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Abstract

The selective oxidation of alcohols plays a significant role for the manufacturing of
valuable organic compounds. Currently, the chemical industry uses organic and
inorganic stoichiometric oxidants to produce carbonyl compounds, it is therefore highly
desirable to use a heterogeneous catalyst with oxygen as oxidant as an alternative to
this. The research presented herein, utilizes n-butanol as a model substrate. The
activity and selectivity of various heterogeneous catalysts towards the corresponding
aldehyde is examined, to draw conclusions on how the physicochemical properties of
the catalyst influences viability in this oxidative transformation. In addition, there have
been recent developments for producing n-butanol via sustainable methods, providing
an additional motive for its selection as a model compound. This research focusses on
the base free selective oxidation of n-butanol with O, in the aqueous phase over
supported Pt nanoparticles. A sol-immobilization technique was used to synthesize
different catalysts. The 1 wt.Pt/TiO, catalyst displayed activity (30 %) and selectivity
towards butyraldehyde (91 %), however Pt was observed to leach (5.2 %), even in the
presence of small concentrations of butyric acid, during the reaction (100 °C, 3 bar O,).
However, this catalyst was observed to deactivate after 2 h of reaction. This was
evidenced by a stop in the butanol conversion after 2 h. It has been suggested that the
inhibition of the reaction by the presence of a product affects the conversion of
n- butanol. It was observed that exposing the catalyst to a reductive pre-treatment under
5 vol.%H./Ar at 200 °C for 2 hours, could enhance the catalysts activity (43 %). In order
to improve catalyst performance and limit the deactivation, additional experiments were
conducted in aerobic and anaerobic conditions, to better understand the conditions
which influence catalytic performance. Based on this observation the effect of the
concentration of oxygen was studied. It was found that the best pressure, which gives
the highest conversion, is 2 bar (conversion 38 %).To improve the performance of
platinum catalyst, the preparation of a Pt-base bimetallic can be an effective route, the
elements Al, Zn, Sn, Bi and Pb were selected and added to the Pt for the selective
oxidation of n-butanol at 100 °C, 2 bar O, for 2 h. The addition of Pb and Sn show higher
activity for n-butanol. Accordingly, it was decided to carry on the work focussing on the
1 wt.%Pt-0.5 wt.%Pb/TiO, and 1 wt.%Pt-1 wt.%Sn/TiO; catalysts. It seems that the
addition of Pb and Sn improve the catalyst performance, and suppress the poisoning,
due to product formation, observed with Pt alone. The interaction between the metal
and supports plays an important role in the properties of the catalyst. Generally, this

electronic interaction has a positive effect towards the enhancement of catalytic



properties and stability. Based on this observation it has been decided to prepare Pt
using a carbon support. Changing the support is likely to have an effect, such that with
Pt/C the oxygen may assist with the removal or oxidation of inhibiting species. It was
also found that the Pt leaching reduced from 3.1 % to 1.5 % under operating conditions
(100 °C, 2 bar O for 2 h) when changing supports. In order to determine the effect of
the support and promoter on the structural and electronic properties of the Pt catalysts
characterisation including ICP, XRD, BET, TGA, XPS, SEM and TEM were performed.
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A Angstrom (10*° meters)

BET Brauner, Emmet and Teller
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FTIR Fourier transform infrared spectroscopy
g Gram
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Chapter 1: Introduction

1.1. Green chemistry

Green chemistry, also known as sustainable chemistry, is the design, manufacture and
application of chemical products that reduce or eliminate the generation of substances
that are hazardous to human health and the environment. It is a science-based, non-
regulatory, economically driven approach toward sustainable development that has
grown substantially since the concept fully emerged in the 1990’s.! Today the following
12 Principles of Green Chemistry are used; they were developed by Paul Anastas and

John Warner 2 and are used as guidelines and criteria by chemical scientists:

Waste prevention not remediation.

Maximize incorporation of all materials into the final product (atom economy).
Less hazardous chemical synthesis.

Benign solvents and auxiliaries.

Improve energy efficiency.

Use of renewable raw material.

Reduce derivatives.

Use catalytic reagents.

© © N o g s~ NPRF

Design degradable products

=
©

Design methods for the prevention of pollution

=
=

Design safe chemical process.

=
N

Designing safer chemicals.

By using a selective heterogeneous catalyst, many of these criteria can be met by
minimizing the uses of toxic solvents in the chemical processes and analyses, as well

as avoiding generation of residues resulting from these processes.?

1.2. Biofuels and biobutanol

Liquid biofuels such as biobutanol have the potential to reduce the need for petroleum
fuels, and also can reduce greenhouse gas emissions when compared with petroleum-
based fuels (Scheme 1.1).4® The start of the biofuel movement came with the first
generation of alternative fuel sources, directly from edible agricultural food sources.
First generation liquid biofuel can come from a number of edible resources including:

starches, sugars, animal fats, and vegetable oils.

1



Biomass

\1 Lignocellulosic

1 1\/ biomass
Starch Cellulose Hemicellulose
3 I bi
Extracellular Glucose Xylose, arabinose
Intracellular l | 5
6
Pyruvate
10 / 11
Acetate «——2—Acetyl-CoA—==-> Ethanol
8 1y
Acetoacetyl-CoA—==—> Acetone
Vo3 14

Butyrateé Butyryl-CoA—=—— Butanol

Scheme 1.1. Bioproduction of butanol from biomass.®

The most commonly used feed stock sources for first generation biofuel are sugar cane,
wheat, and corn stock. Sugar beets, rapeseed and peanuts were also once considered
a plausible source for first-generation biofuels. Ethanol is derived from these feedstocks
and has the ability to supply sufficient power, but because of the negative impact it
holds on the food supply available and the agricultural economy it is a less appealing
option as a long term solution to fossil fuels. What separates the second generation
biofuels from the first generation biofuels is the fact that second-generation biofuels are
not made from food crops or edible biomass crops.” For example, n-butanol (n-BtOH)
can be considered a 2" generation bio-fuel if produced from inedible plants or plant
parts.® This biobutanol could become a key building block in future biorefineries.
Biobutanol has several advantages over other biofuels, such as better infrastructure
compatibility, higher energy, lower water adsorption, better blending ability and could
also be a potential substitute for gasoline in automobile fuel.®!! Also, bio-butanol is non-
poisonous, non-corrosive, and biodegradable and does not lead to soil and water

pollution.® 12



1.3. Bio-butanol for chemicals production

The selective oxidation of butanol into butyraldehydes is of great importance at both
laboratory and industrial levels. Butyraldehyde is an intermediate for the chemical
industry; for example, it is used for the manufacture of extractant in the production of
drugs and natural substances such as antibiotics, hormones, vitamins, alkaloids and
camphor, solvent for dyes, e.g. in printing inks, additive in polishes and cleaners, e.g.
floor cleaners and stain removers, solubilizer in the textile industry, e.g. additive in
spinning baths or carrier for coloring plastics, acetals to be used as fuel additive (i.e
1,1-diethoxbutane). The selective synthesis of aldehyde from aqueous alcohol is
challenging because the aldehyde can go through oxidation into acid in the presence
of water.® Several studies have previously shown that supported metal (Au/Pd/Pt)
nanoparticles can be effective catalysts for the oxidation of alcohols to aldehydes.#1®
The reported route to synthesise butyraldehyde is greener compared with
hydroformylation of propylene, through the selective oxidation of biobutanol,*” which
can be obtained by the acetone-butanol-ethanol (ABE) fermentation of biomass
(Scheme 1.2).18.1°

Pretreatment Fermentation Separation
Biomass — > Released sugars ———> Alcohols and acids —————— Biofuels
Purification

Scheme 1.2. Flow diagram of biofuel production from biomass.*®

There is also significant interest in the conversion of n-butanol to butyric acid, as this
process gives access to valuable products such as butyrate esters (which are used as
non-toxic solvents for a variety of industrial applications) ?° and butyrate cellulose
esters. Cellulose acetate butyrate polymer is used widely in coatings, sheeting and film
products and is tougher, has a lower moisture absorption and better compatibility with

plasticisers than cellulose acetate.?*

1.4. Heterogeneous catalysis for green chemistry

Heterogeneous catalysis has played a leading role in boosting the worldwide economy.
Heterogeneous catalysts can help to achieve reduction of the formation of unwanted
side products and a decrease in energy consumption during reactions. Catalysts do this
by offering lower energy pathways to the desired products. It is not only the economy
that has been supported; without effective catalysis the manufacture of many materials,
pharmaceuticals and foodstuffs would not be possible. Therefore, it is not surprising

that this field has gained a lot of interest across the scientific world.



1.5. Catalytic oxidation

The selective oxidation in the liquid phase of alcohols provides access to fine chemical
and pharmaceutical intermediates. Unfortunately, stoichiometric quantities of inorganic
oxidants (hypochlorites, high-valent metal oxidation agents such as chromates and
active manganese dioxide, mineral acids) are often used in halogenated organic
solvents. This produces relatively large amounts of hazardous or toxic wastes, and
therefore the oxidation process suffers from low atom efficiency and high waste
production.???4 It is well known that primary alcohols can be oxidised to either aldehydes
or carboxylic acids depending on reaction conditions.? In the case of the formation of
carboxylic acids, the alcohol is first oxidised to an aldehyde, which is then oxidised
further to the acid. In traditional methods a homogeneous oxidising agent such as

potassium dichromate is used to dehydrogenate the sample as shown in Scheme 1.3.

[O] [O]
CH;CH,CH,CH,OH ——— » CH,CH,CH,CHO + H,0 ———— CH;CH,CH,COOH + 2H,0

Scheme 1.3. Oxidation of n-butanol, in this case the oxidant is dichromate.

When simplified this scheme is effective, but there are two limitations which this
possess. It was shown in 1962 that this is acid catalysed, which leads to the formation
of an array of side products.?® These products are formed due to carbon-carbon bond
fission, and it was shown that this takes place via the enol form of the aldehyde in the
first stage of the oxidation. This is also homogeneously catalysed so the catalyst is not

easily recovered. This breaks many of the 12 principles of green chemistry.

Chromium oxidants can cause problems during work-up of the products and disposal
of the toxic residues. Catalytic alternatives to these well-tried methods are therefore
attractive, but must demonstrate clear advantages over these systems, be reliable and
easy to use, and be applicable to a wide range of substrates. One of the more
successful attempts was made using tetra-n-butylammonium per-ruthenate (TBAP
reagent) and tetra-n-propylammonium per-ruthenate (TPAP reagent).?’ Griffith et al,
showed a percentage yield of 94 % in the oxidation of n-butanol to butyraldehyde over
0.8 h atroom temperature, but again this presents problems, mainly in the area of green
chemistry. The reaction requires a CH2Cl> medium, which is not consistent with the
aqueous medium in which biobutanol is received.?” A reaction with an aqueous medium

is therefore required.

Alcohol oxidation by enzymes is an environmentally friendlier alternative; however,

product separation and waste production remain a problem. Homogeneous catalysis is
4



another efficient alternative; however, catalyst recovery, reactant recycling, and reactor

corrosion limit its utilisation on an industrial scale.?®

Heterogeneous catalysis represents a greener alternative. Therefore, heterogeneous
catalysts for the oxidation of alcohols to carbonyl compounds are attracting interest from
industry and academics alike.?> 230 A recent review by Mallat et al.3! gives an extensive
survey of “green” methods for heterogeneously catalysed alcohol oxidation. Noble
metal-catalysed alcohol oxidation with cheap oxidants, such as air or molecular oxygen,
is inexpensive and non-toxic.3* |t is a clean and elegant alternative with variable
reaction conditions, with which high selectivities can be obtained.3* 3°

As stated before, heterogeneous supported metal hanopatrticles can selectively oxidise
primary alcohols.*® F. Wang et al, showed that a high conversion and high yield from
oxidation of n-butanol to butraldehyde can be achieved with a ‘Au/M390’ catalyst. The
number after the M indicates the reduction temperature, in this case 390 °C.3” The M
stands for MoOx. This catalyst shows similar behaviour across a wide range of alcohol

reactants, as shown in Table 1.1.%7



Table 1.1. Aerobic oxidation of various alcohols?.

Entry Catalyst® Substrate t (h) Conv. (%)  Yield(%)°

1 Au/M390 benzyl alcohol 14 >99 94
2 Au/M390 p-chlorobenzylalcohol 16 >99 90
3 Au/M390 cyclohexanol 10 >99 93
4 Au/M390 2-phenylethanol 8 >99 94
5 Au/M390 n-butanol 20 >99 88
6 Au/M390 2-butanol 12 >99 92
7 Au/M390 1-hexanol 18 >99 87
8 Au/M390 2-hexanol 18 >99 85
9 Au/M390 1-octanol 15 >99 89
10 Au/M390 2-octanol 15 >99 90
11 Au/M390° Benzyl alcohol 14 11 -

[a] Typical reaction conditions: 5 mmol alcohol, 15 mmol K2CO3z, 100 mg catalyst, 5 mL acetonitrile,
50 °C. Experiments were conducted in a quartz reactor. Pure oxygen gas (1 atm) was supplied by a
balloon. Samples were withdrawn at intervals to track the reaction by TLC. [b] M390 indicates the
catalyst support was reduced in 5 % H2 balanced with Ar at 390 °C. The loading amount of Au was
1.1 wt % in all catalysts as analysed by ICP-mass spectometry. [c] The conversion was determined
by gas chromatography. [d] Products were isolated on silica gel using hexane/ethyl acetate (2.5:1) as

effluent solution.

As shown in Table 1.1 this catalyst is very active and selective for the oxidation of
alcohols. For the Au/M390 catalyst to be active, the reaction must be completed under
basic conditions. The reaction did not occur in the absence of base (Table 1, entry 11).
However, basic conditions can lead to a reactor corrosion passing additional costs on

to the end user, in addition the presence of butyric acid can reduce reactor lifetime.*®

1.6. Oxidation of n-butanol

1.6.1. Mechanism of oxidation of alcohols

The partial oxidation of alcohols involves the loss of hydrogen to form the corresponding
carbonyl compound. Secondary alcohols form ketones, while primary alcohols form
aldehydes before becoming carboxylic acids with further oxidation. A loss of a carbon
dioxide molecule will occur under more forcing oxidation conditions. In order to
determine the mechanism of alcohol oxidation and the Rate Determining Step (RDS),

researchers have tried to oxidise isotopically labelled alcohols.*®

6
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Scheme 1.4. Proposed mechanism for the oxidation of an alcohol.*°

The dissociation mechanism happens when the alcohol adsorbs on the metal by
forming an alkoxide (the conjugate base of an alcohol), and hydrogen, occupies two
adjacent active sites (Scheme 1.4). It is also proposed that the alcohol can be
adsorbed associatively as a whole molecule on the catalyst surface and then will
undergo dehydrogenation.** The adsorbed alcohol or alkoxide then may react with a
free active site * in an acidic medium, an adsorbed oxygen O*, if there is a high oxygen
surface coverage, and/or an adsorbed hydroxyl OH* in an alkaline medium to abstract
the H — a from the reactant. 341t was originally suggested that the alcohol would undergo
the following route within a basic medium (Equation 1.1 — 1.3):#

1) R—— CH20H a4s + OH < R—— CH2Oa4s + H20 Equation 1.1

1)) R —— CH20'ags + *> R—CHOags + Hads Equation 1.2

)  Hads+ Oats > OHags +* Equation 1.3
This was later rejected since deprotonation of a weak acid in alkaline medium is
unlikely. 342 The pathway shown in Equation 1.4 — 1.7 was suggested:

1) R —— CH2OH ags +* <> R —— CH20 ags + H ads Equation 1.4
1)} R— CHxOas +* - R —— CHOags+ H ads Equation 1.5
1)) %Oz +* > O ads Equation 1.6
V) 2H ags + O ags > H20 + 3* Equation 1.7

In this pathway the first reaction is fast and the second one is the Rate Determining
Step (RDS). An adsorbed oxygen (Oads) or adsorbed hydroxyl (OHags) can replace the
active site * depending on the oxygen coverage and pH. In electrochemical studies,
Kluytmans et al.?® proposed that the catalyst acts as a short-circuited cell where the
alcohol dehydrogenates on the surface which causes the desorption of H and OH- from
(Hags) and (OHags) (Equation 1.8 — 1.12).

) %02 +* > Oads Equation 1.8

(1 R —— CH20H ags + O* <> R —— CH20 adgs + OHags Equation 1.9



(M R—CHxOas > R—CHOus+H" +e€ Equation 1.10
(V) e+OHas—> OH +* Equation 1.11
(V) H*+OH  —» H0 Equation 1.12

Therefore, the ketone formation (lll) and the hydroxyl reduction (IV) may happen at
different sites on the catalyst, while electrons are transported by conduction and the
proton by diffusion (V) guided by Fick’s first law. It becomes apparent that there is no
agreement on the mechanism of the alcohol oxidation.** Gallezot notes that the
oxidation could be affected by the solution pH, the state of metal oxidation, the nature

of adsorbed species, and the oxygen coverage.*

Since C-C bonds are difficult to break under mild reaction conditions, the oxidation of
secondary alcohols yield ketones, and the carbon chain is preserved.®* However,
primary alcohols are oxidised to aldehydes, and can further undergo catalysis to yield
carboxylic acids. A high pH or an aqueous media increases the carboxylic acid yield
considerably, unless the hydroxyl function is adjacent to a C=C bond or an aromatic
ring that stabilize the carbonyl group.? It's worth noting that the comparison of catalyst
activity with respect to product selectivity should be made at equal levels of conversion
of the substrate. The transition metal catalysts are desirable materials for rapid alcohol
oxidation due to their tunability towards product selectivity.'’” It becomes apparent that
the selectivity of oxidation is greatly affected by the nature and promotion of the catalyst,
the reaction conditions, and by the solvent. The different aspects from these

approaches are disclosed in the following section.

