oxidation of
cyclohexyl methanol over Pt-Bi/TiO2 is higher than expected). This difference in the
influence of bismuth on catalytic activity in the cyclohexyl methanol oxidation and in the
benzyl alcohol oxidation may arise from the difference in the electronic difference of the
substrate-induced by the aromatic nature of the alcohol substrate. Aliphatic alcohols are
typically oxidized with greater difficulty than aromatic alcohols.?*! This may be due to the
induced interaction between the aromatic alcohol substrate and, e.g. bismuth in the
catalyst. The interaction between the aromatic ring of the alcohol substrate and the active
metal may weaken the O-H bond of the alcohol substrate, possibly through electron back-
donation. On the other hand, besides the aliphatic nature of cyclohexyl methanol
substrate, the steric hindrance posed by the sp® hybridized carbon may limit the
interaction between the active metal (Pt and/or Bi), limiting interaction between the benzyl
ring of the cyclohexyl methanol and surface metal.

The electron conjugation of benzyl alcohol substrate may, therefore, induce
interaction with Bi species, thus influencing the bond strength of the O-H bond of the
alcohol substrate allowing for facile dehydrogenation step of the oxidation of the benzyl
alcohol substrate. Cyclohexyl methanol is an aliphatic substrate. As such, the interaction
between Bi and cyclohexyl methanol ring is limited. Moreover, the hydrogen atoms from
the sp® hybridized carbon atoms may pose a steric hindrance, further limiting the
interaction between the Bi and the cyclohexyl methanol substrate, as demonstrated in
Figure 7.10.
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Figure 7.10: Contrasting interaction between bismuth and benzyl alcohol or cyclohexyl
methanol substrate over Pt-Bi/TiOx(rutile), highlighting the possible
interaction between PtBi alloy and/or Bi species with the 6-membered ring
of the alcohol substrate, while the adsorbing on Pt species through the

oxygen atom.

7.5.2. ASSISTING ATOMIC OXYGEN SUPPLY TO THE PLATINUM SURFACE

The semi in-situ oxidation XPS analysis of the sample revealed that the Pt 4f
spectrum remains unchanged post oxidation treatment at 350 °C, while some bismuth is
oxidized. Zhou et al.,'** also showed that at 75 °C Bi in Pt-Bi/CNT (CNT= carbon
nanotubes) is oxidized while Pt remains in its reduced state during the electrochemical
oxidation of benzyl alcohol.

One of the postulated roles of Bi in selective oxidation is regulation of the oxygen
supply to the active sites avoiding rapid re-oxidation of Pt (or Pd) which strongly influences
the catalytic activity.'”64.124.125.134 Under oxidative conditions, due to its higher affinity for
oxygen, bismuth may become oxidized. This proceeds through the dissociation of
molecular oxygen over the Bi species. The formed atomic oxygen is thought to spillover
to the metal hydride sites (on Pt surface) to form surface OH species on Pt. It is also
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possible that the atomic oxygen spilled over to Pt surface may directly interact with the
alcohol substrate, facilitating the dehydrogenation step, thus forming surface OH and
alkoxide species on Pt surface. As the reaction proceeds to aldehyde product formation,
the a-carbon is dehydrogenated and reacts with the adsorbed OH species and desorbs
as an aldehyde; H20 can desorb from the Bi-site. Bi is then thought to assist the oxidation
of the alcohol adsorbed on the platinum site as illustrated in Scheme 7.1.
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Scheme 7.1: Assisting atomic oxygen supply by bismuth in Pt-based catalyst.

7.6. CONCLUSION

Pt-Bi/TiO2 catalyst (as a mix of Pt nanoparticles and Pt-Bi alloy with some
amorphous Bi-oxide) showed superior performance in the benzyl alcohol oxidation
compared to the performance over Pt/TiO.. The promotional role associated with the
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presence of Bi is thought to proceed in two mechanisms, i.e. Bi is thought to assist in
molecular oxygen activation and the removal of the metal hydride from the Pt surface and
Bi interaction with the alcohol substrate. For the first mechanism, semi in-situ XPS
analysis suggests that platinum is not easily oxidized. In contrast, bismuth in the sample
can be oxidized in Pt-Bi/TiO..

The presence of surface oxygen may be involved in the hydride abstractions in
benzyl alcohol oxidation. It is thought that the removal of surface hydroxyl groups on
bismuth is very facile, which may exist as bismuth hydrate. This would thus yield a facile
regeneration of the active site on bismuth through the formation of H20.

The presence of bismuth showed a significant enhancement in the platinum-time
yield in the benzyl alcohol conversion. The platinum-time yield in the cyclohexyl methanol
oxidation remained constant (or even showed even a small decrease). It is, however,
argued that the intrinsic activity of surface platinum in Pt-Bi/TiO2 for the cyclohexyl
methanol oxidation is higher than in Pt/TiO2 considering the average particle size of
platinum in Pt-Bi/TiO2 (9.1 £ 0.9 nm) Pt/TiO2 (4.2 £ 0.8 nm) in conjunction with a part of
the platinum being associated with the bismuth phase. Hence, it is concluded that there
is a promotional effect associated with the addition of Bi for cyclohexyl methanol oxidation
as well, although not as prominent as for the benzyl alcohol oxidation. It is proposed that
the additional promotional effect observed for Bi in the benzyl alcohol oxidation involves
the interaction between Bi and the aromatic ring.
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CHAPTER 8:

General discussion

Selective oxidation of alcohol is a non-trivial chemical transformation. An ideal
environmental benign oxidation process should involve a highly active and selective
heterogeneous catalyst that can drive the oxidation process at low pressures and in the
absence of organic solvent. Typically, selective oxidation of alcohols involves the scission
of two bonds: an O—H bond and the substrate's C—H bond.88 The former yields an alkoxyl
species on the surface of the catalyst. The resulting alkoxy species further undergoes C-
H bond cleavage through B-H abstraction to form an aldehyde product/intermediate. The
C-H bond cleavage step has been reported to be the rate-determining step over Pd, Au
and Pt-based catalysts.?882232-235 Ag such, achieving a highly active and selective
oxidation process of alcohols involves a system that has a low activation barrier of,
specifically, C-H bond cleavage. Therefore, the results obtained in this study looking at
the role of water in alcohol oxidation reactions, in conjunction with the role of the support
and modifiers, yield insight into the effect of these parameters on the overall reaction, and
thus ultimately on how these parameters affect O-H and C-H bond cleavage during benzyl
alcohol oxidation.