1.6.2. Heterogeneous catalysts for n-butanol oxidation

The heterogeneous oxidation of alcohols with noble metals has been exponentially
improved since it was first studied 150 years ago.3* 6 However, before the industry can
apply heterogeneous catalysts on a large scale for the production of carbonyl
compounds and invest in new processes, it is crucial to investigate and optimise the

catalytic oxidation of alcohols.

Unlike stoichiometric oxidants that produce chemical wastes, heterogeneous catalysis
can effectively use stoichiometric oxidants such as H>O0» or TBHP (Tert-butyl
hydroperoxide) to produce only water as side-products, and can be operated under
range of temperature and pressure conditions. From a cost-efficiency point of view,
supported catalysts have an advantage over homogeneous catalysts by being easily

recoverable and they can be used in continuous flow regimes.?®



It has been previously shown that Au—Pd/TiO. nanoparticles prepared by sol-
immobilisation method displayed the narrowest particle size distribution (average size
2.2 nm) and the best performance in n-butanol oxidation (92 % butyric acid selectivity
at 90 % n-butanol conversion).*” Under operating conditions it was reported that the
catalyst showed no metal leaching and maintained its activity during reaction cycles.
Many studies reported that Au-Pd/TiO, prepared by sol-immoblisation method showed
a high activity in the oxidation of other alcohols.*®5° Selective oxidation of alcohols into
butyraldehyde is important for the synthesis of fine chemicals and their intermediates.
The production of butyraldehyde from n-butanol is challenging, as butyraldehyde
oxidises to butyric acid at 100 °C in the absence of a catalyst.*” To overcome the rapid
conversion of aldehyde to acid,>! a catalyst that is active for the oxidation of n-butanol
to butyraldehyde, but does not catalyse its transformation into butyric acid has to be
developed. Additionally, the catalyst has to be stable under the operating conditions.

Gandarias et al. have more recently shown that this can be achieved by using TiO; as
a support.*” Molecular oxygen was used as the oxidant. They used bimetallic Au-Pd
nanoparticles supported on titania (P25) as the catalyst, which was synthesized using
the sol-immobilization technique. Polyvinyl alcohol (PVA) was the most effective
stabilizing agent as it gave the catalyst with the smallest average particle size. The
catalyst was not only active and selective towards butyric acid, but was also stable
under operating conditions. This work is used as the basis for this project. Table 1.2

contains oxidation data from the literature for a comparison.



Table 1.2. A list of catalyst (with reaction conditions) shown to be active for the
oxidation of n-butanol.

Entry Catalyst Conv. Sel. Reaction Ref.
(%) (%) conditions
BUuALD BuA
1 Au/M3902 >99 88 - 5 mmol n-butanol, 37

15 mmol K;COs,

100 mg catalyst,

5 mL acetonitrile,

50 °C, 1 bar Oy,
20 h

2 Au-Pd/TiO, 89.7 0.3 92.5 5 mmol n-butanol, 4
8 mL H20, 0.15 ¢
catalyst, 3 bar O,
100 °C, 6 h

3 Mo-V-O 33 >99 <1 0.7 mmol n- 37
butanol, toluene
1.6 mL, catalyst
0.03g,80°C, 24 h,
1 L oxygen cylinder
(1 atm)

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid (BUAC),
Reference (Ref.)

Cai et al,>? have reported the doping effect of Ru, Rh, Ir and Pd on Co/ZnO catalysts
for the conversion of bio-butanol into various derivatives and observed an increase in

activity and a decreased deactivation.

1.6.3. Pt catalysed n-butanol oxidation
The discovery that platinum can be used as a catalyst to oxidise alcohols with molecular

oxygen was discovered one and a half centuries ago.®* Platinum has a high affinity to
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adsorb hydrogen which allows it to dehydrogenate alcohols to yield the corresponding
carbonyl compound. Gallezot noted that the activity and selectivity of platinum catalysts
are strongly affected by the nature of the support, the particle size, the reaction medium
and the substrate, which underlines the importance of investigating the effects of these
conditions.** The main challenge is to maintain the selectivity towards the carbonyl
intermediate without producing by-products or deactivating the catalyst. A novel way
of achieving this goal is with the help of promoters.>?> Many investigations have been
done on the use of Pt or Pd/C catalysts for the oxidation of water-soluble carbohydrates

with molecular oxygen.*s: 53

In 2012 T. Lu et al, reported that base- free selective oxidation of n-butanol to butyric
acid is possible in the liquid phase.>* The Pt supported catalysts were prepared using
the deposition-precipitation method. It was found that the reduction temperature of the
catalysts had a great effect on the catalytic activity of Pt/Bi.Os. For example, when the
reduction temperature was between 150 and 250 °C a higher conversion of n-butanol
was observed ~60 to 68 %, respectively. At a higher reduction temperature (300 °C)
the catalyst deactivated under the same reaction conditions (2.5 mmol substrate,
0.20 g catalyst, 2mL H,O, 90 °C, 0.1 MPa O, 5 h).>* Low activity of the uncalcined
catalyst could be ascribed to the presence of platinum oxides.
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Table 1.3. Alist of catalyst (with reaction conditions) shown to be active for the oxidation

of n-butanol.

Entry Catalyst Conv. Sel. Reaction Ref.
(%) (%) conditions
BUuALD BuA

1 Pt/BiOs 99 1 99 2.5 mmol 54
n- butanol, 0.20 g
catalyst, 2 mL H,0,
90 °C, 0.1 MPa Oy,
5h

2 Pt/TIiO; 31.4 78.8 21.2 540 mmol 55
n- butanol in H20,
0.072 g catalyst,
100 °C,
0.3 MPa O, 6 h.

3 Pt/C 77.6 37.9 61.7 540 mmol 55
n- butanol in H20,
0.072 g catalyst,
100 °C,
0.3 MPa Oy, 6 h.

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid (BUAC),
Reference (Ref.)

Recent studies show that supported Pt was active and selective towards butyraldehyde
in the oxidation of n-butanol by O in an aqueous phase.>® By changing the catalyst
support and preparation method, they were able to synthesize stable Pt metal
nanoparticles. Gandarias et al. find that 1 wt. % Pt/TiO; gives the highest selectivity
toward butyraldehyde (78.8 %) with a total n-butanol conversion of 31.4 %, however,
Pt was observed to leach (31.4 %), even in the presence of small concentration of

butyric acid.>® XPS and TEM suggests that the observed Pt leaching is related to both
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the metal-support interaction and the size of the metal nano-particles. Using carbon
(Cabot Vulcan XC-72R) as the support and CVI (Chemical vapour impregnation) as the
preparation method an active and selective catalyst (Pt/C ©V-REP400) was synthesised.
By changing the catalyst support and preparation method, the Pt leaching reduced to <
1 % under operating conditions used (100 °C, 3 bar of Oy). The study of product
evolution with reaction time revealed that butyraldehyde selectivity decreased with
increasing n-butanol conversion. This was ascribed to n-butanol acting as a radical

inhibitor in the uncatalysed oxidation of butyraldehyde to butyric acid.

1.6.3.1. Deactivation of platinum catalysts during primary alcohol oxidation
It is worth noting that platinum metal based catalysts could undergo irreversible
deactivation; this is a major reason that delays the application of PGM catalyst in the
fine chemical industry.®® It becomes important to identify the causes of such
deactivation and investigate any possible solutions. Mallat and Baiker **, Gallezot
45(1997) and Vleeming et al.,>” have shown that the following major factors can cause

catalyst deactivation:

Deposition of species such as carbon (fouling/coking).
Metal leaching
Strongly adsorbed oxygen (oxidation) on the catalyst surface.

0N PR

Substrate adsorption poisoning on the active sites (chemisorption).

Metal leaching is defined as the loss of active metal during the catalysis in the solution.
After leaching occurs, a metal ion may be re-deposited on another metal particle
causing, an increase in particle size through agglomeration which decreases the

efficiency. Catalyst can be also deactivated by thermal sintering.

1.6.3.2. Proposed mechanism of Pt-catalyst deactivation

1.6.3.2.1. Deactivation through oxidation of Pt (0)

The solubility of oxygen increases with increasing pressure according to Henry’s law.
While the presence of oxygen is essential to remove adsorbed hydrogen and other by-
products for the regeneration of free sites, a high oxygen coverage will decrease the
reaction rate.>® Working at low oxygen partial pressure prevents the catalyst from being
oxidised, although the adsorbed hydrogen formed from alcohol dehydrogenation may
react then with another substrate to generate unwanted by-products instead of being
oxidised to form water.>® Keresszegi et al.** found that the oxidation of primary alcohols
such as 1-octanol and benzyl alcohol can yield CO by decarbonylation, which

deactivates the catalyst. The reaction rate can then be dramatically enhanced by the
13



introduction of oxygen which removes adsorbed carbon monoxide. Working at high
oxygen partial pressure tends to deactivate the catalyst by oxidizing the metal and
occupying the active sites.®° A catalyst is oxidised or covered with oxygen when the
catalyst potential is higher than 0.8V vs the Reversible Hydrogen Electrode (RHE). The
catalyst is reduced or covered with hydrogen/CO when the potential is lower than 0.4V
vs. RHE.%® (The optimum catalyst potential then lies between 0.4 and 0.8V vs. RHE
as illustrated in Figure 1.4). Extensive modelling work on oxidation can be found in the

following references.5162

a > over-
oxidation"

‘CD‘ c
poisoning

Rate of dehydrog., a.u.

reduced <—— Pd —— oxidized

Figure 1.4. lllustration on the catalyst state. 58

Kluytmans et al.?° and Markusse et al.>® note that stopping the oxygen flow during the
oxidation reaction allows the alcohol to reduce the oxidised Pt catalyst, therefore
reactivating it. The addition of promoters can be another way of overcoming poisoning
by surface oxidation. The addition of non-noble metals such as bismuth controls the
oxygen supply to the noble metal and prevents the formation of adsorbed hydrogen and
carbon monoxide.®* Hence, an optimum oxygen concentration exists that is high
enough to oxidise adsorbed hydrogen and by-products without oxidising the catalyst.
Many researchers have recommended working in the oxygen mass transfer limited
regime to prevent any oxidation, since working in a kinetic regime results in rapid
catalyst deactivation.5® 616566 The selectivity towards the partially oxidised intermediate
of the reaction is also dependant on the oxygen concentration. While ketones and
carboxylic acids are resistant to further oxidation under mild conditions, aldehydes can
easily be further oxidised to carboxylic acids in oxygen rich systems, when reacting in

an aqueous or alkaline medium.®*
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1.6.3.2.2. Product-mediated catalyst poisoning

Poisoning is the strong adsorption of substrate or impurities on catalytic active site
(chemisorption). A good example is the presence of H.S in feeds for the steam
reforming of CO on nickel based catalysts. The formation of NizS; is irreversible and
thus eventually renders the catalyst inert.’” In the case of alcohol oxidation, a strongly
adsorbed substrate is referred to as chemical poisoning and can occur due to alcohol,
carbonyl species or other by-products bonding to the active metal. The adsorbed
molecule may dissociate and bond chemically to the metal surface. Hence, poisoning
is highly dependent on the identity of the substrate. Carboxylic acids,?® ketones,*" ©
and even alcohols®** may deactivate the catalyst by strong adsorption. Similarly to the
rate of adsorption, the rate of desorption is expected to follow an Arrhenius-like form,
ka = AeE¥RT ‘where typical energies for desorption are 100 kJ/mol.®° It is crucial to have
the rate of product desorption faster than the rate of reactant adsorption in order to
regenerate active sites. While substrate can physisorb and/or chemisorb, it is only the

latter that inhibits the active sites due to the strong bonding with the metal.

Poisonous substrates can be classified into two types: non-oxygenated hydrocarbons
and molecules containing the CO group. Carbon monoxide or carbonyl compounds
can be re-oxidised to form carbon dioxide at a high catalyst electro-potential while
hydrocarbons can be hydrogenated to break the RC-M (carbon-metal bond) and form
RC-H in order to prevent deactivation. Primary alcohols exhibit more CO poisoning
than secondary alcohols, and as the carbon chain length increases, the carbonyl
poisoning decreases.”” * For example, the oxidation of methanol or propanol
deactivates the catalyst with a decrease in the potential of the latter up to 0.5V vs. RHE
2 which means the catalyst has a high coverage of CO. The oxidation of benzyl alcohol
decreases the potential down to 0.3V vs. RHE ' since non-oxygenated rings such as
benzene adsorb strongly on the catalyst, lowering the potential. Oxidation of glucose
with platinum shows the best example for chemical poisoning.” 7* The intermediates
gluconic acid, gluconate and smaller fragments bind strongly on the Pt surface which

deactivates the catalyst as can be illustrated in Figure 1.5.7°
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Figure 1.5. Gluconic acid poisoning on platinum.

Poisonous substrates can also be created by possible side reactions which lead to
decreases in selectivity towards the intermediate carbonyl. Oxidation of an aldehyde
molecule creates carboxylic acids, which strongly adsorb on the surface.®® Other
reported side reactions are polymerization and aldol condensation in strongly basic or
acidic solutions can occur.”® Selectivity is also affected if the adsorbed hydrogen is not
removed from the metal surface since hydrogenation may occur, thus forming different
by-products.®® In an anaerobic basic medium, fructose was oxidised into gluconate with
platinum, and the adsorbed hydrogen hydrogenated the fructose into mannitol and
sorbitol.*

1.6.3.2.3. Deactivation through product-mediated Pt-leaching

The presence of certain species, specifically anions and carbohydrates, can enhance
the loss of the active metal into the solution.>” Schuurman et al.** notes that the loss of
activity for the oxidation of alpha-D-glucopyranoside is due to re-deposition of platinum
ions, which is known as the Ostwald effect. The Ostwald ripening involves small
crystallites which tend to increase in size to bring the surface to volume condition to a
favourable low free energy state.”” Whilst poisoning and oxidation are reversible
processes, leaching and agglomeration are irreversible and may render the catalyst

completely inactive.3*

To better understand Pt-catalyst performance Gandarias et al., prepared catalysts
using sol-immoblisation and a CVI method with different supports. There XPS results
suggest that using C-based catalysts show lower Pt leaching as compared to TiO-
based catalysts. This can be ascribed to well-known high resistance of carbon supports
to acidic and chelating media.® % In the summary of their TEM data, the degree to

which Pt is leached from the catalysts is related to both the metal support interaction
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and metal particle size. The metal support interaction is affected by the type of support
and by catalyst preparation method.

1.6.3.2.4. Deactivation through thermal sintering

It has been found that there are different causes for the loss of metal particle surface
area in solution, the sintering of active metal or the sintering of the support. The
common deactivation cause is thermal sintering where a high temperature causes the
support to collapse.” Therefore, thermal deactivation is not a common phenomenon in

liquid phase oxidation due to the lower temperature used.

Recent study shows TEM characterisation of the Pt/C CVRED4%0 (the catalyst prepared
by chemical vapour impregnation and reduced at 400 °C for 3 h) identified the particle

size of fresh and used catalyst as shown in Figure 1.6.5°
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Figure 1.6. TEM images and associated PSDs of Pt/CCV"RED40 3) fresh and
b) used.

The used Pt/CCVIREDA0 catalyst showed a slight increase in average particle size
compared to the fresh catalyst (Fig. 1.6 b), although this may be skewed by the larger
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particles that were present in the analysed region. The bi-modal nature of the particle
size distribution makes it difficult to objectively analyse the average particle size. It is
interesting to note that this is the catalyst which displayed the lowest degree of Pt
leaching and that the PSD (particle size distribution) in the range of 1-7 nm, which is
comparable for both the fresh and used catalysts.

1.6.3.3. Approaches towards preventing catalyst deactivation

1.6.3.3.1. Addition of promoters

It has been reported in the literature that adding promoters was a major step forward
for the heterogeneous oxidation of alcohols, since it dramatically affected the
performance of the catalyst and its life-time.®* Although adding “non-noble” metals such
as bismuth, lead and tin to Platinum Group Metals (PGM) affects the activity and
increases the selectivity of the reaction, the role of the promoter was not entirely
understood. Mallat et al.,”® found that there are three major possible effects of the

bismuth promoter:

1. A geometric effect; bismuth adatoms act as site blockers which change the
orientation of the adsorbing alcohol. This phenomenon was witnessed for the
oxidation of glycerol.8° Furthermore, adatoms prevent the presence of a large active
metal surface, responsible for the “ensemble effect”, which causes C-C bond

cleavage that decreases selectivity.5

2. As a non-noble metal, bismuth is much more likely to adsorb oxygen than the
PGM.":83% Accordingly it creates a new active centre on the catalyst that contributes
to the oxidation of alcohol by supplying the required oxidising species for the
reaction. Gallezot,* suggested the following mechanism for the oxidation of glucose
(Figure 1.7):
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Figure 1.7. Scheme for the mechanism of glucose oxidation on Pd-Bi catalysts

proposed by Gallezot.