8.1. ACTIVATION OF MOLECULAR OXYGEN

The dissociative adsorption of molecular oxygen on the catalytically active metal
yielding atomic oxygen on the surface has been suggested as the initial step in alcohol
oxidations.®? Qijifinni et al.>*¢ indicated that a bulk gold surface pre-covered with atomic
oxygen is highly active and selective for the partial oxidation of alcohol to aldehydes,
suggesting the availability of active oxidation species such as atomic oxygen is important
for alcohol oxidation. The activation of O over platinum has been well studied*3%2%: the
dissociative adsorption of molecular oxygen over a platinum surface is thought to proceed

via a two-step process:3435177

Adsorption of molecular oxygen: O2+* -2 02" 8.1
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Dissociation of molecularly adsorbed oxygen: O2* +* -> 20* 8.2

The overall catalytic performance in alcohol oxidation may be improved by
promoting the adsorption and dissociation of oxygen on the surface of the catalytically

active material.

H20 is known to play a crucial role in a range of reactions involving molecular
oxygen, such as CO oxidation, olefin epoxidation and alcohol oxidation reactions.>3” The
main role of H20 is thought to assist in adsorption and activation of O, thereby
accelerating the reaction.32237.238 DFT calculations presented here showed that the co-
adsorption of H20 with Oz strengthens the adsorption of molecular oxygen on Pt(111)
(see Chapter 4). Shang and Liu?® also reported a strengthening of the adsorption of
molecular Oz in the presence of H2O (in this case, on edge sites of Au nanoparticles with
an average particle size of ~4 nm), indicating that this phenomenon is not limited to just
platinum. The increased strength of adsorption of molecular oxygen upon co-adsorbing
H20 implies that the surface coverage with molecular oxygen will increase upon co-
adsorbing H20. Here, we further established that the activation barrier for O2 dissociation
over Pt(111) surface is significantly reduced from 0.41 eV (ca. 40 kd/mol) to 0.18 eV upon
co-adsorption with H20. A higher surface coverage with molecular oxygen in conjunction
with lower activation energy for the dissociation of molecular oxygen may resultin a higher
rate of formation of atomic oxygen on the surface. This may increase the rate of alcohol

oxidation if atomic oxygen is involved in the rate-determining step.

Besides the co-adsorption/addition of H20, O activation may also be enhanced
by adding promoters. The addition of a promoter such as Bi is postulated to promote O2
activation by forming bismuth oxide.'#23% Bismuth may thus act as a co-catalyst?°
assisting the activation of molecular through the formation of bismuth oxide during alcohol
oxidation. Semi in-situ XPS analysis (see Chapter 7) suggested that the Bi moiety of the
catalyst is more readily oxidized than platinum in Pt-Bi/TiO2 catalyst. This is ascribed to a
relatively strong oxygen affinity of Bi in comparison to Pt.2%°. This may at least partly
contribute to the observed enhanced activity for the benzyl alcohol oxidation over Pt-
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Bi/TiO2 (PTY of 505.6 + 53 hr') in comparison to the activity over Pt/TiO2 (PTY of 148.8
+ 3.7 hr') at 90 °C.

Conversely, weakening oxygen adsorption via alloying may retard benzyl alcohol
oxidation. The calculated platinum-time yield (PTY) for benzyl alcohol oxidation over
PtsNi/TiO2 was determined to be 20.9 £ 0.9 hr™" i.e., ca. 7 times slower than over Pt/TiO>
at 90 °C (see Chapter 5). The reduced rate of reaction in the aerobic oxidation of benzyl
alcohol over Pt3Ni/TiO2 catalyst might be linked to the reduction in the surface coverage
of the kinetically important oxygen-containing species. Alloying platinum with nickel
results in forming a Pt-skin alloy, thus altering the adsorption properties of Pt. The d-band
centre of the surface Pt-atoms in the Pt-skin PtsNi (111) alloy is shifted downwards by up
to 0.36 eV relative to the d-band position of surface atoms on Pt (111).13%188 The
downshift of the d-band centre will weaken the adsorption molecular oxygen189 and the
adsorption of atomic oxygen.'® Furthermore, the activation energy barrier associated
with the dissociation of O2 over Pt-skin Pt3Ni(111) has been reported to be higher
(0.83 eV) than over Pt(111) (0.63 eV).'® Hence, the dissociation of molecularly adsorbed
O:2 in the absence of co-adsorbed water is more facile over Pt(111) than over Pt-skin
Pt3Ni(111) alloy surface. Hence, it is expected that weakening the oxygen adsorption
through alloying will reduce the fraction of atomic oxygen on the surface, thus reducing

the overall catalytic activity.

8.2.  SURFACE OXYGEN ASSISTED ALCOHOL ACTIVATION

Atomic oxygen on the catalyst surface facilitates the activation of the adsorbed
alcohol substrate?*’ during oxidation reaction by forming surface alkoxyl and hydroxyl
species possibly through the interaction of the adsorbed alcohol with atomic oxygen on
the surface:?887

Alcohol + * &> Alcohol* 8.3

Alcohol* + O* - Alkoxyl* + OH* 8.4
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The formation of the atomic oxygen on the surface of platinum (equation 8.1 and
8.2) and the elementary step described in equation 8.3 are thought to be the main reaction
channel for catalytic activity observed in the absence of water (TOF of 26.7 + 6 hr' for
benzyl alcohol oxidation over Pt/TiO2(P25)) in a solvent-free, liquid system, TOF of 20.0
+ 2 hr' in a liquid system with n-heptane and TOF of 23.1 £ 6 hr' in a liquid system with

m-xylene as a solvent.
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77, sumein 7, 7, s 7,

Figure 8.1: Reaction between adsorbed benzyl alcohol and adsorbed atomic oxygen

on a Pt-based catalyst.

Liu et al.®? suggested using DFT that the oxide support material (ZnO) may also
be involved in the dissociation of the alcohol substrate to form an alkoxyl species on the
surface of the catalyst (Pt/ZnO). Their DFT studies suggested that on an atomic oxygen
pre-adsorbed Pt surface, benzyl alcohol substrate is adsorbed on the ZnO surface,
forming benzyl alkoxide on the support surface and hydroxyl species on the Pt surface.
Here, it is shown experimentally that the support plays an important role in the benzyl
alcohol oxidation; at comparable reaction conditions, the catalytic performance of Pt/TiO>
(reducible metal oxide support) is better (TOF = 26.7 + 6 hr') than the catalytic
performance with Pt/y-Al,O3 (irreducible metal oxide support; TOF = 9 + 4 hr') in a
solvent-free benzyl alcohol oxidation. This suggests that, indeed, oxidic support material
plays a role beyond just metal dispersion. Reducible metal oxide support materials (such
as TiO2, CeO2 and Fe304) are characterized by their tendency to lose lattice oxygen
(forming an oxygen vacancy), thus changing the surface composition of the support, from
M**QY to M*-M*Qy-", specifically during oxidation reactions.'” While irreducible metal oxide
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(such as AloO3 and SiO-) do not readily lose oxygen due to the intrinsic resistance of the
corresponding metal cations to change oxidation state."