3. Bismuth metal increases the selectivity and activity by preventing the adsorption of
hydrogen by-product (and other substrates) via occupying active sites on PGM,

which will prevent the hydrogen from reacting to yield unwanted by products. 7* 82
83

Keresszegi et al. studied the effect of adding bismuth to platinum for the oxidation of
phenylethanol®®. The presence of bismuth increases the conversion from 30 % to 80
%. The selectivity towards acetophenone was also increased from 70 % to 95 %. Also,
Keresszegi et al. % used a simple technigue to evaluate the role of bismuth on activity
by comparing the alcohol dehydrogenation with argon and air for promoted and
unpromoted catalysts. It was found that the bismuth led to an increased selectivity in
the presence of air, but had no effect in argon. Accordingly, it was deduced that bismuth
increases the oxygen transfer to remove the by-products and hence creates available
active sites. Bismuth is therefore also used to protect the PGM catalyst from “oxidation”
which happens when the alcohol is unable to reduce the oxygen coverage on the metal
surface resulting in the deactivation of the catalyst.*® However, Wenkin et al.®? have
proposed that the bismuth may have a homogenous role by leaching and forming
complexes with the substrate that facilitates the dehydrogenation step. This was shown
by adding a solution of bismuth during the oxidation of glucose. On the other hand,
Keresszegi et al.®® showed that bismuth is in the metallic form by in situ XAS studies

that proved the presence of bismuth during the oxidation of phenylethanol.
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1.6.3.3.2. N2 purge cycles

The process of deactivation of metal catalysts by impurities has been studied widely by
Mallat et al.,>* 8387 The deactivation of the reaction, due to by-products or reaction
products, was named “chemical deactivation” or “self-poisoning”. Side products
consisting of polymeric carbonyl species were detected by chromatographic and
spectroscopic methods, in the oxidation of 1-methoxy-2-propanol with air and these
species were identified as the primary cause of deactivation. Since chemical
deactivation favours further deactivation by oxidation, deactivation could be efficiently
suppressed by increasing the reaction rate (e.g. by working at higher temperatures) or
by changing temporarily the air flow to nitrogen.*® In most cases the distinction between
the two types of surface poisoning was unclear. Irreversible poisoning of adsorbed by-
products was also invoked in the case of cinnamyl alcohol oxidation  and in 1-phenyl-
ethanol oxidation.®8 In the latter case, the poisoning was attributed to the dissociative
adsorption of the alcohol leading to irreversibly adsorbed species. The origin of catalyst
deactivation of liquid phase oxidation reactions by oxidation of the metal surface has
been a subject of great importance. The dynamic balance of competitive adsorption of
organic substrate and oxygen controls the initial reaction rate, and the equilibrium tends
to shift towards predominant oxygen coverage as the substrate concentration
decreases. By flowing nitrogen instead of air the activity was usually regenerated, but
less activity was regenerated in successive cycles of reaction with alternating flow of air
and nitrogen. Because of the progressive loss of reactivation efficiency, it was proposed
that oxygen atoms penetrate more and more deeply into the subsurface, or even into
the platinum bulk.®® Depending upon the starting procedure (with the platinum surface
reduced or oxidised to different extents) and reaction conditions (ethanol concentration,
partial oxygen pressure), different steady states for the oxidation of ethanol on platinum
have been measured.®® The structure of the oxygen-covered surface was the subject
of a number of studies. Recent in situ EXAFS experiments on platinum particles during
cyclohexanol oxidation showed that the platinum surface in the deactivated state was
not entirely oxidised since the Pt-O distances lie between those observed for
adsorption of cyclohexanol on metal (2.1A) and those of platinum oxide (2.06A).%* The
lowest degree of oxidation was found after a reductive start-up, whereas the oxidative
start-up with the lowest reactant concentration resulted in an almost completely

oxidised platinum surface.

1.6.3.3.3. pH control
The heterogeneously catalysed oxidation of alcohols over catalysts has been studied
in a weakly acidic or alkaline medium (pH 6—-11). The pH effect on alcohol oxidation is

complex and difficult to study, as the pH can affect the reaction in several direct and
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indirect ways .3* Several studies on the influence of pH have been reported. First, the
rate of oxidation increases in an alkaline medium with an increase in pH.#! %24 Second,
as pH increases the selectivity towards the aldehyde intermediate decreases.®® % Third,
in acidic medium ( pH < 6), there is product inhibition, where products adsorb to the
catalyst strongly and inhibit the reaction.®” Finally, in a highly basic medium (pH > 11),
the formation of by-products or leaching of the catalyst inhibits the reaction.®*
However, there is no effect of the pH on oxidation rate in the case of alcohols with low
acidity (high pKa value) and strong reducing ability.3® 4% 84 VVleeming et al. showed that
with Pt on graphite catalysts, the rate of initial oxidation decreases with an increase in
pH from 8 to 10.% In an earlier study with Pt on carbon catalyst, a linear increase of the
rate at pH > 8.5 was reported.*! These differences may be due to the multiple influences
of pH, on the interaction of the catalyst support with adsorbed reactant alcohol and/or
oxygen species, the concentration of intermediate aldehyde and (side) products, and
catalyst deactivation due to oxidation. In the literature some efforts have been made to
model the possible effects of pH on alcohol oxidation. Schuurman et al. performed initial
rate kinetic modelling by considering two reaction paths; involved adsorbed alcohol
dominating at low pH and at high pH (involved alcohol anion dominating).** In previous
work, another approach was shown in electrochemical kinetic modelling through
oxygen and oxide reduction, which are proton concentration-dependent steps.>® ©!
However, these models are inadequate for describing the effects of pH associated with

catalyst deactivation due to oxidation.

1.6.3.3.4. Solvent selection

The choice of solvent influences certain processes depending on many of its
characteristics.*® Firstly, the gaseous reactant should be soluble enough in the medium
in order not to slow the reaction. Secondly, both liquid and gaseous reactants should
have a high diffusivity coefficient in the given solvent to be transported to the catalyst
particle. Thirdly, solvents have characteristic macroscopic and structural effects.

The dielectric constants and dipole moments strongly influence the charged transition
state. Solvents having a high dielectric constant enhance the dissociation of a bond to
form charges, while solvents with a low dielectric constant tend to neutralise charged
species by forming bonds.'® However, a solvent interaction with solute and catalyst
cannot be predicted based solely on macroscopic properties, since the solvent
molecule structure also plays a considerable intermolecular role that has been difficult
to investigate. Solvents may be classified into two categories: non-polar and polar.
Non-polar solvents have a low dipole moment and dielectric constants, with the
opposite being true of polar solvents. Polar solvents can be further divided between

protic, which form hydrogen bonds, and aprotic, which do not form hydrogen bonds.
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Non-polar solvents such as heptane, toluene, and p-xylene are often used due to their
inertness and higher oxygen solubility than alcohols.* %> Another advantage of apolar
solvents is their lack of interaction toward catalysts. Different solvents including polar
and non-polar have been tested for alcohol oxidation.'®* It was deduced that reactions
performed in non-polar solvents, such as toluene, tend to have a higher reaction rate
since polar solvents such as acetonitrile would compete with reactants to adsorb on
active metallic sites, hence lowering the reaction rate. If the solvent has a low dipole
moment and dielectric constant it becomes hydrophobic and could have detrimental
effects on conversion. One of the by-products of oxidation with molecular oxygen is
water which is produced in equimolar amounts with the carbonyl product. However,
water can strongly adsorb on noble metals and on metal oxide supports such as
alumina, titania and silica via H-bonding thus blocking active sites from reactants.
Keresszegi et al. ® used a water surfactant to remove adsorbed water on Pt/Alumina,
since the hydrophobic toluene and cyclohexane were unable to remove adsorbed
water. Gallezot et al,* substituted the silica and titania supported platinum with carbon
supported platinum due to the excessive H-bonding of glyoxal hydrogen-bonded to the
hydroxyl groups of the oxide supports. Therefore, in order to achieve a satisfactory
reaction rate, products should be miscible enough in solvents to be removed from the
catalyst surface while reactants should not have to compete for metal site adsorption.
The ideal solvent for green chemistry would be water since it is the least toxic. However
water has many limitations, such as insolubility with organic compounds, and low
oxygen solubility. Also, due to its high polarity, water may strongly adsorb on the
catalyst. Mallat et al.,** suggested the use of water-detergent systems that are more
environmentally friendly than organic solvents and are as efficient, such as
dodecylbenzenesulfonic acid sodium salt. Solvents may also help tune or determine
the production distribution of a certain reaction. When a substrate can undergo different
reaction pathways resulting in different possible products, the solvent can favour one
path over the other. For example, the use of a dioxane solvent leads to the production
of benzaldehyde from benzyl alcohol oxidation. On the other hand, dioxane/water
mixtures led to the production of benzoic acid.'°?> Hence, depending on the nature and
polarity of a solvent, one product may be more favoured than another. In the current
work water has been used as solvent media. Although the majority of literature reports
the use of mixed solvent, liquid water offers a sustainable and environmentally friendly
alternative to expensive inorganic oxidant and harmful organic solvents. 1% Hence, to
obtain high butyraldehyde yields, a catalyst that is active and selective in the oxidation

of n-butanol to butyraldehyde under aqueous conditions has to be developed.>®
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1.7. Catalyst support materials

Precious metal catalysts are often supported on materials to provide greater dispersion,
stability and active surface area when compared to the bulk.1%* 1% In the development
of a novel catalyst, much research and many trials are performed to find the most
appropriate support since it will influence the metal particle size, structure, charge and
form the specific active sites at the metal-support boundary.%®

A wide range of inorganic materials have been used as catalyst supports including
zeolites,’®” hydrotalcites,? and washcoated ceramic foams.'®® Depending on the
chemical reactivity of the support, metal oxides can be classified as acidic inert (e.qg.
SiO,) and reactive (e.g. CeOz) metal oxides.'® Among the metal oxides alumina
(Al203), iron oxide (Fe2053), silica (SiOy), titania (TiO2) and ceria (CeO,) are some of the
most commonly employed supports. Depending on the method of preparation, the
surface area and pore sizes may vary considerably. However, a high surface area
(>100 m?/g) and highly porous supports (~1-5 nm pore diameter) are usually used for
commercial catalysts in order to maximise the dispersion of the often expensive active
metal.”® In some cases, the support can act as a Lewis acid, affecting the surface
chemistry by accepting a pair of electrons. The potential of a support to act as a Lewis
acid can subsequently affect the conversion and selectivity observed for a given
reaction. Strong Lewis acids such as alumina and iron oxide may have AlI** and Fe®*
ions in their structure which exhibit strong affinities towards oxidation of substrates, and
thus usually facilitate a higher activity at an expense of selectivity. Supports using
alkaline earth metals such as magnesium oxide were shown to be active as well, since
platinum had a higher tendency to form small metal particles on the support.'*® The
support may play a direct role in the catalysis other than dispersing the active metal. In
the case of gold based catalysts, it is the lattice oxygen of the support that participates
in the oxidation, while gaseous oxygen replenishes the vacancy created in the absence

of basic conditions.

1.7.1. Titania

Titania is considered as an important support in heterogeneous catalysis due to its
commercial availability and high stability in electrochemical environments.'** 112 TiO,
used as a support has an electronic affect and bifunctional mechanism, which has an
influence on heterogeneous catalysts.!'! 13 TiO, displays an electronic effect where
the hypo-d-electronic Ti®* promotes electrocatalytic features of hyper-d-electronic noble
catalyst surface atoms.'* Thus it, decreases the adsorption energy of CO
intermediates, whilst improving the mobility of CO groups. At the same time, the

adsorption of OH species on TiO; tends to enhance the conversion of the catalytically
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toxic CO intermediates in CO,, consequently improving the durability of the
heterogeneous catalyst.!'> 116 The factors above indirectly assist the dispersion and

adsorption of the heterogeneous catalyst particles.

Titania (TiO2) is a reducible support that exhibits a strong metal-support interaction
(SMSI) with Pt group metals and is broadly used in heterogeneous catalysis due to its
tuneable surface area and pore distribution. SMSI is one method of altering catalytic
performance changing the properties of the metal catalyst due to the interaction with
the support material.**” 118 The literature indicates that the SMSI effect also impacts on
the catalytic performance of supported metals in hydrogenation and hydrogenolysis
reactions.!'® Several explanations proposed for the interpretation of SMSI were based
on electronic and structural effects.!® 119 Additionally, the dispersion and loading of
platinum nanoparticles onto TiO2 support is controlled by the structure and porosity of

titania.t*

The nature of the metal-support interactions can affect the dispersion, electronic,
chemisorptive, and catalytic properties of Pt in reactions in which O participates as a
reactant. Additional desirable physical properties include: Lewis acidity, redox
properties, thermal stability and mechanical strength.!! Titania improves the
performance of catalysts, allowing the modulation of catalytic activities for many
reactions, including dehydrogenation,'t 120 121 hydrodesulphurisation,'?? water gas
shift,123 and thermal catalytic decomposition.'?

In the current work TiO; powder (Degussa, P-25) is used. TiO, consists of anatase and
rutile phases in a ratio of about 3:1.1%° Bickley et al. were one of the first people to
investigate the proposed synergistic effect between anatase and rutile, believed to be
responsible for the fairly high photoreactivity of Degussa P25.1%® Ohno et al. reported
the close contact between rutile and anatase in P25 to be prerequisite for the synergistic
effect.'?® According to Hurum et.al., the rutile phase plays a key role in separating the
electrons from the holes.??” Electrons that are photoexcited in rutile can migrate to the
conduction band of anatase; the holes remain in the rutile. Thereby, the recombination

is effectively suppressed.

A study on Pt catalysts supported on TiO» (R-rutile) and TiO; (A-anatase) revealed that
there are differences in catalytic activity between the two catalysts and this is mainly
explained by the degree of Pt dispersion in these catalysts.?® Hajime et al. has reported
XPS and CO-TPD measurements on Pt/TiO. (R) and Pt/TiO2 (A), that show strong

electronic effects of the support on Pt.18
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1.7.2. Carbon

Many different carbon materials are used as catalytic supports in heterogeneous
catalysis, such as carbon blacks (e.g. acetylene black, Ketjen Black, Black Pearl or
Vulcan XC-72), activated carbons and graphitized materials.'?® Carbons are typically
activated by either chemical or physical activation.'?® Chemical activation involves the
addition of activating agents, such as HsPO4 or ZnCl,, to raw organic materials and is
subsequently heated to temperatures of up to 1073 K. The physical preparation involves
the heating of pre-carbonized material in absence of air or under steam at temperatures
up to 1073 K. The activation of carbon can create a considerable number of pores and
hence, substantially increases the materials surface area. While graphite has an
average surface area of 10-50 m?/g, the surface area of activated carbons can be 800-
1200 m?/g.*?° Furthermore, the organic precursor used can greatly affect the final

morphology of the carbon.

Carbon supports typically offer a greater stability in acidic and basic mediums compared
to other conventional supports such as alumina and silica. It can also be combusted at
fairly low temperatures, which can assist with the recovery of the active metal
components.®* Given the versatility and advantages of carbon supports, they have
been widely used for oxidation processes as supports for precious metals.?> & Unlike
metal oxides, carbon supports are electronically inert but extremely conductive, which
can dramatically affect the catalytic performance of the supported metal component.3!
Among the different carbon black materials, Vulcan XC-72R (industrially produced by
Cobat corporation) has attracted special attention due to its good compromise between
adequate surface area (~250 m? g) and high electric conductivity (~2.77 Scm1).129 132-
141 The carbon support materials for Pt catalysts are widely manufactured by the
pyrolysis of hydrocarbons, such as natural gas or oil fractions from petroleum
processes. Vulcan XC-72R is one of the most popular commercial carbon support
materials for Pt catalysts in fuel cells because of its low cost and high activity.*? Pt
and/or Pt-based alloy catalysts are formed on the carbon support material by various
chemical synthesis methods, such as impregnation-reduction,'*® colloidal methods,*4

sol-immobilisation methods,%® etc.

Carbon applications involve interfacial interactions, where different reactants and ions
interact with the carbon surface. Consequently, much effort has been conducted to
study the effect of carbon black on electrochemical performance for energy conversion
and storage devices, such as super capacitors, polymer electrolyte membrane fuel cells
(PEMFC) and electrolysers.134 140.145-149 The chemical introduction of oxygen-containing

species on carbon structure has been broadly investigated.3* 149 150-155 various
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chemical oxidation procedures have been studied using oxidising solutions (such as
NaClO, HNO;3 or H,0;) or gases (e.g. CO,, Oz, 02,NO, etc.),13% 156 157 which result in
the generation of different oxygen functionalities on carbon surfaces, such as carboxyls,

carbonyls, phenols, quinones or lactones.'**

1.8. Aim and Objective

The overall aim of the current project was to design and synthesise a selective and
stable Pt supported catalyst for the oxidation of n-Butanol into butyraldehyde. The
research herein discussed different strategies that were invoked to reduce, or prevent
over oxidation of butyraldehyde into butyric acid, along with corresponding justifications
for the experiments. Understanding the role of the oxidation catalysts in the reaction
and the kinetics associated with each oxidation step in this reaction is crucially

important, as both can feed back into the catalyst design process.

Investigating the deactivation mechanism of the catalyst is also important from a viability
perspective. Previous studies have confirmed that the experimental conditions can
drastically influence the catalytic activity and reaction selectivity. For this reason, it was
important to establish how the reaction conditions effected the performance of the Pt
supported catalysts for this reaction. As discussed, the nature of the support material
can also be influential on catalytic performance and as such, the effect of support on
structural and electronic properties of Pt catalyst was investigated and the results were
correlated to oxidation performance.

Finally, by incorporating the learnings from the above two Chapters some additional
experiments were conducted in order to assess whether the catalytic performance
could be further improved through the addition of a secondary metal. These catalysts
were thoroughly characterised by XRD, SEM, TEM, TGA, ICP and IR spectroscopy in

order to correlate catalytic performance with physicochemical properties.
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Chapter 2: Experimental

2.1. Materials

The details of all chemicals used in this work are detailed below.

Material

Materials for catalyst preparation

Supplier

Polyvinylalcohol (PVA)
NaBHa (98 %)

Cabot Vulcan XC72R
TiO2 (P25)
HzPtCls-3H20

Ethanol absolute
Zn(NO3)2-6H20 (98 %)
AICl3 (99.99 %)

H2S04 (>95 %)

BiCls (99.9 %)
SnCls-5H20

PbCl> (98 %)

Sigma Aldrich UK
Sigma Aldrich UK
Cabot Corporation
Degussa

Alfa Aesar

VWR

Sigma Aldrich UK
Sigma Aldrich UK
Fisher

STREM

General purpose reagent

Sigma Aldrich UK

HCI (~ 37 %) Fisher
NaOH Fisher
Reactants and Products
Material Supplier

1-Butanol (99.8 %)
2-Butanol (99.5 %)
Butyraldehyde (=99 %)

Butyric acid

Sigma Aldrich UK
Sigma Aldrich UK
Sigma Aldrich UK

Sigma Aldrich UK
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2.2. Catalyst preparation

Several catalysts were prepared and tested for oxidation of n-butanol. This Chapter
covers detail preparation methods/procedures employed for the synthesis of various
catalysts tested for oxidation of n-butanol.

2.2.1. Preparation of supported catalyst
Supported metal catalysts (1 wt.%metal loading) were prepared using a sol-
immobilisation method. In the case of bimetallic catalysts the ratio of 0.5:0.5,1:0.5 and

1:1 metals were used.

2.2.1.1. Sol-immobilisation

In this study, all the catalyst were prepared by one method, which is sol-immobilisation
(S1). This method involves the preparation of metal nanoparticles in solution followed
by their subsequent immobilisation on a support.® The steps to prepare the catalyst are
as follows: (1) A metal salt was dissolved in a large excess of solution and a stabilising
agent — usually a polymer —was added (2). A reducing agent was then used to generate
metallic nanoparticles, the growth of which has been studied by Turkevic and co-
workers.? (3) Once the nanoparticles are generated, the support is added and the
nanoparticles were immobilised onto the surface by altering the charge of the support
through addition of an acid or base. The electrochemical double layer surrounding the
metal nanoparticles causes them to be attracted to the support. Because metallic
nanoparticles are laid onto the support surface, there is seldom need for subsequent
reduction treatment when Sl is used for catalyst preparation. The advantage of Sl is
that it is applicable to any type of support.

Analysis of the catalyst before the reaction was carried out with Raman spectroscopy
in order to see whether PVA is remained on the catalyst surface. The Raman analysis

show no traces of any PVA on the surface.

2.2.1.1.1. Preparation of Pt/support

Various Pt/X catalysts; X= TiO2: Degussa P25 and Carbon (C: Cabot Vulcan XC-72R)
were prepared by the sol-immobilisation. The procedure for synthesizing 1 g of
1 wt.%Pt/TiO, (P25) by sol-immobilisation was as follows: an aqueous solution of
H,PtClg-6H.0 (0.051 mmol of Pt, concentration: 36.4 mg mL*) was prepared and added
under stirring to a 1 L glass beaker containing 400 mL of water. After 5 min, to this
solution polyvinyl alcohol (PVA) (weight-average molecular mass = 9,000-10,000 g/mol;
80 % hydolysed, Sigma-Aldrich) was added such that the PVA to metal ratio was 1 :
1.20 by mass. After 15 minute of stirring, a freshly prepared 0.2 M (2 mmol) solution of

NaBH. (>96 % purity, NaBHs/Metal mole fraction = 7.5, Sigma Aldrich) was added to
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form a dark-brown solution. After 45 minute of sol-generation, the colloid was
immobilised by adding TiO» (P25) (0.99 g) and acidifying to pH 2 by concentrated H>SOa4
(>95 %). The catalyst was prepared at room temperature. The catalyst was filtered and
washed thoroughly with 2 L of distilled water to remove the excess of PVA, H.SO,4 and
chlorides, then dried (110 °C, 16 h). Catalysts were ground in a pestle and mortar prior
to testing. This catalyst was designated as Pt/TiOo.

22.1.1.2. Preparation of Pt-X/Support (where X = Al, Zn, Sn, Bi and Pb)
Bimetallic Pt-X catalysts were also prepared by the sol-immobilisation method. The total
metal loadings of Pt-X catalysts was varied. For each bimetallic catalyst three different

metal loadings were used; 0.5:0.5, 1:0.5 and 1:1.

Pt—X catalysts supported on carbon or TiO, were prepared using a sol-immobilisation
method. Aqueous solutions of H:PtCls-6H.O (Alfa Aesar) and X (where X =
Zn(NOs)2-6H0, AICl;, BiCl;, SnCls-5H,0 and PbCl;) were used as the precursors. For
a given preparation, desired quantities H2PtCls-:6H.O and X were added to 800 mL of
H20. To this solution, polyvinyl alcohol (PVA) (1 wt%solution, Aldrich, weight averaged
molecular weight My = 9000-10 000 g mol?, 80% hydrolysed) was added (PVA/X
(wt/wt) = 1.2). Subsequently, a freshly prepared 0.2 M (2 mmol) solution of NaBH, (>96
% purity, NaBH4/Metal mole fraction = 7.5, Sigma Aldrich) as then added to form a sol.
After 30 min of sol generation, the colloid was immobilised by adding activated carbon
(acidified to pH 1 by sulfuric acid) under vigorous stirring conditions. The support (1.98
g) was then added to the solution and after 2 h of vigerous stirring, the slurry was
filtered, washed thoroughly with distilled water and dried at 110 °C for 16 h. Bimetallic
catalysts containing Pt and X were denoted as Pt-Zn/TiO,, Pt-Al/TiO,, Pt-Bi/TiO,, Pt-
Sn/TiO,, Pt-Pb/TiO,, Pt-Zn/C, Pt-Al/ C, Pt-Bi/ C, Pt-Sn/ C and Pt-Pb/ C, respectively.

2.2.2. High temperature activations

Some of the catalysts used in this research were subjected to heat treatments prior to
catalytic testing. In these cases, the catalyst was loaded into a ceramic calcination boat
and reduced and/or oxidised at 200 °C for 2 h under a flow of 5 vol.%HJ/Ar or air
(5 mL min?') respectively. These catalysts are abbreviated to Pt/SupportREP,
Pt/Support®X!, Pt-X/SupportREP and Pt-X/Support®*.,

2.2.3. Catalyst testing
The catalyst testing were performed in a 50 mL Colaver glass reactor (Figure 2.1). The

reactor was charged with 10 mL n-butanol (5.4 mmol of 4 wt.%n-butanol, 0.54 M) and
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catalyst added (typically) 15 mg. The glass reactor was sealed, purged three times with
oxygen and then pressurised with oxygen to 3 bar.

Figure 2.1. Catalyst testing using a Colaver reactor.

This pressure was maintained throughout the experiment; hence as the oxygen was
consumed in the reaction it was continuously replenished. Upon heating to reaction
temperature; typically 100 °C, the reaction solution was stirred continuously with a
magnetic stirrer at 750 rpm. The reactor was then cooled in an iced bath for 10 minutes
and the reaction mixture separated by centrifugation. Samples were prepared for
analysis by mixing 0.5 mL of reaction mixture with 0.5 mL of 2-butanol standard solution
(external standard, [2-butanol] = 0.55 M). A gas chromatograph (GC) is used to analyse
the data.

Conversion, selectivity, and carbon balance were calculated using Equations 2.1, 2.2
and 2.3 respectively:

Conversion of R % = % X100 Equation 2.1

0

where R = reactant; [R]o = initial concentration of reactant; [R]. = final concentration of

reactant determined by GC analysis.

Selectivity to Pi (%) = % X100 Equation 2.2
0
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where P = product ; [P]i = concentration of P; determined GC analysis; [P]o = total

concentration of all products determined by GC.

Carbon balance (%) = % X 100 Equation 2.3
0

where [C]o = carbon concentration of reactants; [C]: = carbon concentration of residual
reactant and products determined by GC analysis.

Each experiment presented in this thesis was repeated at least twice or more, to ensure
a good reproducibility was observed. Typically, the error for the conversion of n-butanol

was ca. + 4 %.

2.3. Reaction analysis

2.3.1. Gas chromatography

Chromatography is the collective term for a family of techniques capable of producing
data for the composition of chemical mixtures. Gas chromatography is one of the most
extensively used techniques amongst the analytical methods. This technique
specifically involves a sample being vaporized and injected into the head of the
chromatographic column. The sample is transported through the column by the flow of
an inert, gaseous mobile phase. The column itself contains a stationary phase, which
is adsorbed onto the surface of an inert solid. The instrument mainly consists of carrier
gas flow control, sample injector port, columns, detectors and data acquisition system.
In this study a gas chromatograph (Agilent Technologies 7820 A), fitted with a CPwax
52 CB capillary column, Helium carrier gas and a flame ionization detector was used

to analyse the data.

The reaction solution (0.2 pL) was injected into a split/splitless injector at 200 °C with

a split ratio of 10:1 with an average column velocity of (5.92 cm sec™?). The initial oven
temperature was held at 40 °C for 10 minutes. The temperature of the oven was then

raised at 15 °C/min to 250 °C and held for a further 10 minutes (Figure 2.2).
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Figure 2.2. The gas chromatogram of the product of a typical n-butanol oxidation
(where; S = Substrate, P = Product and E.S. = External Standard).

The catalytic oxidation of n-butanol was monitored using gas chromatography (GC) and
substrate disappearance and product formation was quantified using an external
calibration method. For this, four agueous solutions of each known compound with
known concentrations were prepared and combined with a known mass of 2-Butanol
(external standard); typically 0.55 M. Each solution was subsequently injected into the
GC and the corresponding areas were normalised to the area of the standard in order
to construct a calibration plot. An example of calibration curve for 1-butanol is shown

below (Figure 2.3).
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Figure 2.3. Calibration curve of n-Butanol at different concentration.
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The gradient of the calibration line is regarded as the response factor and can be used
to quantify a known compound in a post reaction solution. Response factors for all the
reaction components were calculated in the same way; all the response factors are
displayed in Table 2.1. The response factors for 1-butanol, butyraldehyde and Butyric
acid rate were determined to be 0.64, 0.50 and 0.87 respectively.

Table 2.1. Response factor of 1-Butanol, Butyraldehyde and Butyric acid.

Chemicals Response factor
1-Butanol 0.64
Butyraldehyde 0.50
Butyric acid 0.87

2.4. Characterisation

2.4.1. X-ray Photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a commonly used surface sensitive
technique in catalytic research for the analysis of elemental composition, elemental
oxidation state and metal dispersion.®

The basis of XPS is the photoelectric effect, where an atom absorbs a photon of energy
(hv) and ejects a photoelectron with a kinetic energy defined by Einstein equation
(equation 1). The kinetic energy measured by XPS is used to determine the binding
energy of the photoelectron, which is characteristic for each element and its associated
orbitals. As the binding energy is characteristic of the elemental orbital from which it
was ejected, it is affected by any changes in the initial chemical state of the emitting
atom, therefore chemical information can be obtained. AlthoughX-rays penetrate many
microns in to a sample, the small inelastic mean free path (IMFP, ) of the ejected
photoelectrons means that ca. 95% of the signal comes from a depth of 3 A meaning
that the majority of the signal comes from the surface or near-surface region (up to 10
nm total depth) and it is this phenomena which is responsible for the inherent surface

sensitivity in XPS

Ex=hv—E,—o Equation 2.4
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where Ex = kinetic energy of the ejected photoelectron; hv = energy of the incident X-
ray photon; E;, = binding energy of the photoelectron with respect to the fermi level; ¢ =
work function of the spectrometer.

Data for XPS analysis presented in this work were collected on a Kratos Axis Ultra DLD
X-ray photoelectron spectrometer using a monochromatic Al Ka X-ray source operating
at 140 W (Figure 2. 4). Survey scans and high resolution scans were acquired at pass
energies of 160 eV and 40 eV, respectively. Charge neutralization was achieved using
a low energy electrons , and spectra were subsequently calibrated to the C(1s) signal
for adventitious carbon, taken to have a binding energy of 284.8 eV, all experimental

binding energies are quoted +0.2 eV.

Figure 2.4. The Kratos Axis Ultra DLD X-ray photoelectron spectrometer used in this
study.

2.4.2. Transmission electron microscopy

Transmission electron microscopy (TEM) is based on the detection of transmitted and
diffracted electrons (Figure 2.5). Bright field images represent a 2D projection of the
transmitted electrons, which depends on the mass distribution; the density and
thickness of the sample. Dark field images represent the diffracted electrons, which
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have a slightly different angle than those of the transmitted beam. Contrast in the
images is caused by attenuation of the electron beam, dependent on the density and
thickness of the sample, and also by diffraction and interference.® TEM instruments
operate in a similar way to an optical microscope, with electromagnetic lenses and an
electron beam instead of optical lenses and light. Typically, a TEM instrument has

superior magnification and resolution to a SEM instrument.*

Figure 2.5. JEOL JEM2100 Transmission electron microscope (TEM).

TEM is widely used in catalysis to determinate the dispersion, particle size and
morphology of supported particles and to investigate metal support interactions.
Scanning Transmission Electron Microscopy (STEM) combines both TEM and SEM
operation modes. Itis possible to select specific regions of the sample that are irradiated
with the primary electron beam and obtain either bright or dark field images. Dark field
images are obtained based on the electrons that are diffracted by the metal particles
and thus, images of supported metal particles with improved contrast are obtained.
Transmission electron microscopy (TEM) and scanning transmission electron

microscopy (STEM) were performed on a JEOL JEM-2100 microscope operating at 200
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kV. Energy dispersive X-ray analysis (EDX) was done using an Oxford Instruments X-
MaxM 80 detector and the data analysed using the Aztec software. Samples were
prepared by dispersion in ethanol by sonication and deposited on 300 mesh copper
grids coated with holey carbon film.

2.4.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is very similar to TEM. The main differences
between TEM and SEM are: TEM uses a broad static beam as opposed to the focused
fine point that scans in a rectangular raster pattern in SEM; the accelerating voltages
used for SEM are much lower than used for TEM; and the samples do not need to be

thin for SEM, simplifying sample preparation.

Microscopy was performed on a Tescan MAIA3 field emission gun scanning electron
microscope (FEG-SEM) operating at 15 kV. Images were acquired using the
backscattered electron detector. The samples were dispersed as a powder onto 300

mesh copper grids coated with a holey carbon film.

2.4.4. Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS is a technique that utilizes the methods of mass spectroscopy which is capable
of detecting elements at low concentration PPB parts per billion. The instrument used
was an Agilent 7900 ICP-MS with argon plasma. This is achieved by the plasma
dissociating compounds into their constituent elements which are ionised and can

quantify those ions.

The torch itself is quartz. The plasma is formed by a combination of the RF coil and the
Argon gas forming a superheated gas (the plasma) which consists of free electrons and
ions, when the sample enters the plasma (from the nebulizer and ultimately the spray
chamber) it is 'dried' and any molecules are dissociated and electrons removed, forming
the ions we can detect in the mass analyser. ICP uses argon for the plasma gas, Helium
is used in the collision/reaction cell. The plasma itself is initiated and maintained by an

RF coil wrapped around the torch.

Compared to atomic absorption techniques, ICP-MS has greater speed, precision,
sensitivity and is a sequential technique able to analyse multiple elements whereas
older atomic spectroscopy methods generally can't do this. Only reaction solutions were

run with ICP-MS as they required a higher sensitivity that this technique can provide.
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The calibration was made from 0 to 1 PPM (5 calibration points). The matrix for
standards matches the samples. If samples are diluted then the matrix would also be
diluted the same to ensure consistency.

2.4.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis determines the weight loss of a material as a function of
temperature in a controlled atmosphere (Figure 2.6). This technique is used to identify
the temperature at which chemical changes occur including redox reactions,
decompositions, phase transformations and desorption of adsorbed species. TGA
curves are the representation of the weight loss, given as a percentage of the initial

sample weight, versus temperature.

Figure 2.6. PerkinElmer Thermogravimetric (TGA 4000) analyser.

TGA analysis was conducted using a PerkinElmer TGA 4000 instrument. A 6 mg of the
sample was placed in a crucible. After ~ 2 minutes stabilisation, TGA was conducted in
air (20 mL/min) by heating the sample from 30 °C to 800 °C (15 °C/min).

2.4.6. Powder X-ray diffraction
Powder X-ray Diffraction (PXRD) is a non-destructive technique that can provide
detailed information about the crystallographic structure of heterogeneous catalysts.
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Diffraction occurs when electromagnetic radiation strikes on a material with a
comparable length scale to the wavelength of radiation.

X-rays are electromagnetic radiation with wavelengths in the region of 10 1° m (1 A). X-
Rays are generated in a vacuum tube when high energy electrons, released by the
cathode (a tungsten filament), collide with the atoms and nuclei of the anode or metal
target (typically copper).® When electrons have enough energy, the metal target’s inner
orbital electrons are ejected and electrons from higher energy levels fill the vacancies.
As a result, X-rays of specific wavelength are emitted. Generated X-rays are filtered,
collimated and concentrated to produce monochromatic radiation, which is directed

towards the sample.

Crystalline materials are formed by repetition of ordered arrangements of atoms. X-ray
wavelengths are about the same order of magnitude as atomic distances in solids (ca.
1 A). Hence, XRD techniques require long-range order. Interaction of the incident X-
Rays with the sample results in a constructive interference when Bragg’'s law is

satisfied. Hence, X-ray diffraction is dictated by the Bragg equation (Equation 2.5):°

n.=2dsin©o Equation 2.5

Where:

n is the order of reflection, an integer number (n=1,2,3 ...)

A is the incident X-ray wavelength

d is the distance between two lattice planes

0 is the angle of incidence

The diffracted X-Rays are detected, processed and counted with a movable detector

that scans the radiation intensity as a function of the angle 26.
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Figure 2.7. lllustration of X-ray beams on a crystal from which Bragg’s Law is derived.

Each crystalline material possesses a unique characteristic X-Ray pattern used as a

“fingerprint”. Thus, identification of crystalline phases present in a sample is possible

through comparison with a database of XRD patterns. Structure determination is

achieved by conversion of the diffraction peaks to d-spacings.

It is possible to calculate the crystallite size of a given phase using the diffraction peak’s

width via the Debye-Scherrer equation (Equation 2.6):78

KA
Bpki cos@

thl = Equat|0n 26

Where:

Dy is the crystallite size in the direction perpendicular to the lattice planes, hkl are
the Miller indices of the planes being analysed.

k is a numerical factor frequently referred to as the crystallite-shape factor.®

A is the wavelength of the X-rays.