The identification and characterization of these oxygen vacancies on the oxide
surface are not trivial. However, the observed significant difference in TOF for benzyl
alcohol oxidation between the Pt/TiO2 and Pt/y-Al2O3 catalysts (in a solvent-free system
— 100 mol-% benzyl alcohol) is thought to be due to the difference in reducibility of the
metal oxide support material employed. It is thought that the availability of the lattice
oxygen of the reducible support is directly involved in the O-H bond cleavage (activation)
of the alcohol substrate. It is proposed that over a reducible metal oxide support, the
lattice oxygen of the support material facilitates the OH bond cleavage of the alcohol
substrate adsorbed on Pt moiety of the catalyst. Consequently, in this study, it is thought
that the alkoxyl species is formed on the Pt surface while the hydroxyl is formed on the
surface of the support material, as shown in Figure 8.2. The main division of opinion with
Liu et al. 82 is that in the current study, it is thought that the alcohol substrate is coordinated
to Pt moiety while interacting with the surface lattice oxygen of the reducible metal oxide
support through the hydrogen atom of the OH functional group of the substrate. Liu et
al.,®2 argue that the (ZnO) support acts as a site for benzyl alcohol adsorption. Pt
facilitates the adsorption and activation of Oz, which reacts with the adsorbed benzyl
alcohol. It should be noted that in the current study, the experiments were conducted in
the presence of H20 solvent. Therefore, considering the pKa value of benzyl alcohol of
ca. 15.5 which is similar to that of methanol (pKa=15.424?) and that benzyl alcohol is a
weaker acid than H2O with a pKa value of 14.0%43, suggests that the reaction in equation
8.6 is more facile than equation 8.5.

—Sup-0-Sup— + ROH & —Sup-OH + RO-Sup— 8.5

—Sup-0*-Sup—+ H20 = —Sup-*OH + HO-Sup— 8.6

As the reaction proceeds, the surface hydroxyl species assist O-H bond cleavage
by interacting with the hydrogen atom of the OH group of the substrate through hydrogen
bonding, thus forming H20. The formed H20 on the surface of the support desorbs,
creating oxygen vacancy sites on the surface of the support. Mazumder et al.,?*
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suggested that the adsorption of benzyl alcohol onto CeO2> moiety (reducible metal oxide
material) of MnOx-CeO: catalyst involves the coordination of the substrate to the oxygen
vacancy site of CeO2 while the hydrogen atom of the OH group of benzyl alcohol is
interaction with the surface lattice Ce atom, thus yielding cerium hydride. The formation
of cerium hydride is also reported by Abad et al.’® The metal hydride is suggested to
undergo hydrolysis and desorbs as an H20O co-product.?** This suggests that not only the
formation of surface hydroxyl species on the support material is crucial for O-H bond
cleavage, but also the resulting oxygen vacancy sites are directly involved in benzyl
alcohol oxidation.

-
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Figure 8.2: Dissociation of benzyl alcohol assisted by surface oxygen of the support

material to form surface benzyl alkoxyl and hydroxyl species.

The mechanism proposed in Figure 8.2 can be extended to rationalize the
promotional effect associated with the formation of bismuth oxide in Pt-Bi/TiO2. Bismuth
oxide (serving as a new site in addition to Pt and reducible TiO> support) may facilitate
O-H bond cleavage of the alcohol substrate through coordination of the OH with bismuth
oxide via BixOy:--HO(benzyl) interaction. This may yield benzyl alkoxyl and hydroxyl
species on the surface of Pt and bismuth, respectively. This may be one of the reasons
for the observed increase in the activity of Pt-Bi/TiO2 (rutile phase) for the benzyl alcohol

oxidation compared to the activity over Pt/TiOz (rutile phase).

8.3. SURFACE HYDROXYL ASSISTED ALCOHOL ACTIVATION
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O-H bond cleavage of the alcohol substrate, through hydrogen transfer to atomic
oxygen, was described as one of the crucial steps for benzyl alcohol activation during
benzyl alcohol oxidation.?3® However, O-H bond cleavage may not only be limited to the
transfer of hydrogen to atomic oxygen. The hydrogen transfer may also involve a surface
hydroxyl species resulting in the formation of the corresponding alkoxide species and
adsorbed water. Zope et al.?® showed that the surface hydroxyls facilitate the OH bond
cleavage in ethanol over Au(111) and Pt(111) surfaces, forming ethoxyl species. Mullen
et al.?* also stated that the presence of hydroxyls promotes partial oxidation of allylic

alcohol to their corresponding aldehydes with very high aldehyde selectivity.

It was shown here that the turnover (TOF) for benzyl alcohol oxidation over
Pt/TiO2(P25) is significantly improved upon the addition of H2O as a solvent from 26.7 +
6.0 hr' obtained from a solvent-free liquid system to 677.4 + 23 hr' (see Chapter 4). DFT
calculations were conducted in this study to provide molecular insight into the precise role
of H20 in O2 activation over Pt(111) surface, as well as to ultimately elucidate the
observed promotional effect of H20 in benzyl alcohol oxidation. It is highlighted, here, that
the promotional effects associated with the presence of H2O are not only limited to
promoting O> activation by lowering the activation barrier of O2 dissociation and
adsorption energy of O over Pt(111) surface, but H2O also facilitates O. activation
through the formation of OH species on the surface of active metal, platinum. Chibani et
al.88 also reported that co-adsorption of H2O with O2 over Pt(111) yields surface OH

species.

Surface OH species (derived from the dissociation of O in the presence of H20)
may interact with the hydrogen atom of the OH group of the alcohol substrate. This, then,
resulted in the formation of metal benzyl alkoxide species and adsorbed water. The
enhancement in TOF for benzyl alcohol oxidation when performing the reaction in H20
solvent may thus also be ascribed to the increased coverage of the surface with OH
species formed from the activation of Oz assisted by H2O a solvent. It should be noted
that the reactivity of benzyl alcohol substrate with surface oxygen (discussed in section

8.2) or hydroxyl species may operate in parallel during oxidation reactions.
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Figure 8.3: Dissociation of benzyl alcohol over surface hydroxyl species adsorbed Pt-

based catalyst to form surface benzyl alkoxide and metal hydroxide species.

The importance of surface hydroxyl species was also shown by substituting
molecular oxygen with H2O> as the oxidant (which dissociates upon adsorption on
platinum into two surface OH species?*®) in the benzyl alcohol oxidation over
Pt/TiO2(rutile) and PtsNi/TiO2(rutile) catalyst. Substituting O2 with H2O2 as the oxidant
resulted in an enhanced PTY for benzyl alcohol oxidation from 120.6 + 6.4 hr' to 186.1 +
15.1 hr' over PTiOx(rutile) and from 20.9 + 0.9 hr' to 506.6 + 37 hr' over
PtsNi/TiO2(rutile). This suggests that the presence of surface OH species has some effect
on the overall catalytic activity for alcohol oxidation over platinum. The role of surface
hydroxyl species becomes much more dominant when using a catalyst, which adsorbs
oxygen weaker (i.e., a platinum-nickel alloy).

It is also possible that the OH species on the support material (shown in Figure
8.3) in the vicinity of the metal interacts with the alcohol substrate adsorbed on the metal
through hydrogen bonding, which may result in the formation of the metal alkoxyl species
on the metal and H20 on the oxide support, respectively. The promotional effect of H.O
was evident on irreducible support (y-Al203) and reducible support (TiO2(P25)). Upon the
addition of H20, the TOF for benzyl alcohol oxidation is significantly improved from 9 + 4
hr'to 80 + 7 hr' over Pt/y-Al2O3 and from 26 + 5 hr'' to 619 + 18 hr' over Pt/TiO catalyst.
In the case of platinum supported on irreducible support, y-Al2O3, the dominant
mechanism could be a consequence of the role of H2O on O activation (to form surface

hydroxyl as predicted by DFT calculations) on metallic platinum. It is assumed that
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surface hydroxyl species on y-AlO3z do not play an important as the surface is expected
to be readily saturated with hydroxyl groups.?'* While in the case of reducible support
(TiO2), water may result in the creating of surface hydroxyl species:

—Sup-0*-Sup—+ H20 =» —Sup-*OH + HO-Sup— 8.7
Sup-*OH + ROH* > RO* + Sup-H*OH 8.8
Sup-H20 - Sup + H20 8.9
2Sup + 02" > Sup-O-Sup 8.10

With ®,* and * denoting oxygen feed, species adsorbed on Pt and component of
the support material, respectively. The formed surface hydroxyl on the support (equation
8.7) may enhance the TOF for the benzyl alcohol oxidation further, e.g., through the
interaction of benzyl alcohol with a hydroxyl species on the support, as illustrated in Figure
8.4 (see equation 8.6, vida infra). Therefore, the observed improved TOF for benzyl
alcohol oxidation over Pt/TiO2(P25) in the presence of H2O may be contributed by the
formation of surface hydroxyl on both Pt (see Figure 8.2) and on the reducible metal oxide
support material (see Figure 8.4).

The improved performance of Pt-Bi/TiO2 may also involve the interaction between
adsorbed benzyl alcohol and surface hydroxyl species. Several studies suggested that
surface OH species adsorb on Bi adatoms to form new active sites such as Pt-Bi-
OH.194124 Therefore, the promotional effects associated with Bi in Pt-Bi/TiO2 catalyst in
the presence of H2O solvent may be attributable to the formation of OH species on the Bi
moiety of the catalyst, thus forming these new active sites.
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Figure 8.4: Dissociation of benzyl alcohol over lattice oxygen adsorbed of the reducible
metal oxide support moiety of the catalyst to form surface benzyl alkoxyl
and H20 species.

8.4. C-H BOND CLEAVAGE: BENZALDEHYDE PRODUCT FORMATION

The alcohol substrate activation (through OH bond cleavage to form surface
alkoxyl and hydroxyl species on the surface) is thought to be followed by the B-H
abstraction to form an aldehyde product.3282235 However, oxidative species (oxygen
and/or hydroxyl) pre-adsorbed on the Pt surface (the active metal) has been reported to
reduce the activation barrier associated with 3-H abstraction (C-H bond activation) during
(benzyl) alcohol oxidation, thus facilitating C-H bond cleavage to yield corresponding
aldehyde product.88247 |t is suggested that the formed oxygen/hydroxyl species on the
surface of the catalyst assists hydride abstraction of alkoxyl, thus desorbing as an
aldehyde product (similarly to equation 8.6, vida supra), as illustrated in Figure 8.5. In this
mechanism, the desorption of the alkoxyl species as an aldehyde product involves Pt-
Oaikoxyl bond cleavage forming a carbonyl species while simultaneously dehydrogenating
the substrate via the surface hydroxyl species (e.g., formed from the dissociation of
molecular oxygen in the presence of H20 over Pt surface) to form adsorbed H20 as a co-
product, as shown in Figure 8.5. The active sites are also regenerated, thus closing the

catalytic cycle.
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Figure 8.5: Dissociation of benzyl alcohol assisted by surface oxygen of the support

material to form surface benzyl alkoxide and H20O.

In the case of surface hydroxyl that forms on the surface of the reducible support
material (described in previous sections), the formation and desorption of H.O will occur
on the support surface (as shown in equation 8.11 and 8.12), while the aldehyde product

will desorb from the Pt moiety of the catalyst.
H,O-formation on support: ‘H + HO* > H.0* 8.11

(with ‘H’ B-H of the adsorbed benzyl alkoxyl species, ¥ denoting component of the
support material). The formed H20 on the surface of the support material may desorb,

forming an oxygen vacancy on the surface of the metal oxide support material.
Water desorption from support: H,Of > # 8.12

In order to be catalytic, the reaction must proceed under oxygen pressure (flow)
so that Oz can interact with the surface of the catalyst, dissociate, and eventually refill the
vacancy created on the surface of the support. In this way, the original stoichiometry and
composition of the catalyst are restored, closing the catalytic cycle. Therefore, the oxygen
on the support can be regenerated by, e.g., dissociated oxygen spillover (refer to equation
8.13) from the active metal, Pt:

Oxygen spillover: O*++> 0% +* 8.13
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The regeneration of the oxygen vacant site on the support material is also crucial.
In the catalyst series, the oxide support, y-Fe203, is the most reducible metal oxide, yet it
is the least active catalyst in the reducible support series. This has been ascribed to the
fact that the formed oxygen vacancy sites are not regenerated to close the catalytic cycle,

see Chapter 6, leading to the deactivation of the catalyst.

8.5. EFFECTS OF SUBSTRATE AROMATICITY

Aliphatic alcohols are typically oxidized with greater difficulty than aromatic
alcohols due to the difference in aromaticity.?3' This difference may arise from the
difference in the electronic difference of the substrate-induced by the aromatic nature of
the alcohol substrate. In this instance, cyclohexyl methanol is less likely to be physisorbed
on the metal (due to the absence of n-electrons), while the n-electrons around the benzyl
ring of benzyl alcohol may interact with the catalyst surface.?*” This would increase the
surface coverage with the surface alkoxyl species. As such, this may explain the
difference in catalytic activity obtained over Pt/TiO> between benzyl alcohol oxidation
(247.7+4.5 hr') and cyclohexyl methanol (183.6 + 22.6 hr').