Bpi 1s the width (full-width at half-maximum) of the X-ray diffraction peak in radians.

0 is the Bragg angle.

The main limitation of this technique is that samples require sufficient long range order

to observe clear diffraction peaks and that its application is restricted to compounds

with particle sizes of greater than 4 nm. The rotation of the powdered sample maximises

the chance that particles are orientated such that a certain crystal plane is at the 6 right

angle defined by the Bragg’s law, contributing to the diffraction pattern.
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Powder X-ray diffraction patterns were obtained on a PANalytical X'Pert Pro
diffractometer using Cu Ka ray source operating at 40 kV and 40 mA. The signal was
recorded for 26 comprised between 10° and 80° with a step of 0.02°. The XRD patterns

were analysed by matching measured patterns against the JCPDS database.

2.4.7. BET surface area analysis

The Brunauer—-Emmett—Teller (BET) theory uses amount of gas physisorbed on to the
surface of a catalyst to calculate physical properties, such as surface area and pore
volume. BET is based on the Langmuir theory, which calculates the monolayer
coverage of an adsorbate that is bound to a surface. The Langmuir equation is:

g =2 Equation 2.7

T 1+aP

Where 8 is the fractional surface coverage, P is the gas pressure and a is the Langmuir
adsorption constant, which is dependent on binding energy and temperature.

BET theory measures multi layer adsorption. It adopts non-corrosive (inert gases) like
nitrogen and helium as the adsorbate to determine the surface area data.
Quantachrome surface area analysers use both gases for both: analysis and
calibration.

This technique is therefore an extension of the Langmuir equation, and takes into
account that a multilayer can be represented as stacked monolayers.

There are five assumptions made when using the BET method, which are:1°

1. Adsorption occur only on well-defined sites of the sample surface (one per
molecule)

2. The only molecular interaction considered is the following one: a molecule can
act as a single adsorption site for a molecule of the upper layer.
The uppermost molecule layer is in equilibrium with the gas phase
The desorption is a kinetically-limited process.

At the saturation pressure, the number of molecular layers tends to infinity.

Taking these into account a modified Langmuir equation can be written in the linear

form:11

1 _ C;l(P) = Equation 2.8

V[Po/P)-1]  Vmc \po/ ' vme
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Where p and p, are the equilibrium and saturation pressures of adorbates at the
temperature of adsorption, v is the adsorbed gas quantity and v, is the monolayer

adsorbed gas quantity. ¢ is the BET constant which calculated by:

c = exp (%) Equation 2.9

Where E; is the heat of adsorption for the first layer, E. is for the second and higher
layers, and is equal to the heat of liquefaction, R is the gas constant and T is the

absolute temperature.

The BET equation describing the adsorption isotherm can be plotted as a straight line

with W on the y-axis and pﬁ on the x-axis. This is know as the ‘BET plot’. From this
vi\—)— 0

14

plot v,, and ¢ can be calculated from the extrapolation of the y intercept and the
gradient, respectively. Once these have been obtained the surface area of the material
can be found using the following equations:

Stotal = VWIL,NS Equation 2.10

Sppr = 2o Equation 2.11

Where v,, is the monolayer adsorbed gas quantity, N is Avogadro’s number, s is the
adsorption cross section of the adsorbing species, V is the molar volume of adsorbate
gas and a is the mass of the solid sample. Analysis was carried out using a

Quantachrome Quadrosorb instrument.

Before N, adsorption at 77 K, the samples (0.36 g) was placed in a glass sample bulb
and degassed at 120 °C for 3 h under vacuum. Analysis was performed through a five-

point BET method using adsorption data in the standard pressure range 0.05-0.3 P/Pq.

2.4.8. Infrared Fourier Transform Spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is considered one of the most powerful

techniques for chemical analysis and in several applications in biological analysis (e.g.

food). FT-IR can analyse solids and liquids without sample preparation. Fourier

transform (FT) is a mathematical procedure that allows polychromatic radiation to be
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used in IR experiments, which dramatically decreases the time it takes to obtain a
spectrum, FT breaks down the interferogram provided by the interferometer into sine
waves for each wavelength in the light and reconstructs the information to form the final
IR spectrum.’> The important components of an FTIR spectrometer are the
interferometer, source, beam splitter, detector, and laser. The function of the detector
is to transduce the light intensity received by it to electrical signal. The MCT detector is
one of the most commonly used detectors. It is a semiconductor and the electrons
present absorb IR light and move from the valence band to conduction band. These
electrons in the conduction band generate an electrical current proportional to the IR
intensity. MCT detectors are more sensitive, faster and provide a spectrum with higher
signal to noise ratio (SNR). The MCT must be cooled, typically using liquid Na.

The sample is simply placed on top of the attenuated total reflection (ATR) crystal. In
case of solids, pressure must be applied (in form of a clamp) to ensure optimal contact
between the sample and the ATR crystal. In case of liquids, a cover lid may be used to
protect the sample from evaporation under vacuum conditions inside the spectrometer.
The incident lights angle is set so that at the interface of the high refraction ATR crystal
and the sample an evanescent wave is created that penetrates into the sample and
interacts with it. This interaction results in absorption at wavelengths / energies that are
informative of the chemical functional groups building up the sample. The penetration
depth is dependent on the sample, the wavelength of the light and the ATR crystal
material, as well as the quality of contact between them. The ATR accessories (Bruker)
are mounted in a vacuum bench spectrometer (Vertex 70), operating spectral range of
4500 — 400 cm™?, spectral resolution 4 cm™, scanning time 32 scan and scanner velocity
is 10 kHz.
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Chapter 3: Oxidation of n-Butanol
over Pt/TiO2 based catalysts

3.1. Introduction

Oxidation is an important method for the synthesis of chemical intermediates used for
the manufacture of high-tonnage commodities, high-value fine chemicals,
agrochemicals and pharmaceuticals.! The selective oxidation of alcohols is widely
recognized as one of the most fundamental transformations in both laboratory and
industrial synthetic chemistry, because the resulting compounds serve as important and
versatile intermediates for the synthesis of fine chemicals. It is possible to use chromate
or permanganate as stoichiometric oxygen donors, but these reagents are expensive,
toxic and pose environmental issues.? Therefore, there is a need to replace
stoichiometric oxidants with cheaper, readily available and environmentally friendly

oxidants, e.g. O, and air.

Catalytic oxidation involving the use of molecular oxygen as oxidant has attracted great
interest, as itis a clean alternative to conventional oxidants, offering environmental and
economic benefits, and is a desired green process for selective oxidation of alcohols.?
Thus, the goal has been directed towards the development of promising catalytic
protocols employing O; as a primary oxidant, which is readily available and produces
only water as a by-product in the selective oxidation of alcohols.® Alcohol oxidation is
predominantly carried out in water, where the primary alcohols are oxidized to

aldehydes and carboxylic acids (Scheme 3.1).*

OH 0
/\/\OH — /\/\o —_ /\)\m — /\)J\OH

butyric acid
n-butanol butyraldehyde

Scheme 3.1. Selective oxidation of n-butanol to butyraldehyde and butyric acid

It was previously reported that a 1 wt.%Pt/TiO; catalyst gives a high selectivity toward
butyraldehyde (78.8 %) with a total n-butanol conversion of 31.4 %.° The goal of the
present Chapter is to start with this catalyst and to study the effect of different
parameters, such as the catalyst mass, Pt loading, effect of products of the reaction,
temperature, pH, stirring rate on the activity of the catalyst. The previous study has

shown that some Pt was leaching from the catalyst during the reaction, therefore the
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effect of this leaching on the reaction has been carried out. The stability of the catalyst
is an important parameter to make the process viable for industrial application and
therefore, the reusability of the catalyst was investigated. The catalyst preparation and
the catalyst testing protocol are described in detail in the experimental Chapter 2.

3.2.  Mass transfer study

3.2.1. Effect of the catalyst mass

To determine if the oxidation of n-butanol is diffusion limited, differing masses of the
1 wt.%Pt/TiO, catalysts were tested at 100 °C, 3 bar O, for 2 h. A reaction time of 2 h
was used for these experiments to ensure that the experiments were conducted at low
conversion, to ensure that the conversion was not limited by the quantity of substrate

available. The initial concentration of n-butanol was 0.54 M. The data is reported in
Figure 3.1.
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Figure 3.1. Conversion as a function of varying mass of 1 wt.%Pt/TiO; catalyst for
selective oxidation of n-butanol. Reaction conditions: 100 °C, 3 bar O, 2 h, n-butanol
(10 mL, 0.54 M), 750 rpm.

The data shows that the conversion of n-butanol increases from 30 % for 15 mg of
catalyst to 42 % for 50 mg. After 50 mg up to 150 mg there was only a slight increase
of the conversion to 47 %, despite the amount of catalyst used being 3 times higher.
These results indicate that below 15 mg the reaction is under a kinetic regime and
above 15 mg the reaction is under a diffusion regime.® Transport of reactant to the

catalyst is the physical process, whereby the reactants are transported through liquid
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phase surrounding the solid catalyst to the active sites on the catalyst’s surface. This is
a diffusion process, and the phenomenon is called mass transport.® The diffusion
regime indicates that the observed activity of the catalyst is decreased by either the
transfer of n-butanol or O, to the catalyst, or the removal of products, which becomes
the limiting-step during the reaction. Therefore, it is more suitable to use a catalyst
mass, which is below 15 mg to avoid the effect of this mass transfer limitation. Based
on this result all the following experiments in this Chapter have been performed with a
catalyst mass of 15 mg.

3.2.2. Effect of the stirring rate

A variation of reaction stirring speed was performed using 1 wt.%Pt/TiO- catalyst under
standard reaction conditions, and the activity data are presented in Figure 3.2. The aim
is to observe the effect of the stirring speed on the reaction and its an additional way to
ensure that there are no mass transfer limitations and the reaction is operating within

the kinetic regime.

’0\3 .

8100 —L

c v v
L \ o o v o
o \

& 80 A

©

2

S

< 604

2

=

3]

D 404

[

Y

< 20 = o

Qo

&

2

g 0 T T T T T T T T T T 1
O 0 200 400 600 800 1000 1200

Stirring speed (rpm)

Figure 3.2. Influence of varied reaction stirring speed using 1 wt.%Pt/TiO catalyst for
selective oxidation of n-Butanol. Reaction conditions: 3 bar O,, 120 min, n-butanol
(10 mL, 0.54 M), catalyst (15 mg). [ Conversion of n-butanol, O Butyraldehyde

Selectivity, VV Carbon Mass balance.

The effect of stirring speed on the conversion was investigated by increasing from 0 to

1150 rpm with the magnetic stirrer as shown in Figure 3.2. This plot illustrates how the
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conversion was influenced by the stirring speed. Selectivity of butyraldehyde slightly
increased with stirring speed, up to a maximum of 96 % at 950 rpm. The results show
that when the stirring speed increased from 0 to 1150 rpm, the conversion of n-butanol
shows a volcano shape, with a maximum at 750 rpm, where the conversion of n-butanol
reaches 30 %. Although increasing the stirring speed should be beneficial for enhancing
n-butanol oxidation as it improves the mass transfer,” a decrease in activity at stirring
speed > 750 rpm was observed. The reason could be addressed to non-homogeneous
stirring that forces the catalyst onto the internal wall of the colavor reactor vessel
avoiding a homogeneous mixing. The possibility of the catalyst contacting with

reactants would decrease. This would result in the decrease of reaction conversion.®

3.3.  Effect of reaction conditions

3.3.1. Effect of reaction temperature

Variation of reaction temperature was performed using the 1 wt.%Pt/TiO; catalyst under
standard reaction conditions and the activity data are presented in Figure 3.3. The aim
was to observe the effect of the temperature on the reaction.
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Figure 3.3. Influence of varying reaction temperatures using 1 wt.%Pt/TiO, catalyst for
selective oxidation of n-butanol. Reaction conditions: 3 bar Oz, 120 min, n-butanol (10
mL, 0.54 M), catalyst (15 mg), 750 rpm. [ Conversion of n-Butanol, © Butyraldehyde
Selectivity, A Butyric Acid Selectivity, V Carbon Mass balance.
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From Figure 3.3 no activity was observed at 40 °C. Above 40 °C, the n-butanol
conversion increased and butyraldehyde was produced. Further Increase in
temperature up to 60 °C showed 9 % conversion with full selectivity to butyraldehyde.
At 80 °C the conversion was 15 % again with full selectivity to butyraldehyde. A much
higher conversion was observed at 100 °C (30 %) with selectivity towards
butyraldehyde and butyric acid of 91 and 9 % respectively, with a mass balance of
96 %. Between 100 and 120 °C there is no further increase in the conversion of n-
butanol and selectivity of butyraldehyde and butyric acid, which is possibly due to
leaching and sintering.

3.3.2. Effect of the pH

A previous study has reported the effect of pH on the platinum-catalyse oxidation of
glucose to gluconic acid.® Poisoning of the catalyst by the reaction products in neutral
and acidic medium was observed, and the degree of the inhibition of the catalytic activity
was pH dependent. D-Gluconic acid in its ‘free’ form is considered to be the main
inhibiting species of the platinum catalyst during the oxidation of glucose in acidic
medium.® Based on this it has been decided to study the effect of pH on the reaction

rate.

The pH before reaction when no base is added is 6.20. This pH drops down to 2.7 after
two hours reaction. It has been reported in the literature review Chapter that alkaline
pH prevents the catalyst from leaching, but the product distribution is affected and more
acid is produced at the expense of the aldehyde. In this section the influence of pH,
above 6.20, has been tested and the data are reported in Figure 3.4.

To perform these experiments the pH at t = 0 is adjusted with a solution of 0.05 M NaOH

(strong base) and 0.06 M HCI (strong acid), with fresh catalysts prepared and then

tested.
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Figure 3.4. Effect of the pH (the pH at t = 0 adjusted) on the oxidation of n-butanol over
1 wt.%Pt/TiOz.Reaction conditions: 100 °C, 2h, 3 bar Oz, n-butanol (0.54 M),
NaOH (0.05 M), HCI (0.06 M), 750 rpm. [ Conversion of n-Butanol, O Butyraldehyde
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The results reported in Figure 3.4 show a significant increase in the rate of alcohol
oxidation at pH > 6.20, the selectivity toward butyraldehyde decreases in favour of
butyric acid. A previous study showed that during alcohol oxidation the rise of the pH
promotes the n-butanol conversion and the selectivity toward the acid.'® Another study
indicated that alcohol oxidation over supported catalysts (Au, Pt, and Pd) proceeds by
dehydrogenation to an aldehyde or ketone intermediate, followed by oxidation to acid
product. In an aqueous environment, the initial deprotonation of the alcohol to form an
alkoxy intermediate occurs in basic solution, and the extent of the reaction is related to
the system pH [the pKa (where Ka is the acid dissociation constant) of alcohol is
approximately 16].1* The initial activation of the alcohol can also occur on the catalyst
surface. The presence of surface bound hydroxide intermediates, however, can
facilitate O-H bond activation via proton transfer in much the same way as it occurs in
solution. The presence of adsorb hydroxide intermediates also lowers the barrier for the
subsequent activation of C-H bond of ensuing alkoxide intermediate to form aldehyde.*°
This helps to explain the overall increase in catalytic activity of the noble metal at high
pH. During the oxidation reaction several roles for O, in water at high pH have been
proposed, including direct participation of atomic O during dehydrogenation reactions,

the reduction of atomic O to water through H atoms adsorbed on the surface, the direct
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oxidation of the intermediate aldehyde with atomic O to form the O-insertion acid
product, and the removal of strongly bound organic adsorbates such as CO through
oxidation.’® At pH = 12 the conversion of n-butanol drops down to 17 % and only
butyraldehyde is detected in the solution (selectivity = 100 %). The selectivity to
aldehyde generally decreased at the expense of the acid as the pH increased. However,
at pH 12, no acid is observed, which coincides with a significant drop in the carbon
mass balance (86 %). There is no clear correlation between pH and conversion/
selectivity in Figure 3.4. This phenomenon is not clearly understood yet.

3.4. Effect of the Pt weight loading

The aim of this section is to show first the effect of different percentage of Pt loading on
TiO- on the conversion of n-butanol and on the selectivity toward the different products.
A series of wt.%Pt/TiO, catalysts with Pt weight loadings of 0.1 wt.%, 0.25 wt.%,
0.5 wt.% and 1 wt.% were prepared and tested for the oxidation of n-butanol at 100 °C,
3 bar O; for 6 h, Appendix A. The results are reported in Figure 3.5.
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Figure 3.5. Effect of variation of Pt loading on TiO, catalyst for selective oxidation of
n-butanol. Reaction conditions: 100 °C, 3 bar Oz, 6 h, n-butanol (10 mL, 0.54 M),
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The data shows that after 6 h there was no conversion of n-butanol with 0.1 and 0.25
wt.%Pt/TiO> catalyst, increasing the Pt loading from 0.25 wt.% to 1 wt.% enhanced the
n-butanol conversion.? The conversion of n-butanol becomes 16 % when 0.5 wt.%
catalyst was used, then the conversion increased to 30 % when 1 wt.%Pt/TiO, was
used, these data are consistent with the amount of metal being doubled.

It can be noted, that by increasing the Platinum metal loading from 0.5 wt.% to 1 wt.%
the selectivity, of butyraldehyde, decreased from 100 % to 90 % and the selectivity
towards butyric acid increased from 0 % to 9 %. Furthermore, for 0.1 wt.% and
0.25 wt.%Pt/TiO2the mass balance was 100 %, however, the mass balance increased
to 89 % and 96 % for 0.5 and 1 wt.%Pt/TiO; respectively. The decrease in selectivity to
butyraldehyde is predominantly due to the sequential oxidation of the aldehyde to
butyric acid, however, a previous study reported that carbon dioxide can be formed from

the decarboxylation of butyric acid (Scheme 3.2).4 51315

(0]

/\)kOH . /\ C02

Pt/C

Scheme 3.2. Butyric acid decarboxylation.*?