Furthermore, a significant difference in PTY for cyclohexyl methanol oxidation
(148.9 = 9 hr') and benzyl alcohol (554 + 12.5 hr') over Pt-Bi/TiO, catalyst is
demonstrated at comparable reaction conditions. The difference in PTY for cyclohexyl
methanol oxidation obtained over Pt/TiO2 and Pt-Bi/TiO. catalyst may highlight
promotional effects associated with the presence of Bi promoter. This difference in PTY
may be due to the induced interaction between the aromatic alcohol substrate and, e.g.,
Pt and/or bismuth in the catalyst. The interaction between the aromatic ring of the alcohol
substrate and the active metal may weaken the O-H bond of the alcohol substrate,?*’
possibly through electron back-donation. On the other hand, besides the aliphatic nature
of cyclohexyl methanol substrate, the steric hindrance posed by the sp® hybridized carbon
may limit the interaction between the active metal (Pt and/or Bi), limiting interaction
between the benzyl ring of the cyclohexyl methanol and surface metal. Though it should
also be noted that the origin of the promoting role of bismuth on Pt catalyst is still under
debate. One of the proposed functions of bismuth as a promoter is that bismuth
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undergoes complexation with the alcohol substrate with chelating properties.?*® This has
been used as an explanation for the typically observed catalytic activity improvement
exhibited by bismuth promoted Pt-based catalysts.

The observed overoxidation of cyclohexyl methanol oxidation over Pt/TiO2 and Pt-
Bi/TiO2 catalyst (in comparison to benzyl alcohol oxidation) may be due to the aromaticity
difference between cyclohexyl methanol and benzyl alcohol. The aromaticity of the
substrate is thought to be a determining factor in the sense that the aliphatic nature of
cyclohexyl methanol induces charge polarization. The charge polarization makes the
carbonyl carbon of the substrate susceptible to re-adsorption and nucleophilic attack of
the adsorbed atomic oxygen or surface OH species. Moreover, the electron density in
benzyl alcohol may induce electron repulsion between the substrate and nucleophilic
oxygen and surface OH species. Due to the difference in aromaticity, this may result in

overoxidation of cyclohexyl alcohol instead of benzyl alcohol.
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CHAPTER 9:

Final remarks

9.1 CONCLUSION

The demand and importance of high-value chemicals, such as aldehydes, derived
from the alcohol oxidation process necessitate the development of safe and
environmental benign methodologies that may be sustainable and industrially relevant.
Liquid-phase alcohol oxidation over heterogeneous catalyst using oxygen as an oxidant
is a classic process that can be considered and suitable to meet green chemistry
demands while also aiming for an enhanced overall catalytic activity.

This body of work was aimed at in-depth exploration of various factors that
enhance the catalytic performance in the aerobic, liquid-phase oxidation of alcohol while
promoting green chemistry. A systematic study investigating the influence and/or
promotional effect of liquid water, metal oxide support materials and secondary element
on alcohol oxidation has been extensively studied.

The TOF for benzyl alcohol oxidation is enhanced in the presence of H>.O solvent
compared to in the presence of m-xylene or n-heptane solvent. The oxygen solubility in
organic solvents, such as m-xylene and n-heptane, is approximately 100 times greater
than in H20. As such, the observed catalytic improvements in the presence of H20 solvent
cannot be attributed to a change in the oxygen solubility. The high rate of reaction in the
presence of H20 may indicate that the solubility of oxygen in the solvent does not affect
the rate of reaction and that surface oxygen is in (or close to) equilibrium with oxygen in
the gas phase. DFT study concluded that the presence of H2O promotes molecular
oxygen dissociation and the presence of surface OH species. The addition of H20 does
not result in overoxidation after 5 hours on stream. However, during a cooling process

(16 hours of cooling), benzoic acid is observed, indicating overoxidation.
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The influence of different Oz and H20:2 as the oxidant (which ultimately form atomic
oxygen and hydroxyl species on the surface) was investigated in the oxidation of benzyl
alcohol over Pt/TiO2 and Pt3Ni /TiO2 catalysts. Alloying Pt with nickel yields a diminished
catalytic activity when O: is used as an oxidant, yielding PTY for benzyl alcohol oxidation
of 20.9 £+0.9 hr' and 27.5 5.0 hr' over Pt3Ni/TiO2 and PtNi/TiO-, respectively compared
to activity obtained over Pt/TiO; catalyst (120.6 + 6.4 hr''). This may be rationalized by a
lowering of the d-band centre of the surface Pt atoms upon forming a Pt-skin material
when alloying Pt with Ni. The resulting weakening of the adsorption molecular oxygen Oz
and of the adsorption of atomic oxygen together with the less facile dissociation of
molecular oxygen will thus retard the O activation required for benzyl alcohol oxidation.
An enhanced catalytic activity is observed when O2 oxidant is substituted with H20>
oxidant over Pt3Ni/TiO2 catalyst. This is attributed to the increase in the surface
concentration of OH from the dissociation of H202 oxidant. This highlights that the
presence of surface OH groups (derived from H20: dissociation) form a crucial aspect in
the overall activity of benzyl alcohol oxidation.

In a solvent-free system, reducible metal oxide support material such as TiO2(P25)
showed an enhanced TOF for benzyl alcohol oxidation (26 + 5 hr' over Pt/TiO>)
compared to irreducible support such as y-Al,O3 support (9 £ 4 hr' over Pt/ y-Al.O3) at
comparable reaction conditions. The observed activity over Pt/y-Al2Oz is attributed to the
activity of the platinum in the catalyst, the active phase. While the activity obtained from
the PY/TiO2 catalyst is contributed by both the active metal, Pt, and oxide support. It is
thought that reducible metal oxide support facilitates the oxidation of benzyl alcohol
oxidation through the formation of oxygen vacancy sites.

In the presence of H20 solvent, the TOF for benzyl alcohol oxidation is improved
to 80 + 7 hr' over Pt/y-Al,O3 catalyst. This improvement in TOF is ascribed to the
promotional effects associated with the presence of H20, i.e., surface hydroxyl species
formation. A more significant increase in TOF for benzyl alcohol oxidation over Pt/TiOz in
the presence of water is observed to be 619 + 18 hr', i.e., 23-times faster than in a
solvent-free system. Besides the reported promotional effect of H2O, it is further

suggested that there is a collaborative promotional effect between H>.O and reducible
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support material during benzyl alcohol oxidation. It is thought that water as a solvent
affects the formation of hydroxyl species on both the platinum surface and the surface of
the reducible metal oxide support material. The interaction between adsorbed benzyl
alkoxide and surface hydroxyl and lattice oxygen species on the support opens up an
additional reaction channel increasing the rate of reaction.

The role of bismuth in alcohol oxidation was investigated over Pt-Bi/TiO2 catalyst.
It is concluded that bismuth has at least a dual promotional effect on alcohol oxidation.
Semi in-situ XPS analysis of Pt-Bi/TiO2 catalyst oxidation suggest that Bi oxidizes while
the oxidation of the Pt moiety of the catalyst is negligible. As such, it postulated that the
presence of bismuth may act as a co-catalyst assisting Oz activation by forming bismuth
oxide. The presence of H20 in the bismuth oxide sites are thought to form Pt-Bi-OH sites,
thus facilitating substrate activation. As a consequence, this may enhance the overall
activity for benzyl alcohol oxidation. Moreover, it is proposed that the additional
promotional effect observed for Bi in the benzyl alcohol oxidation involves stabilization

through the interaction between Bi and the aromatic ring.

Significant parallelism in the role of these system parameters (H20O, metal oxide
support and an alloyed/mixed metal) on the mechanism of alcohol activation,
consequently influencing the overall activity, is described in this work. The common theme
in each parameter change that yields an enhancement in catalytic activity is thought to
induce coordination of the substrate while adsorbing on the Pt surface through the lone
pair of the oxygen atom of the alcohol substrate and the subsequent formation of surface
OH species on the catalyst (whether Pt surface, alloy surface or metal oxide support
surface). These mechanistic occurrences assist in the dehydrogenation of the alcohol
functional group of the substrate. Importantly, the presence of surface OH species
enhances the activity (either measured using TOF or platinum-time-yield, PTY) for alcohol

oxidation.

Besides evidencing these similarities in the role of these alcohol oxidation system
components, some striking differences between these contributing factors propose
different reaction pathways, which ultimately determines the conversion levels in each
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system. This arises from the difference in reactivity behaviour of each system component.
An illustrative example is the contrasting benzyl alcohol oxidation outcome between Pt-
Bi/TO2 and Pt-Ni/TiO2 catalyst using molecular oxygen as an oxidant. Strong oxygen
affinity of Bi may assist dissociation of oxygen, which consequently result in the
availability of atomic oxygen on both surfaces, Pt and Bi surface. This then facilitates
oxidation reaction thus, enhances benzyl alcohol conversion. While on the contrary, Pt-
skin on a Pt-Ni alloy results in weak adsorption of molecular oxygen, thus limiting

activation of oxygen and diminishing benzyl alcohol conversion.

It is, thus, concluded in this study that enhancement of catalytic activity is not only
limited to the addition of a promoting element. Other reaction parameters that enhance
green chemistry, such as H.O and metal oxide support material, can be considered for
an efficient alcohol oxidation reaction. Particularly, reaction parameters that subsequently
promote the formation of surface OH species are considered to be essential for alcohol

oxidation promotion.

9.2 THE NOVELTY OF THE STUDY

Although the promotional effects associated with the addition of H2O solvent in
liquid-phase benzyl alcohol oxidation have been noted in the literature, the general
understanding of the precise role of H20 in benzyl alcohol oxidation is still in its infancy.
As such, this body of work extensively explored the influence of H.O solvent in alcohol
oxidation, taking into account LLE due to liquid separation (organic and aqueous liquid-
phase). This thesis highlights that oxygen solubility cannot be attributed to the
promotional effect of H,O in benzyl alcohol oxidation. Rather the formation and the
presence of surface hydroxyl species are highly probably for the observed enhancement
in catalytic activity in the presence of H20.

Furthermore, very few attempts have been made to explore metal oxide support
material beyond just dispersing active metal nanoparticles. The reducibility of metal oxide
support is considered as an important parameter in this study, specifically suggesting that

the formation of oxygen vacancy sites (from the removal of the lattice oxygen of the metal
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oxide) and surface hydroxyl species may be a contributing factor for the observed
difference in activity obtained over different metal oxide support materials.

9.3 FUTURE DIRECTIONS AND RECOMMENDATIONS

Following this study, the formation of the oxygen vacancy site on reducible oxide
support during alcohol oxidation can be further investigated by using 80 labelled oxygen
feed as an oxidant. This will share some light on the transfer of oxygen atoms from the
metal oxide support structure and the regeneration of these oxygen vacancies.

The adsorption and activation properties of O2 and H2O> of PtzNi and/or PtNi
surface can be further be investigated using DFT study, thus, its effect on alcohol
oxidation. Importantly, the effect of an upward shift of the d-band centre of surface Pt
atoms on oxygen adsorption and dissociation, ultimately benzyl alcohol oxidation using
Pt3Co alloy system, can be investigated.

Pt-Bi/TiO. catalyst showed a slight catalyst deactivation at 90 °C. As such, the
cause and deactivation mechanism can be further investigated. Analysis of the spent
catalyst to gain broader understanding of the deactivation mechanisms and guide

reactivation protocols
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Appendices

APPENDIX A-3.1: DETERMINING LIQUID CONTACT ANGLE OF AN OXIDE SUPPORT MATERIAL

The H2O contact angle of each metal oxide support material is derived from the
average capillary constant of each oxide material using the Washburn method, according
to equation A-3.1.

2
M® = C‘”nﬂcose A-3.1

Where M-is the weight of the sample
t—is the time taken for the liquid to seep into capillary.
Cw—capillary constant.
y—is the surface tension of liquid.

n—is the viscosity of the liquid.

6—is the contact angle of the liquid on capillary walls.

p — is the liquid density

Firstly, the capillary constant is determined by using a fully wetting liquid, n-
hexane, with known p and y. Since n-hexane is a completely wetting liquid, then cos 6 =
1. The linear dependence of M? versus time (slope) is obtained from the weight of n-
hexane taken up by the powder by capillarity as a function of time (see Figure A-3.1) and
used to compute constant Cy.
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Figure A-3.1:  Plot for determining capillary constant of metal oxide support material

using n-hexane (non-wetting) solvent.

A second experiment was then performed using the H20 also with known p and
y. In this H2O does not fully wet the solid sample, therefore, cos 6 # 1. Notably, for this
experiment, similar powder packing was considered to achieve the same constant Cy.
Again, linear dependence M? versus time (slope) is obtained from the weight of H,O taken
up by the powder by capillarity as a function of time (see Figure A-3.2) and used to
determine the H>O contact angle. Both experiments (determination of the capillary
constant and contact angle) for all the metal oxide support materials were done in
triplicates and averaged out.
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Figure A-3.2: Plot for determining contact angle of metal oxide support material using
with H20.



Table A-3.1: Mass specific theoretical response factors

Carbon-oxygen

bond Molecule Response Factor (f)

None Bn-CHs

(C-C) (Toluene) 1 1

Single Bn-CH20H

(C-0O) (Benzyl Alcohol) 0.55 1.07
Bn-CHOH

Double (Benzyl

(C=0) Aldehyde) 0 1.17

Appendix B-4.1: Morphological analysis of Pt/TiO2(P25)

The morphology of the nanoparticles in the catalyst sample was imaged by
transmission electron microscope (TEM) using a TECHNIA 2001l operating at 200kV. The
particle size distribution was obtained from the cumulative particle size distribution
modelled using a log-normal distribution, shown in Figure B-4.1. The average particle size
of the platinum nanoparticles was determined to be 4.6 £0.8 nm (measuring between ca.