In order to establish whether the loss in carbon was attributed to the decarboxylation of
butyric acid, an additional experiment was conducted in a stainless steel Parr autoclave
over the 1 wt.%Pt/TiO- catalyst (reaction conditions: 100 °C, 6h, 3 bar O,). Organic keto
acids can undergo oxidative decarboxylation reactions, which can result in the
formation of CO, (Scheme 3.3). Given that butyric acid is not a keto acid, it was
unsurprising to observe than only traces of CO, were measured in the gas phase and

no corresponding Cs species were detected in the liquid phase.¢8

Scheme 3.3. The decarboxylation of a keto-acid resulting in the formation of CO-.

An alternative explanation could be that butyric acid reacts stoichiometrically with

butanol, the reactivity of which would likely be enhanced in the presence of an acid
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catalyst and would result in the formation of the corresponding Cs ester (Scheme 3.4).1%
29

N 0

/\/\OH + HOY\/ L» /\/\O)J\/\ + Hzo
o

Scheme 3.4. Acid catalysed reaction of n-butanol and butyric acid producing the

corresponding ester.

In order to determine how the catalytic performance proceeded over time some
additional experiments were conducted. Therefore, time on-line studies on 0.5
wt.%Pt/TiO2 and 1 wt.%Pt/TiO; catalysts were performed. The data for 0.5 wt.%Pt/TiO,
and 1 wt.%Pt/TiO> are shown in Figures 3.6 and 3.7 respectively.
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Figure 3.6. Time on-line data for 0.5 wt.%Pt/TiO; catalyst for selective oxidation of
n- butanol. Reaction conditions: 100 °C, 3 bar Oz, n-butanol (10 mL, 0.54 M), catalyst
(15 mg), 750 rpm. I Conversion of n-Butanol, O Butyraldehyde Selectivity, A Butyric
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Figure 3.7. Time on-line data for 1 wt.%Pt/TiO, catalyst for selective oxidation of
n- butanol. Reaction conditions: 100 °C, 3 bar Oz, n-butanol (10 mL, 0.54 M), catalyst
(15 mg), 750 rpm. [ Conversion of n-Butanol, O Butyraldehyde Selectivity, /A Butyric
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For 0.5 wt.% Pt/TiO the conversion reached 11 % after 1 h and butyraldehyde is the
main primary product, Figure 3.6. After 2 h the conversion of n-butanol and the
selectivity toward butyraldehyde remains almost the same until the end of the 6 h

reaction time.

In the case of 1 wt.%Pt/TiO, the conversion of n-butanol increased up to 30 % after 2 h
and remains the same until the end of the 6 h reaction period. The selectivity toward
butyraldehyde undergoes different regimes during this time. Indeed, after 2 h the
selectivity decreased from 100 % to 91 %, then after 4 h the selectivity of butyraldehyde
remained the same until the end of the time on-line. Butyric acid is the secondary
product, which appears when the selectivity of butyraldehyde starts to decrease.

From this result it can be observed that the two catalysts, 0.5 and 1 wt.%Pt/TiO2, over
a 6 h reaction period show different behaviour. First for the 0.5 wt.%Pt/TiO;, the
conversion of n-butanol remained almost the same after 2 h and the selectivity toward
butyraldehyde remained the same after 6 h. This observation seems to indicate that the
catalyst is totally deactivated after 2 h of reaction. In the case of the 1 wt.%Pt/TiO,
catalyst, the conversion of n-butanol stops after 2 h and the selectivity of butyraldehyde

decreases and butyric acid is formed. In this case the catalyst is still active and it seems

65



to promote the conversion of butyraldehyde into butyric acid. But after 4 h there was no
more conversion of butyraldehyde into butyric acid, which seems to indicate that the

catalyst is totally deactivated.

Previous studies show that when carbon is used as a support, 1 wt.%Pt/C shows a
higher conversion (85.9 %) of n-butanol compared to the 1 wt.%Pt/TiO> (31.4 %)
prepared under the same conditions.®> This study also revealed that the selectivity
toward butyraldehyde is higher when TiO; (78.8 %) is used as a support instead of C
(21.2 %). Carbon is considered to reduce the rate of oxidation of Pt, by an electronic
effect.3>31 However, according to the results of Bogotski and Snudkin the electron

density on platinum is increased due to the catalyst support.3% 32

Brunauer—-Emmett—Teller (BET) surface area of TiO- catalysts with the variation of

platinum loading are shown in Table 3.1.

Table 3.1. BET surface areas of TiO; catalysts with the variation of Pt loading.

Sample BET Surface Area (m?/g)
TiO2 49
0.1 wt.%Pt/TiO; 53
0.25 wt.%Pt/TiO> 55
0.5 wt.%Pt/TiO; 52
1 wt.%Pt/TiO; 55

From data in Table 3.1 it can be seen that compared to TiO2 (49 m2/g), surface area of
a series of wt.% Pt/TiO, catalysts with Pt weight loadings of 0.1 wt.%, 0.25 wt.%,
0.5 wt.% and 1 wt.% are similar, there is approximately a 10 % error on these
measurements. Hence, deposition of small Pt nanoparticles on TiO» show no significant
difference from the TiO. support after different loadings of metal, as all are within
experimental error.

The X-Ray Diffraction (XRD) patterns of the supported catalysts are shown in
Figure 3.8.
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Figure 3.8. X-ray diffraction patterns of supported TiO. catalysts with varying Pt
loadings. ® Anatase < Rutile Pt.

Figure 3.8 shows that the XRD pattern of the Pt loadings of 0.1 wt.%, 0.25 wt.%,
0.5 wt.% and 1 wt.% are essentially the same as that of the TiO,. However, as reported
in previous studies,'? the absence of diffraction lines corresponding to platinum within
the XRDs of the supported platinum catalysts (26/°of 39° (111), 46° (200) and 67°
(220)), indicating that the relatively low loading of platinum is highly dispersed, with a
small average particle size. However, XPS analysis (see section 3.6.1) does reveal that
all samples contain Pt that is metallic in nature with a binding energy of 70.8 eV.

To study the catalyst deactivation, an investigation into product inhibition was made.
This was to see if there was an inhibiting effect of butyraldehyde or butyric acid on the
conversion of n-butanol. The effect of products on the activity of the catalyst has been

studied and the results are introduced in the next section.

3.5.  Effect of products on the activity of the catalyst 1 wt.%Pt/TiO>

The main motivation for running these experiments is based on the observation of

catalyst deactivation that has been shown in Figure 3.7. Butyraldehyde and butyric acid

are the main products of the reaction of n-butanol oxidation. With the aim to understand

their effect on the activity of the 1 wt.%Pt/TiO>, three kinds of experiments have been

performed: Firstly, a solution containing only butyraldehyde was tested over the
67



catalyst. Secondly, a solution containing 4 wt.% n-butanol and 1 wt.% butyraldehyde
have been prepared and tested using the catalyst. Thirdly, a solution containing 4 wt.%
n-butanol and 1 wt.% butyric acid has been prepared and tested over the catalyst.

It was important to consider first how these substrates were affected by reaction
conditions. The data without catalyst are reported in Table 3.2.

Table 3.2. Conversion of solutions containing 4 wt.%n-butanol, 1 wt.% butyraldehyde
without catalyst.

Conv. Sel. Mass balance
Substrate BUALD | BUAC (%)
(%) (%) n-BuOH BuALD
4 wt.% BUALD (0.55 M) 83 100 - 79
4 wt.% n-BuOH + 1 wt.% BUALD (0.14 M) 0 0 100 100
4 wt.% n-BuOH + 0.8 wt.% BUALD (0.11 M) 0 0 100 100
4 wt.% n-BuOH + 0.5 wt.% BUALD (0.07 M) 0 0 100 100
4 wt.% n-BuOH + 0.1 wt.% BUALD (0.01 M) 0 0 100 100

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BUuALD), Butyric
Acid (BUAC). Reaction conditions: 100 °C, 2h, 3 bar Oz, n-butanol (0.54 M), 750 rpm.

Table 3.2 shows that when n-butanol and butyraldehyde are put in solution without
catalyst, there is no conversion of either n-butanol or butyraldehyde. Accordingly, it
seems that in solution without catalyst the auto-oxidation of butyraldehyde is also
inhibited by the presence of n-butanol. The same effect was reported by Inaki et al.®
Their results demonstrate that in an aqueous phase the oxidation of butyraldehyde to
butyric acid in the presence of n-butanol is inhibited for this uncatalysed oxidation
reaction. It was determined that the alcohol inhibit the formation of the acids by
intercepting the peroxy radicals, which play a key role in the aldehyde uncatalysed
oxidation reaction (Scheme 3.5). Also Meenakshisundaram et al.*® confirmed that
benzyl alcohol (and a number of other alcohols), even at low concentrations in

benzaldehyde, inhibits the autoxidation of benzaldehyde.
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Scheme 3.5. Proposed reaction scheme for benzaldehyde autoxidation. Bold arrows
indicate the main radical chain processes, while blue arrows represent the formation of

the PBN-spin adducts I, IIl, IV and V. Key: In  : radical initiator. 3

The inhibitory effect of benzyl alcohol on benzaldehyde autoxidation is associated with
the low bond dissociation energy of C—H bonds in the a-position relative to the hydroxyl
group, and is enhanced since the a-Hs are also benzylic. In wholly aliphatic systems, a
hydroxyl group lowers the bond strength of an a-C—H bond substantially, compared with
the parent hydrocarbon, but a C—H bond adjacent to a —CHO group is even weaker,
which may be the case here. In Table 3.3, the conversion of butyraldehyde with catalyst
is reported, with the aim to measure the effect of the auto-oxidation contribution. In all

cases there is no prior pre-treatment of the catalyst.
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Table 3.3. Conversion of solutions containing 4 wt.%n-butanol, 1 wt.%butyraldehyde or

1 wt.%butyric acid over fresh (as-obatined) 1 wt.%Pt/TiO- catalyst.

Sel.
(%)
Entry Substrate Conv. Conv. n-BuOH source BuALD Mass balance
n-BuOH | BUALD source (%)
(%) (%)
BuALD BuAC BuAC n-BuOH | BUALD
1 4 wt.%n-BuOH 30 90 9 0 96
2 4 wt.% BUuALD 0 91 - - 100 90
(0.55 M)
4 wt.%n-BuOH
3 + 0 19 - - 100 100 85
1 wt.%BuALD
(0.14 M)
4 wt.%n-BuOH
4 + 24 0 100 - - 90
1 wt.%BuAC
(0.11 M)

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BUuALD), Butyric Acid
(BUAC). Reaction conditions: 100 °C, 2h, 3 bar Oz, n-Butanol (0.54 M), 15 mg of catalyst,
750 rpm.

Entry 1 of Table 3.3 reports the conversion of n-butanol and the selectivity towards
butyraldehyde and butyric acid when only n-butanol is in the solution with the catalyst.
After 2 h, 30 % of n-butanol is converted into 91 % butyraldehyde and 9 % butyric acid.
Entry 2 of the table reports the conversion of butyraldehyde and the selectivity towards
butyric acid when 4 wt.% butyraldehyde is in solution with the catalyst. After 2 h, 91%
of butyraldehyde is converted into butyric acid. Butyraldehyde is rapidly oxidised into
butyric acid. The non-catalytic oxidation of butyraldehyde into butyric acid, which is
reported in Table 3.2, shows that the contribution of the catalyst to the oxidation of
butyraldehyde into butyric acid is only 9 %. This information means that the catalyst can
hinder the butyraldehyde conversion into butyric acid, and the catalyst plays an

important role in this step.

Entry 3 of Table 3.3 reports the conversion of n-butanol and butyraldehyde and the
selectivity toward butyric acid, when 4 wt.%n-butanol is mixed with 1 wt.%
butyraldehyde. It can be noticed there is no conversion of n-butanol and 19 % of
butyraldehyde is converted into 100 % butyric acid. This data supports the fact that

butyraldehyde inhibits the conversion of n-butanol, which has been reported already in
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the literature.®* One of the hypothesis proposed is that butyraldehyde occupied the
same active site as n-butanol, suppressing oxidation of alcohol. Then butyraldehyde is

preferentially converted into butyric acid.*®

Entry 4 of Table 3.3 reports the conversion of n-butanol and butyraldehyde and the
selectivity toward butyraldehyde, when 4 wt.% n-butanol is mixed with 1 wt.%butyric
acid. Considering the calculated margin of error, the conversion of n-butanol is almost
the same as when 4 wt.%n-butanol is present alone in the solution. It is clear from these
data, that butyric acid does not inhibit the conversion of n-butanol. Since addition of
simple acids to the oxidation reaction did not inhibit the reaction rate, carboxylic acids
do not compete with alcohol substrates for the catalyst surface sites.®* However, the
selectivity toward butyraldehyde was 100 % when butyric acid was present in the initial
solution.

The addition of butyric acid to the catalyst may promote the leaching of Pt.>*® The pH
of the solution when 1 wt. % butyric acid was added to the solution was 2.9 before the
reaction, and after the reaction the pH was 2.9. This hypothesis will be further
investigated in the next sections.

With the aim to see what the minimum concentration of n-butanol is needed to avoid
the conversion of butyraldehyde, in the presence of catalyst, different ratios of n-
butanol/butyraldehyde have been tested and the results are reported on Table 3.4.
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Table 3.4. Conversion of solutions containing 4 wt.%n-butanol and different

concentration of butyraldehyde over 1 wt.%Pt/TiO..

Sel.
Conv. Conv. (%) Mass balance (%)
Substrate n-BuOH | BUALD BUuALD
n-BuOH source
(%) (%) source | n.BuOH | BUALD
BuALD | BUAC BuAC
4 wt.%n-BuOH 30 0 91 9 0 94 -
4 wt.%BUuALD 0 91 0 0 100 . 90
(0.55 M)
4 wt.% n-BuOH
+ 0 19 0 0 100 100 85
1 wt.%BuALD
(0.14 M)
4 wt.% n-BuOH
* 10 - - - - ) ;
0.8 wt.%BUuALD
(0.11 M)
4 wt.% n-BuOH
+ 21 - - - - 93 -
0.5 wt.%BuALD
(0.07 M)
4 wt.%n-BuOH
N 20 - - - - 100 -
0.1 wt.%BuUuALD
(0.01M)

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric Acid
(BUAC). Reaction conditions: 100 °C, 2h, 3 bar Oz, n-Butanol (0.54 M), 15 mg of catalyst, 750

rpm.

In Table 3.4 the conversion of n-butanol and butyraldehyde is reported when different
concentrations of butyraldehyde are introduced into a solution of n-butanol. It can be
noticed that when the concentration of butyraldehyde is lowered to 0.5 wt.% and
0.1 wt.%, the conversion of n-butanol was enhanced. The calculated conversion for n-
butanol is of ca. 20 % in both cases. The difference between the two systems relies on
the mass balance, which is 93 % for the 0.5 wt.%Butyraldehyde addition and 100 % for
the 0.1 wt.%. The former mass balance being lower means that some products may be
formed in the gas phase, it may be carbon dioxide as it has also been measured in the
previous experiments reported in the previous section.

The calculation of the conversion and selectivity of butyraldehyde and butyric acid is
very complex, therefore the results are not reported, as butyraldehyde is present in the
initial solution. These results indicate that there is a maximum concentration of

butyraldehyde in the solution for which the n-Butanol is not converted anymore.
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In Table 3.5 the catalyst has been calcined at 200 °C (5 °C/min) for 2 h under air and
the effect of the addition of butyraldehyde and butyric acid on the conversion of n-

butanol and on the product distribution are reported.

Table 3.5. Conversion of n-butanol and selectivity toward butyraldehyde and butyric
acid, with solutions containing 4 wt.% n-butanol, 1 wt.%butyraldehyde or 1 wt.% butyric
acid over calcined 1 wt.%Pt/TiO-.

Sel.
(%)

Conv. Conv. Mass
Entry Substrate n-BuOH BuALD )
n-BuOH | BUuALD balance Leaching
source source
(%) (%) (%) (%)

BUuALD | BUAC BuAC

1 4 wt.% n-BuOH 24 - 94 5 - 100 3.3

2 4 Wt.%BUALD - 54 0 0 100 82 2.8
(0.55 M)

4 wt.%n-BuOH
3 + - - - - - 100 15

1 wt.%BUuALD
(0.14 M)

4 wt.% n-BuOH
4 + 7 - 25 - - 100 0.9

1wt.%BUuAC
(0.11 M)

Conversion (Conv.), n-Butanol (n-BuOH), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid
(BUAC). Reaction conditions: 100 °C, 2h, 3 bar Oz, n-butanol (0.54 M), 15 mg of catalyst, 750 rpm.
Catalysts pre-treated by: Calcined under air for 2 h at 200 °C (5 °C/min).

Entry 1 of Table 3.5 shows the conversion of n-butanol and the selectivity towards
butyraldehyde and butyric acid, when 4 wt.%n-butanol is used, over an calcined 1
wt.%Pt/TiO, catalyst. The results showed that the conversion of n-butanol increases
slightly when the catalyst was not calcined (i.e. 30 %). The selectivity toward
butyraldehyde shows no improvement (94 %), compared to when the catalyst is not

calcined (91 %), which is within + 4% experimental error.

Entry 2 reports the conversion of butyraldehyde and the selectivity toward butyric acid

when a solution of 4 wt.% butyraldehyde is used.
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Entry 3 of the Table shows that when the 4 wt.%n-butanol and 1 wt.% butyraldehyde
are mixed together and tested over the calcined Pt catalyst, there is no conversion of
n-butanol and neither is there conversion of butyraldehyde. When the catalyst was not
calcined, 19 % of butyraldehyde was converted into butyric acid. All these results
suggest that butyraldehyde may bind quickly to the calcined platinum and is strongly
bound to the active site suppressing any conversion of either n-butanol and
butyraldehyde.

Entry 4 shows the conversion of n-butanol when butyric acid is added to the solution.
The results are different from those obtained on the non-calcined catalyst. Indeed here,
the conversion of n-butanol is 7 % when it was of 24 % with the non-calcined catalyst.
Furthermore, the experiments have shown that the initial amount of butyric acid
introduced into the solution remains the same at the end of the reaction. Therefore, the

aldehyde formed is not converted into acid.

From these results several observations can be made when the catalyst is calcined:

Firstly, when n-butanol is present alone in the initial solution, it can be converted on the
calcined platinum and the conversion is close to the catalyst prepared by
sol- immobilisation and dried at 110 °C under air for 16 h. However, the mass balance
and the selectivity toward butyraldehyde are higher. Second, when butyraldehyde is
present alone in the solution, only 54 % of it is converted into butyric acid, and the mass
balance is 82 % which is likely to be due to decarboxylation of butyric acid (as shown
previously in Scheme 3.2). Secondly, the addition of 1 wt.%butyraldehyde to n-butanol
in the initial solution inhibits the conversion of both n-butanol and butyraldehyde.®
Thirdly, the addition of butyric acid to the initial solution of n-butanol decreases the

conversion of n-butanol to 7 %.
In Table 3.6 the same experiments performed this time on the reduced catalyst are

reported. For all the experiments the catalyst is heat treated in 5 vol.%H/Ar at 200 °C
for 2 h.
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Table 3.6. Conversion of solutions containing 4 wt.%n-butanol, 1 wt.% butyraldehyde

or 1 wt.%butyric acid over 5 vol.%H/Ar_heat treatment 1 wt.%Pt/TiO, catalyst.

Sel. (%)
n-BuOH Source | BUALD Mass _
Entry Substrate Conv. Conv. Source balance | Leaching
n-BuOH | BuALD (%) (%)
(%) (%)
BuALD | BUAC BuAC
1 4 wt.% n-BuOH 43 - 93 7 - 100 3.1
2 4 wt.% BuALD 83 - - 100 47 2.7
(0.55 M)
4 wt.% n-BuOH
3 + 12 - - - - 94 4.7
1 wt. % BUALD
(0.14 M)
+
1 wt.% BuAC
(0.112 M)

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric Acid
(BUAC). Reaction conditions: 100 °C, 2h, 3 bar Oz, n-butanol (0.54 M), 15 mg of catalyst. Catalysts
pre-treated by: 5 vol.%H2/Ar for 2 h at 200 °C (5 °C/min).

Entry 1 reports the conversion of n-butanol over the catalyst heat treated in 5 vol.%
H2/Ar. As has been reported in the previous section, the conversion of n-butanol is
increased to 43 % and the selectivity toward butyraldehyde and butyric acid are 93 and

7 % respectively, and the mass balance is 100 %.

Entry 2 reports the conversion of butyraldehyde. It is noticed here that 83 % of
butyraldehyde is converted and the mass balance is only of 47 %. In the liquid phase,
only butyric acid is detected, therefore there are unidentified products, one of which is
likely to be carbon dioxide. one hypotheses that may explain this low mass balance is
that the butyraldehyde is strongly bound to the catalyst surface and that promotes the
decarboxylation of butyraldehyde. Therefore another product coming from this route
should be formed, but the liquid phase does not show any other products present under
analysis conditions used. Further investigation should be done to identify all the
products present in the gas phase, but this would require access to a different type of

sealed reactor and this was not possible.

Entry 3 reports the results after reaction using the heat treated catalyst (5 vol.%H./Ar)

for 4 wt. %n-butanol mixed with 1wt.%butyraldehyde. It is noticed here that 12 % of
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n- butanol was converted. It has been observed in the previous section that when the

catalyst is calcined there was no conversion of n-butanol.

Entry 4 of the Table reports the results obtained when 4 wt.%n-butanol was mixed with
1 wt.% butyric acid. It can be observed that 14 % of n-butanol is converted to
butyraldehyde with a selectivity of 37 %, compared to the fresh catalyst (dried in air at
110 °C) which gave a 24 % n-butanol conversion and butyraldehyde selectivity of
100 %.

FT-IR has been used to verify the vibrational bands for both the catalyst and reaction
products that may be retained on the catalyst. As discussed in Chapter 1, aldehydes
can bind strongly to Pt surface sites through their carbonyl group and thereby, inhibit
interactions between the metal and the alcohol by occupying the same active site. The
aim of these experiments was to understand the effect of product inhibition on
1 wt%Pt/TiO,. FT-IR of the as-received substrate (n-butanol) and products

(butyraldehyde and butyric acid) were performed and illustrated in Figure 3.9.

butyric acid
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Figure 3.9. Infrared spectra of Substrate (n-butanol) and Products (butyraldehyde and

butyric acid).

According to the spectra obtained with n-butanol a broad peak at 3313 cm? is
characteristic of a O-H stretching modes indicative of hydrogen bonding between
hydroxyl groups (Figure 3.9). Furthermore, peaks characteristic of C-H stretching (sp°)

and CH, bending modes are observed at 2958 and 1464 cm™, respectively.*® In
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addition, there is a strong C-O stretching mode near 1070 cm™. For comparative
purposes, ATR-IR measurements were also carried out on the reaction product,
butyraldehyde (Figure 3.9).%® The peak at 2962 cm™ is characteristic of an alkyl C-H
stretch. There are two unique peaks corresponding to C-H stretching of the aldehyde
moiety, clearly visible at 2827 and 2721 cm™. The carbonyl stretch C=0 of the aldehyde
can be assigned to the peak at 1726 cm™. A further ATR-IR experiment was conducted
on butyric acid (Figure 3.9), and peaks characteristic of -OH H-bonding ca. 3050 cm™,
C-H alkyl stretching at 2968 cm™ and C=0 stretching at 1703 cm™* are observable.*®

FTIR (Figure 3.10) characterisation was also conducted on the catalyst before and after
catalysts were tested for the oxidation reaction (reaction conditions: 100 °C, 2 h, 3 bar
O2, n-butanol (0.54 M), 15 mg of catalyst) in order to establish whether any substrate
or reaction products remained on the surface. The fresh catalyst has been retreated
under the same conditions (100 °C, 2 h and dried at room temperature) as stated

previously as the used catalyst, however, with the addition of 10 mL water in place of

n-butanol.
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Figure 3.10. Infrared spectra of fresh (as-obtained), Used 1 wt.%Pt/TiO; catalyst and
polyvinyl alcohol (PVA).

Distinct changes can be observed in the regions between 3250-2500 cm™ and 2200-

900 cm™ in the FTIR spectra of the catalyst before and after a standard butanol
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oxidation reaction (100 °C, 2h, 3 bar O) (Figure 3.10). The change in IR spectrum at
ca. 2900 cm? is highlighted in Figure 3.9 for the 1 wt.% Pt/TiO catalyst following
exposure to n-butanol. In the spectrum of the used catalyst, clear bands at 2980, 2960,
2924 and 2854 cm™ are observed. The bands at 2980, 2960, 2924 and 2854 cm™ are
characteristic of C-H stretching (asymmetric CH: stretch).

The spectra of the as-received polyvinyl alcohol (PVA) are presented in Figure 3.10. A
strong and broad peak at 3294 cm, which indicates an O-H stretching vibration
typically found with carboxy groups and adsorbed water in the spectrum of PVA.%
Moreover, a broad stretching vibration band at 2800-3000 cm™ belonging to C-H:is
observed. The characteristic peak for a C-O stretching vibration is present and appears
at 1732 cm* and the peak at 1564 cm™ correspond to C-C skeletal stretching vibration.
The peaks at 1371 and 1323 correspond to the skeletal vibrations of C-OH and C-O-C.
In the spectrum of the used catalyst (after a 2 h reaction at 100 °C) there is one clear
band at 2960 cm (Figure 3.10). The peak at 2960 cm™ in Figure 3.10 corresponds to
characteristic alkyl C-H stretches in butyraldehyde (Figure 3.9). This data supports that
there is evidence to suggest that C-H on the used catalyst is unlikey to be from PVA,®
because nothing was observed on the fresh catalyst (as-obtained). This may suggest
that there are some C-Hs formed on the catalyst surface following a 2 h reaction at
100 °C. This may support the time on-line reactivity data in Figure 3.7.

Analysis of the catalyst before and after reaction was carried out with FTIR (reaction
conditions: room temperature (RT), 1h, butyraldehyde (0.55 M), 15 mg of catalyst) in
order to establish whether any butyraldehyde remained on the surface (Figure 3.11).
The fresh catalyst has been retreated under the same conditions (1 h and dried at room
temperature) as stated previously in the case of the used catalyst, however, with the

addition of 10 mL water in place of butyraldehyde.
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Figure 3.11. Infrared spectra of 1 wt.%Pt/TiO, before (fresh) and after reaction (used).
Reaction conditions: RT, 1h, butyraldehyde (10 mL, 0.55 M), 15 mg of catalyst,
750 rpm.

The spectra of the as-received butyraldehyde are presented in Figure 3.11, in addition
to the spectra of the 1 wt.% Pt/TiO, catalyst following exposure to butyraldehyde and
the differences at ca. 3000 cm™ are highlighted. In the spectrum of 1 wt.% Pt/TiO used
catalyst a number of bands are observed after exposure to butyraldehyde. Bands
characteristic of -C-H stretching and bending are observed at 2875 cm™. In the CHs
asymmetric stretching region one band appears at 2962 cm?, it also can be seen in
Figure 3.10. It can be noted from the spectrum that the addition of butyraldehyde to the
catalyst suggests aldehydes can bind strongly to a Pt surface through their carbonyl
group and it is this interaction which inhibits the interaction between the metal and the

alcohol by occupying the same active site.?®

3.6. Investigation into the catalyst deactivation

3.6.1. Role of catalyst pre-treatment

In order to understand the effect of the different Pt oxidation states in this reaction, some
additional experiments were conducted. The first consisted of calcining the two
catalysts under air and then testing under the optimal reaction conditions, whilst the
second consisted of a heat treatment in 5 vol.%HJ/Ar at 200 °C of the 1 wt.%Pt/TiO-

catalyst. The reason of this pre-treatment is that during the preparation step of the
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catalyst by sol-immobilisation, a drying step of the catalyst under air is performed at
110 °C.

The time of pre-treatments under air or hydrogen were kept constant, i.e. 2 h at 200 °C,

at a ramp rate of 5 °C/min.

The effect of surface treatments on activity towards n-butanol oxidation has been
studied for 0.5 and 1 wt.%Pt/TiO,, Appendix B. The results of this first set of

experiments are reported in Table 3.

Table 3.7. Conversion of n-butanol over 0.5 and 1 wt.%Pt/TiO, catalysts following

different pre-treatments.

Conv. Sel. (%)
Mass )
n- Leaching
Catalyst balance .
BUOH | gyaLD | BuAC %) (%)
(%)
0.5 wt.%Pt/TiO> 16 100 - 89 0.10
0.5 wt.%Pt/TiO (Calcined) 15 100 0 88 0.02
0.5 wt.%Pt/TiO2 (5 vol.% H/Ar) 29 92 8 79 0.04
1 wt.%Pt/TiO; 30 91 9 96 5.20
1 wt.%Pt/TiO2 (Calcined) 23 93 7 100 3.30
1 wt.%Pt/TiO2 (5 vol.% Ha/Ar) 43 93 7 89 3.10

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric
Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 3 bar O2, n-butanol (0.54 M), 15 mg of
catalyst. Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H:/Ar for 2 h at 200 °C
(5 °C/min).

Table 3.7 shows that when the catalysts are calcined under air for 2 h, the conversion
of the n-butanol is 16%. Furthermore, when the catalysts are heat treated in 5
vol.%H/Ar at 200 °C and tested, the conversion of n-butanol increases. All the pre-
treatments are performed at 200 °C and for 2 h. It can be seen that there are increased
conversion of n-butanol for heat treated catalyst under 5 vol.%Hz/Ar, for 0.5 wt.% and

1 wt.%PU/TiO, conversion is 29 % and 43 %, respectively.
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Considering the time on-line results, it has been observed that the 0.5 wt.%Pt/TiO,
catalyst quickly deactivates, Figure 3.6. Indeed, no further conversion of the n-butanol
is observed. As discussed in section 1.6.3.1 aldehydes can bind strongly to Pt active
site through their carbonyl group and inhibit the interaction between the metal and the
alcohol by occupying the same active site, as shown in FT-IR (Figure 3.11).%°In an
attempt to understand further the nature of the catalyst surface X-ray Photoelectron
Spectroscopy characterisation was carried out.

Table 3.8 reports the XPS data of fresh (as-obtained), used catalyst (after 2 h reaction),
calcined and 5 vol.%H./Ar at 200 °C treatment for 0.5 and 1 wt.%Pt/TiO-.

Table 3.8. XPS of 0.5 and 1 wt.%Pt/TiO, under different pre-treatments catalysts.

Catalyst and pre-treatment PH(Af)Binding Pt Oxidation State
Energy / eV
0.5 Wt.%Pt/TiO; (Fresh) 70.4 Pto
0.5 wt.%Pt/TiO, (Used) 70.4 Pt0
0.5 wt.%Pt/TiO, (Calcined) 70.4 pto
0.5 wt.%Pt/TiO, (5%H/Ar at 200 °C) 70.5 pto
1 wt.%Pt/TiO- (Fresh) 70.4 Pto
1 Wt.%Pt/TiO, (Used) 70.4 Pto
1 wt.%Pt/TiO; (Calcined) 70.4 pto
1 wt.%Pt/TiO2 (5 vol.%H,/Ar at 200 °C) 70.4 Pto

Catalysts pre-treated: Calcined under air or A flow of 5 vol.%Hj/Ar for 2 h at 200 °C
(5 °C/min).

Analysis of the Pt(4f) signal must be performed with caution due to the overlap of a
portion of the Pt(4f) doublet with a titania loss feature. However with careful analysis,
using a bare titania sample as a reference, the loss feature can be modelled, resolving
the chemical state of the Pt is possible. Regardless of loading or treatment, the Pt for

all sample is found to be metallic.

Of note is the oxygen content for all samples, the concentration of which is reported in
Table 3.9, together with all other elemental concentrations derived by XPS. For the 0.5
% catalysts, three oxygen species are found, specifically 529.6 (Ti-O), 531.5 (OH) and

533.0 eV (water/organic species). A similar trend is found for the 1 wt. % samples.
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Table 3.9. XPS derived at % for 0.5 and 1 wt.%Pt/TiO, Catalysts.

Concentration / at%
Sample 0] 0] 0] Ti C Pt
1s 1s 1s 2p 1s af
(529.6 eV) | (531 eV) | (533 eV)

0.5 wt.%Pt/TiO, (5%H/Ar at 200 °C) 33.6 7.3 2.6 17.2 | 39.3 | 0.02
0.5 wt.%Pt/TiO; (Calcined) 225 8.2 4.8 11.4 | 53.1 | 0.02
0.5 wt.%Pt/TiO; (Fresh) 24.8 8.5 4.5 12.8 | 49.3 | 0.02
1 wt.%Pt/TiO; (5 vol.%H/Ar at 200 °C) 30.8 7.7 2.7 159 | 42.8 | 0.09
1 wt.%Pt/TiO, (Calcined) 30.3 7.8 3.4 154 | 429 | 0.10
1 wt.%Pt/TiO, (Fresh) 32.9 8.0 2.6 16.8 | 39.6 | 0.12
1 wt.%Pt/TiO2 (Used/2 h) 35.5 7.2 1.0 18.9 | 37.3 | 0.09
1 wt.%Pt/TiO2 (Used/4 h) 31.4 7.9 3.5 16.1 | 41.0 | 0.08

Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar for 2 h at 200 °C
(5 °C/min).

Analysis of samples taken after 2 and 4 hour reaction times (Table 3.9), indicate no
change in the oxidation state of the Pt, remaining as Pt° and again with little change in
the overall Pt concentration, with values similar to that of the fresh and treated catalysts.
The small changes in the Pt concentration, could indicate sintering or leeching of metal,
but with such low concentrations of metal and the Ti loss structure, this is within
experimental error. With respect to the O(1ls) spectra, the oxygen species are
significantly different.

After 2h reaction the oxygen speciation has changed, with the high binding energy
species almost being eliminated from the system, only to return to similar levels to the
oxidised catalysts after 4 h reaction. There is no significant change in the C(1s) spectra
which may account for this change, so at present we assign this to strongly bound water
or a possibly a surface carbonate from exposure to the atmosphere during preparation
for XPS analysis. In the case of the 0.5 wt.%Pt/TiO,, when the catalyst is calcined, the
conversion of n-butanol is 15 % and only butyraldehyde was detected and butyric acid
was not detected. When the catalyst was treated under 5 vol.%H./Ar at 200 °C the

selectivity to butyric acid is 8 %.

The catalyst pre-treatment plays an important role in n-butanol oxidation. From a
previous study it has been shown that when carbon is used as a support, XPS analysis

of 1 wt.%Pt/C reveal that exclusively metallic Pt was formed.> Many previous
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publications have suggested that the interaction between Pt/C is attributed to electron
transfer from the platinum to carbon support, this interaction leads to change of catalyst
properties and enhance the catalytic properties and stability.3 31 3%-41 This may promote
the conversion of n-butanol (85.9 %) in the same paper. Remarkably, the pre-treatment
of Pt/C under 5 vol.% Ha/Ar show active and stable Pt nanoparticles, in term of stability,
less than 1 % leaching was observed for Pt/C catalyst.®

Thermogravimetric (TGA) experiments have been performed on the catalysts to identify
whether there are remaining species adsorbed on the catalyst surface. Figure 3.12
show the difference between the fresh and used (after reaction) catalyst. A 6.12 mg
sample of 1 wt.%Pt/TiO, was analysed.
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Figure 3.12. TGA analysis of the samples (a) Fresh 1 wt.%Pt/TiO, catalyst (b) Used
catalyst (after reaction). Reaction conditions: 100 °C, 3 bar Oz, 2 h. Temperature

program = heat from 30 °C to 800 °C at 15 °C/min in air with a purge rate of 20 ml/min.