200 nanoparticles using ImageJ®).
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Figure B-4.1: TEM image of Pt/TiO2(P25) and the obtained cumulative particle size

distribution

APPENDIX B-4.2: OXYGEN UPTAKE

The oxygen uptake was determined by chemisorption analysis in an ASAP 2020
C unit (Micromeritics). The sample (ca. 150 mg) was evacuated at 110 °C for 30 minutes.
Subsequently, the sample was treated in flowing hydrogen for 12 hours at 350-400 °C
and atmospheric pressure. Followed by evacuation of the sample at the reduction
temperature for 120 minutes. CO chemisorption was performed at 35 °C, and Oz-uptake
was determined at 90 °C. The CO-uptake was highly reversible (see Fig. B1), and the first
analysis was modelled as:

Vadas,co = Vaas,comonotayer '% + K3 * Pco

(the last term representing the steady increase in the uptake with increasing

pressure, possibly representing CO spilling over onto the support). The oxygen uptake is



strongly irreversible. Oxygen upon adsorption on platinum may dissociate (vide verde),
and the oxygen uptake was modelled accounting for the associative and dissociative
adsorption of oxygen:

K, " po, +0.5- KQ® - K, -p8'25

v, = : + Ky
ads,0, monolayer,0, 1+ Kl _poz + Klo_5 'Kz p825 3" Pco

Figure B-4.2: CO-uptake at 35°C (left) and O2-uptake at 90°C (right) of the reduced
Pt/TiO2 sample.

Table B1: Physico-chemical characterization of Pt/TiO2

CO-chemisorption ? O-chemisorption °
Vimonolayer, cM*(STP)/g 1.41 1.41
K1, (mm Hg)" 0.152 105.9
Kz - 1.110% ¢
K3, cm*(STP)/g/mm Hg 2.7810° 1.5510°°
RZ° 0.963 0.962
D,% ¢ 33.5 33.5
dchemisorption, NM 3.4 3.4
Smetal, m?/g © 3.2 3.2

3Based on the 1% analysis; ®Based on the difference between 1% and repeat analysis; ° dimensionless; ¢ Goodness of fit; ¢ Metal

dispersion; *assuming 12.5 Pt atoms on the surface per nm?




The Oz and CO-chemisorption seem to underpredict the average metal particle
size in comparison to the size obtained from TEM, which would yield a metal dispersion
of 24.6% based on the particle size distribution.

Appendix B-4.3: Phase diagram for benzyl alcohol + water + toluene the system
using the non-random two liquid (NRTL) model.

Benzyl alcohol

Toluene ¢ : 5 : : Water
0 20 40 60 80 100

Figure B-4.3: Ternary phase diagram of the liquid-phase in the system benzyl
alcohol + water + toluene at 80°C with tie-lines.



APPENDIX C-5.1: X-RAY DIFFRACTION ANALYSIS OF THE BIMETALLIC SYSTEM

X-ray diffraction characterization was performed on the platinum alloyed samples
to assess the average crystallite sizes and the phase compositions, cf. Figure C-5.1. TiO>
rutile phase was used as a basis for comparison. The existence of rutile in all samples
was readily distinct from its diffraction peak located at 26 = 31.9°, 42.2°, 45.8°, 48.4°,
51.7°, 64.1°, 66.9°, 74.4°, 76.1°, 82.2°, and 83.4° corresponding to (110), (101), (200),
(111), (210), (211), (222), (002), (310), (301) and (311) planes.

J PNITiO, (Rutile)

W LJMJ\\_J\_A“JJL& AN J\’L,
M Jh Pt;NiTiO, (Rutile)

o /\J\__,J\’W
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Diffraction angle (Co-Ky), 20, °

Figure C-5.1: X-ray diffraction patterns of Pt, PtsNi and PtNi nanoparticles
immobilized on TiO2 (Rutile phase) supported with rutile for
diffraction pattern comparison.

Due to low active metal loading, distinct diffraction peaks attributed to the active
metal (platinum and/or platinum alloys) could not be detected. As such, the phase
composition of the noble metal over the TiO> (rutile) support could not be determined.

H



The (200) and diffraction plane of the TiO2 overlap with the (111) diffraction plane of the
active metal. Moreover, due to the relatively smaller nano-crystal size of the active metal
compared to the larger nano-crystals of the TiO2 support, the diffraction peaks
corresponding to the active metal are overshadowed by the sharp, intense peaks of the
TiO2 support. Notably, the angle of the diffraction peaks of the TiO2 support remains
unchanged. This further confirms that the active metal is neither incorporated into the
lattice structure of the TiO2 support nor forming an alloy after deposition of the active
nanoparticles.

APPENDIX C-5.2: EDX ANALYSIS OF THE PT-NI BIMETALLIC SYSTEM
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Figure C-5.2: EDX elemental mapping of Pt3Ni/TiO> (rutile) catalyst samples.

APPENDIX C-5.3: LOW ACTIVATION ENERGY ASSOCIATED WITH MASS-TRANSFER
LIMITATIONS -CALCULATIONS.

Low activation energy often associated with mass transfer limitations (either gas-
liquid mass transfer limitation or liquid-solid mass). If the reaction system was mass-
transfer limited, the measured rates in all the systems would be comparable to the mass
transfer rate due to either gas-liquid mass transfer limitation or liquid-solid mass. The gas-
liquid mass transfer coefficient may be estimated as 0.00053 s for the system oxygen-
water? (it should be noted that the presence of solid catalyst particles and benzyl alcohol
in the system may increase the mass transfer coefficient). The maximum rate of oxygen
transfer may thus be estimated as 0.0314 mol O2/s/m?3 (thus corresponding to a maximum
rate of benzyl alcohol consumption of 0.0628 mol benzyl alcohol/s/m® This can be



recalculated in terms of the reaction volume (70 mL), the mass of catalyst (0.5 g) and the
platinum content (4wt.-%) as 1300 mmol/gp/min, which is ca. 80 times larger than the
highest measured rate. It may thus be concluded that gas-liquid mass transfer of oxygen

does not control the rate of reaction

1) Assuming that the liquid-solid mass transfer can be described using Sh=2,
the mass transfer coefficient can be estimated as 0.155 m/s (using a diffusivity of oxygen
in water of 7.8.10"° m?/s, and a particle size of P25 of 0.1 um). This implies that the solid-
liquid mass transfer coefficient is 0.155 m/s. Hence, the maximum amount of oxygen

transferred from the liquid to the solid is given by:

Taking again the particle diameter as 0.1 ym, the density of the particle as 4.1
g/cm?® and the concentration of oxygen in the liquid at 363K as 7.9-10* mol O2/L,?' results
in @ maximum rate of 3.6 mol benzyl alcohol/g/s, i.e. much faster than either the benzyl
alcohol oxidation (0.6 mmol/grt/min or 410" mol/g/s) or the gas-liquid mass transfer of

oxygen (see above)

The calculations above shows that mass transfer limitations in the benzyl alcohol

oxidation, which is a slow reaction, is not really important.



APPENDIX D-6.1: HEAT OF IMMERSION ANALYSIS

The heat of immersion of the CeO. support per unit surface area is high, -2.875
J/Im?, whic might be related to a chemical transformation in the sample. It should,
however, be realized that the observed heat effect per mole of CeO: is rather low (ca.
840 J/mol), and thus a bulk transformation of CeO2 to Ce(OH)s seems unlikely. However,
the hydroxylation of the cerium oxide surface may have resulted in the formation of an

impenetrable cerium hydroxide film.25

The heat of immersion of the other oxides per unit surface area is only a fraction
of this value and increase in the order TiO2(P25) > y-Al2O3 > y-Fe2Os. The heat of
immersion per unit surface area does not correlate with the contact angle. This may imply
that the determination of the heat of immersion involves more than just wetting the
surface. It has been found that hydroxyl groups on the surface of oxides may form
hydrogen bonds with water molecules upon immersion?%2. The heat of immersion
increases with an increasing concentration of surface hydroxyl groups.?52253 Furthermore,
the interaction of liquid water with the sample may have resulted in the formation of
additional hydroxyl groups, thus also affecting the heat of immersion.



APPENDIX D-6.2: ADDITIONAL XRD ANALYSIS (PT ON VARIOUS METAL OXIDE SUPPORT
MATERIALS)

The XRD pattern of the samples is depicted in Figure D-6.2. Evidently, the
characteristic peaks corresponding to the support materials are observed for all the
samples, indicating that the original structure of the support is maintained during the
catalyst preparation process. More importantly, this suggests that deposition of platinum
active metal does not form an alloy with the support material, as additional diffraction
peaks suggesting the presence of platinum species are distinct. Albeit, the diffraction
peaks corresponding to the noble metal may be overlapping with diffraction peaks of the

support.
M e
v, et Y R,
Pt/MoO,
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™ ——m—— SN I N
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Figure D-6.2: XRD pattern of a platinum-based catalyst supported on various

carriers.

Despite the low amount and/or smaller nano-sized particles of the platinum noble

metal, some reflections due to the presence of platinum are visible. This is more



pronounced for Pt/TiO2 and Pt/y—Fe2O3 catalyst samples. The diffraction peak ranging

from 20 ~ 41° to 47° is distorted for Pt/TiO>; this further suggests the presence of platinum

metal. Additional diffraction peaks corresponding to fcc-platinum are observed at 26 ~

30.4°,46.5°, 54.3° and 80.5° in Pt/y—Fe203 sample. These are characteristic for the most
intense diffraction lines of fcc-Pt (corresponding to (hkl) of (100), (111), (200), (220) and
(311) plane, respectively). The sharp diffraction peaks corresponding to the active metal
suggest a relatively bigger average crystallite size. The obtained average crystallite size
of platinum metal is ca. 29.1nm, as determined using the Debye-Scherrer equation.
Precipitation of FeClsz in the presence of NaOH forming iron oxide exhibited diffraction

peaks at 20 ~21.2°,34.4°, 41.6°, 43.4°, 50.4°, 63.2°, 67.1°, 74.4°, 84.8°, 88.7°, 90.1° and

95.2° corresponding to (hkl) of (111), (220), (311), (222), (400), (422), (511), (440), (620),
(533), (622) and (444) plane, respectively. These diffraction planes suggest maghemite
iron(ll)oxide phase. On the other hand, the Pt/Al2O3 sample exhibited broad diffraction

peaks at 20 ~ 44.0°, 46.2°, 53.7°, 72.1° and 79.4° corresponding to (hkl) of (311), (222),

(400), (511) and (444) plane, respectively. This suggests that Al.O3 support exists as y-
Al203 phase.

The average crystallite size determination of a material is typically determined from
the most intense and well-resolved XRD peaks. The diffraction peaks corresponding to
platinum overlap with the support diffraction peaks for Pt/CeO. and Pt/y-Al,O3 as
chemisorption studies are required to obtain the average particle size making the
assignment of the peak maximum a non-trivial exercise. Furthermore, an exact
determination of the average crystallite size of the noble metal using the Debye-Scherrer
was therefore not feasible.



APPENDIX D-6.3: NH;3-TPD ANALYSIS
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Figure D-6.3: NH3-TPD profile of Titania phases, i.e., rutile, anatase and P25.



APPENDIX E-7.1:  X-RAY DIFFRACTION ANALYSIS OF PT-BI/TIO2 CATALYST

X-ray diffraction characterization was performed on the Pt-Bi/TiO2 sample to
assess the average crystallite size and the phase compositions, cf. Figure E-7.1. TiO2
rutile phase was used as a basis for comparison. The existence of rutile in the sample
was readily distinct from its diffraction peak located at 26 = 31.9°, 42.2°, 45.8°, 48.4°,
51.7°, 64.1°, 66.9°, 74.4°, 76.1°, 82.2°, and 83.4° corresponding to (110), (101), (200),
(111), (210), (211), (222), (002), (310), (301) and (311) planes
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Figure E-7.1: X-ray diffraction patterns of Pt-Bi nanoparticles immobilized on TiO:
(Rutile phase) supported with rutile for diffraction pattern

comparison.

Due to low active metal loading, distinct diffraction peaks attributed to the
active metal (platinum and/or platinum alloy) could not be detected. As such, the phase

composition of the noble metal over the TiO2 (rutile) support could not be determined.

Notably, the angle of the diffraction peaks of the TiO2 support remains
unchanged. This further confirms that the active metal is neither incorporated into the
lattice structure of the TiO2 support nor forming an alloy after deposition of the active
nanoparticles.



APPENDIX E-7.2: EDX ANALYSIS OF THE PT-BI BIMETALLIC SYSTEM
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APPENDIX E-7.2: XPS ANALYSIS OF THE TIO

Peaks that correspond to the rutile (TiO2) support are shown in C-6.3 exhibiting
the Ti 2p and O 1s region for all the samples. Two strong symmetrical peaks around 462
eV and 468 eV are recognized as Ti 2p12 and Ti 2pss2, respectively. The spin-orbital
energy splitting for the Ti 2p doublet is 5.4 eV, which is diagnostic of the rutile TiO:
support. The peaks corresponding to O 1s are located at about 530.8 eV, whose energy
is equal to the O 1s electron binding energy for TiO2. The peak is made of two peaks,
identified due to the different chemical bonding of the oxygen species. Peak occurring at
530.1 eV for all samples is due to O? ion in the TiO; lattice. A second peak is located at
a binding energy of 531.4 eV, attributed to the surface hydroxyl groups of possibly

chemisorbed water molecules on the titania.
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Figure E-7.1: XPS spectra of TiO2 (rutile phase) support highlighting high

resolution of Ti 2p and O 1s spectra of TiOz rutile phase.