TGA analysis of 1 wt.%Pt/TiO; fresh catalyst shows 3.15 % weight loss between 30 and
800 °C, which may correspond to removal of adsorbed water, this is in good agreement
with XPS analysis (section 3.6.1). The TGA of 1 wt.%Pt/TiO, after the reaction (100 °C,
3 bar Oz, 2 h) shows a total mass loss of 1.06 %, lower than the fresh catalyst. A mass
loss of 1.06 % appears in the range of 200-250 °C. There is no evidence of coking or
of product. There may be some organics formed on the catalyst surface but it is below
the detection limits.
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3.6.2. Particle size effects
Figure 3.13 shows a SEM image of 1 wt.%Pt/TiO. fresh (as-obtained), calcined,
5 vol.%H2/Ar at 200 °C treatment and used catalyst (after 2 h reaction).
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Figure 3.13. Representative SEM images and particle size distribution of the 1
wt.%Pt/TiO; (a) Fresh (as-obtained) (b) Calcined (c) 5 vol.%H./Ar at 200 °C treatment
(d) Used catalyst (after 2 h reaction). Reaction conditions: 100 °C, 2 h, 3 bar O, n-
butanol (0.54 M), 15 mg of catalyst, 750 rpm. Catalysts pre-treated: Calcined under
air or A flow of 5 vol.%H./Ar for 2 h at 200 °C (5 °C/min).
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Figure 3.14. Relationship between mean nanoparticle (NP) size and substrate
conversion at 2h of the Fresh (as-obtained), calcined and 5 vol.%H,/Ar at 200 °C
treatment of 1 wt.%Pt/TiO,. Catalysts pre-treated: Calcined under air or a flow of
5 vol.%H,/Ar for 2 h at 200 °C (5 °C/min).

SEM analysis was carried out on fresh (as-obtained), calcined, 5 vol.%H2/Ar at 200 °C
treatment and used (after 2 h reaction) catalysts. The 5 vol.%H/Ar at 200 °C treatment,
calcined and fresh (as-obtained) catalysts do not have comparable mean particle size
as shown in Table 3.10.

Table 3.10. Mean NP diameter of 1 wt.%Pt/TiO, under different pre-treatments
catalysts.

Catalyst and pre-treatment Mean NP diameter SD
1 wt.%Pt/TiO, (Fresh) 3.28 0.95
1 wt.%Pt/TiO, (Used) 9.26 3.02
1 wt.%Pt/TiO, (Calcined) 3.91 111
1 wt.%Pt/TiO2 (5 vol.%H,/Ar at 200 °C) 2.93 0.72

Nanoparticles (NP), Standard Deviation (SD). Catalysts pre-treated: Calcined under air or
A flow of 5 vol.%H2/Ar for 2 h at 200 °C (5 °C/min).

From results described in Table 3.7 and 3.10 the catalyst activity is greatly affected by
the mean nanoparticle size, which are 3.28, 3.91 and 2.93 nm for fresh, calcined, 5
vol.%H,/Ar at 200 °C treatment, respectively. The different activities observed could

therefore likely be attributed to either the physicochemical properties of the different
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catalysts after different pre-treatment under air or 5 vol.%H/Ar for 2h at 200 °C
(5 °C/min). The pre-treatment conditions increase the metal support interaction for
example, making it more stable and less susceptible to sintering in-situ.>the mean
nanoparticle size of fresh catalyst increased to 9.26 nm after 2 h reaction. These
observations suggest that exposure to reaction conditions resulted in particles sintering,
and therefore lower rates of activity with the time of use. The catalyst was initially more
active, this may explain the dramatic increase in Pt sintering rate, suggesting a potential
deactivation mechanism, after 2 h process (Time on-line study, Figure 3.7). For the 5
vol.%H./Ar at 200 °C treatment catalyst the mean nanopatrticles size was 2.93 nm and
in the case of calcined catalyst the mean diameter size 3.91 nm, implying that
nanoparticle size is the reason for the difference in catalyst activities, Figure 3.14. If
there are very few small nanopatrticles in the calcined catalyst (conversion = 23 %), this
would explain why it is significantly less active than the fresh (conversion = 30 %) and
the 5 vol.%H2/Ar at 200 °C treatment (conversion = 43 %) catalyst. For various
applications, sintering of metal particles has been a major cause for catalyst

deactivation.*? 43

The hypothesis advanced previously regarding the importance of the pre-treatment of
the catalyst activity, seems to be confirmed here. Indeed, there is a strong correlation
between the mean diameter of the nanoparticles of the pre-treated catalyst and the rate

of n-butanol conversion.

3.6.3. Metal leaching

Sets of experiments have been carried out to investigate the effect of leaching on the
n-butanol conversion. The potential role of leached Pt on the reaction is reported in
Table 3.11.

Two sets of experiments have been designed and performed: The first experiment
(Table 3.11, Entry 1) consisted of testing in a first step the oxidation of 4 wt.%n-butanol
with 15 mg catalyst at 100 °C, 3 bar O, for two hours. Then in Table 3.11, Entry 2,
collecting the solution after filtration and in a third step performing the reaction with the
collected solution without catalyst at 100 °C, 3 bars O, for two hours. Table 3.11, Entry
3 consisted of measuring how much Pt was leached after 2 h reaction, and then use a
solution of H»PtCls-3H,O containing the same amount of Pt leached and perform the

reaction at 100 °C and 3 bar O, for two hours.

87



Table 3.11. Study on the effect of Pt leaching on n-butanol conversion.

Sel. (%)
Entry Conv.
n-BuOH (%) BuALD BuAC
1 With catalyst 30 91 9

After filtration
2 ] 26 67 33
Without catalyst

3 H2PtCls-H>O 13 100 -

Reaction conditions: 100 °C, 2h, 3 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of catalyst,
750 rpm.

From the presented data, the amount of 1 wt.%Pt/TiO» leaching has been found to be
5.2 %. Entry 1 of Table 3.11 reports the conversion of n-butanol and the selectivity of
butyraldehyde and butyric acid when 4 wt.%n-butanol is put in solution with
1 wt.%PUTiO..

Entry 2 reports the conversion of n-butanol and the selectivity of butyraldehyde and

butyric acid after filtration and reaction, without addition of the catalyst.

The third row reports the conversion of n-butanol and the selectivity of butyraldehyde
and butyric acid when HyPtClg-H,O is put in solution with 4 wt.%n-butanol
(experiment 2).

The conversion and the selectivity based on Entry 1 have been calculated by using the
initial concentration of n-butanol (4 wt.%). It means that the conversion of n-butanol
before and after filtration (without addition of the catalyst), remains the same and the
selectivity of butyraldehyde and butyric acid after filtration (without addition of the
catalyst) is 24 % less for butyraldehyde and 14 % more for butyric acid.

This result indicates that the oxidation of butyraldehyde is carried out after filtration
(without addition of the catalyst, Entry 2), which suggests that there was some leached

Pt in the solution.
The ICP has shown that 5.2 % of Pt leaches from the catalyst after 2 h of reaction,

which corresponds to a concentration of 17 mg/L of Pt (36.4 mg/L of H.PtCls-H>O). For
this reason, 14.27 pL of H.PtCls-H>O (36.4 mg/L) was added to a reaction with n-butanol
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(Table 3.11, Entry 3) and the results shows that 13% of n-butanol is converted to

butyraldehyde.

From these data, two main points can be emphasized. The first one is that the reaction
of n-butanol with 1 wt.%Pt/TiO, can promote the leaching of the catalyst. The Pt leached
can promote the oxidation of butyraldehyde into butyric acid and the conversion of n-
butanol is stopped because of the presence of butyraldehyde. The second point is that
H.PtCls-3H-.O promotes the conversion of n-butanol into butyraldehyde, there is no
trace of butyric acid. Several hypotheses can be proposed here to explain the difference
of behaviour between the two experiments. The first hypothesis is that the Pt that has
leached has a different oxidation state than the one in H,PtCls-3H.O added into the
solution. This Pt in the leaching promotes the oxidation of butyraldehyde into butyric
acid. The Pt (Pt*) in H:PtCls-3H.O may promote the oxidation of n-butanol into
butyraldehyde, which doesn’t oxidise further to butyric acid. Pt** seems also to allow

the conversion of n-butanol.

3.6.4. Reusability tests of 1 wt.%Pt/TiO>

With the aim to demonstrate the stability of the 1 wt.%Pt/TiO- catalyst, the catalyst has
been tested, recovered and retested under the standard conditions (100 °C, 2 h and 3
bar O,), the results are reported in Table 3.12. Reusability studies, shown in Table 3.12
show the conversion of n-butanol and the selectivity toward butyraldehyde and butyric
acid.

Table 3.12. Reusability of 1 wt.%Pt/TiO; for 3 cycles.

;:te Conv. n-BuOH (%) Sel. (%) Leaching (%) | Mass Balance (%)
BuALD | BuAC
o 30 o1 9 5.2 96
2nd 24 94 6 1.4 100
3rd 26 100 0 26 92

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric
Acid (BUAC). Reaction conditions: 100 °C, 2 h, 3 bar Oz, n-Butanol (10 mL, 0.54 M), 15

mg of catalyst.
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The data shows that after 3 repeated experiments the conversion of n-butanol remained
unchanged. However, the selectivity toward butyraldehyde increased with subsequent
repeat experiments from 91 % from the first test to 100 % to the third reusability
experiment. In parallel the selectivity to butyric acid decreases with the reusability test,
from 9 % from the first test to 0 % for the third test.

It was found that after each test the catalyst is still converting n-butanol and the
conversion reaches the same level after 2 h reaction. It is clear that when butyraldehyde
is not initially in the solution the catalyst can convert n-butanol into butyraldehyde. As
soon as the concentration of butyraldehyde reaches a certain level in the solution there

is no more conversion of n-butanol (see section 3.5).

During the tests the selectivity toward butyraldehyde and butyric acid changes. The
catalyst present here is still active toward the conversion of n-butanol at the same level
along cycles. The reusability test shows that the selectivity towards the products is

affected after every reuse.
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XPS analysis was performed on the used catalyst. XPS of the Pt(4f) region is shown in
Figure 3.15.

Arbitrary Units

Binding Energy (eV)

Figure 3.15. Pt(4f) core-level spectra for (a) Fresh (as-obtained), (b) 1% reuse,
(c) 2" reuse, (d) 3" reuse. Spectra are fitted with a constrained doublet for Pt and a

peak for a Ti loss structure as modelled from a reference P25 sample.

In respect of the XPS analysis, on reuse negligible change is noted for the overall
spectral shape although an increase in binding energy of ca. 0.4 eV is observed which
is above the experimental uncertainty of £0.2 eV. This shift upward in binding energy
is mirrored by an apparent decrease in the concentration of Pt detectable by XPS and
consequently we attribute this to loss of Pt resulting in smaller particles size as a
function of reuse, since sintering would typically shift the binding energy to more bulk

like values (i.e. lower binding energies).
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3.7. Conclusion

The n-Butanol oxidation has been performed with a Pt/TiO, catalyst. A study of the
effect of different percentage loadings of platinum on TiO, has shown that 1 wt.%Pt/TiO-
presents the highest activity towards the conversion of n-butanol. The study of the effect
of catalyst mass has shown that below 50 mg catalyst used the reaction is under a
kinetic regime, and above it is under a diffusion limited regime. From these data 15 mg
catalysts have been used for all the catalytic tests. The time on-line data has shown
that different steps are occurring during the oxidation of n-butanol at different times of
the reaction. It has been suggested that the inhibition of the reaction by the presence
of butyraldehyde affect the conversion of n-butanol and the selectivity toward the
different products of the reaction. The effect of the temperature has shown that
measurable activity is obtained above 40 °C. The leaching tests have shown that the
catalyst is leaching and sintering can affect the conversion of the reaction. The effect of
surface treatments on activity towards n-butanol oxidation has been studied on Pt/TiO,.
The Pt/TiO2 showed significant sensitivity to such treatment and it has been concluded
that there is a strong correlation between the pre-treated catalyst and the rate of
n- butanol conversion. XPS analysis of Pt/TiO, samples reveal exclusively it is in the
metallic state. SEM characterisation of the PUt/TiO; catalyst shows that catalyst
pre- treatment affects the average patrticle size. The reusability of the catalyst has been
tested over 3 cycles and the results have shown that the catalyst is still active toward
the conversion of n-butanol at the same level along all cycles, the selectivity toward
butyraldehyde increased with the 3™ experiments to 100 % and butyraldehyde was the

main product.
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Chapter 4: Investigation of the
mechanism of deactivation and
reactivation of 1 wt.%Pt/TiO2 for
n- butanol oxidation

4.1. Introduction
In the previous Chapter it was shown that the 1 wt.%Pt/TiO, catalyst displayed the
highest conversion of n-butanol. However, after two hours of reaction deactivation of

the catalyst was observed.

The mechanism of deactivation has not been totally elucidated. Several hypotheses
have been proposed to investigate the reason for deactivation. One such hypothesis
was that the poisoning of Pt° by the products is responsible for reduction the conversion
of n- butanol. It has been proposed in the previous Chapter that during n-butanol
oxidation, butyraldehyde strongly binds to the active site which prevents the further
adsorption and conversion of n-butanol. Another hypothesis is that catalyst leaching
and sintering can affect the conversion of n-butanol. Also, the platinum surface
oxidation state of the catalyst is believed to have an effect.

In order to investigate the surface oxidation of the catalyst, two approaches have been
examined based on the literature. The first approach is to study the effect of the
concentration of oxygen on the performance of the catalyst; the effects of this have
been observed by several authors.!? The second approach, also used by other groups,
is to combine Pt with another metal. Bi and Pb are metals which are commonly used.
Based on this approach 5 metals have been selected, namely Sn, Al, Bi, Zn and Pb, to

be combined with Pt.

The aim of this study is to investigate the effect of these changes on the stability of the
catalysts towards leaching, and also towards the conversion of n-butanol. The different
results obtained from these approaches are disclosed in the following sections of this

Chapter.
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4.2. Effect of Oxygen

Several studies in the literature on alcohol oxidation have found out that alternating
steps of oxidation followed by a purge with an inert gas help to avoid/slow down the
deactivation of the catalyst.®

The effect of this on the performance of the 1 wt.%Pt/TiO, catalysts has been
investigated, and the results obtained are given below in Table 4.1.

In Table 4.1, Entry 1 represents the 1 wt.%Pt/TiO, without any cycling of nitrogen and
purging by air. For Entry 2, the reaction was performed for 1 hour under 3 bar oxygen
at 100 °C, before the reactor was cooled down with an ice bath for 10 min under the
same pressure of oxygen. Then the reactor was vented to air to remove the oxygen and
nitrogen was introduced. The reactor was then maintained at 100 °C for 10 min under
3 bar of nitrogen. Following this, the reactor was again cooled down under 3 bar
nitrogen for 10 min. Oxygen under 3 bar was reintroduced and the reaction was

performed again for 1 hour. This cycle was repeated 2 more times.

Second experiment (Entry 3), in order to be sure that in the first experiment it is nitrogen
that has an effect on the reaction, and not the stages of cooling and venting, the same
stages of cooling and venting were performed under pure oxygen (3 bar O,). Therefore,
the protocol for Entry 3 is the same as Entry 2, except that the steps involving purging
and pressurising with nitrogen have been omitted. The reasons for introducing cooling
stages in the protocol is for safety when the oxygen and nitrogen are switched. Their
action was quenched, by reducing temperature, to prevent any further reaction and

prevent loss of water of reactants/products.
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Table 4.1. Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and

butyric acid over 1 wt.%Pt/TiO2 with and without N> treatment under Oxygen.

Sel.
Entry Conv. (%) Mass Balance
n-BuOH (%)
(%) BUALD BUAC
1 30 90 9 96
2 63 77 11 67
3 51 79 16 87

Conversion (Conv.), n-Butanol (n-BuOH), Butyraldehyde (BUuALD), Butyric Acid
(BUAC), Selectivity (Sel.).

Reaction conditions: 100 °C, n-butanol (10 mL, 0.54 M), 2h, 3bar O, and catalyst
(0.015 g). 23 bars O; for total of 3 h the reaction every 1 h flow N (3 bar) for 10 min.3
3 bars O for total of 3 h the reaction every 1 h purging by air for 10 min.

The data show that alternating cycles, i.e. experiments Entry 2 and 3, increase the
conversion of n-butanol from 30 % (Chapter 3, Figure 3.7) when compared to the
reaction without cycles (Entry 1), to 63 % and 51 % for Entries 2 and 3 respectively.

As shown previously in Chapter 3, Section 3.4, carbon dioxide is present in the gas
phase, this can lead to a decrease in the mass balance observed for experiments Entry
2 and 3. Secondly, n-butanol is volatile and it is possible that some of the alcohol is lost
when the colaver is vented, this would lead to both increased conversion and also

decreases in the mass balance observed for the experiments Entry 2 and 3.

From these Entry 2 and 3 experiments it seems that the performance of the catalyst in
term of n-butanol conversion is more active compared to the non-cyclic one (Entry 1).
It should be noted that the utilisation of nitrogen (Entry 2) gives a higher conversion of
n-butanol (i.e. 63 %), compared to when purging by air (Entry 3), is used instead (i.e.
51 %). It was also shown in the previous Chapter that during n-butanol oxidation the
butyraldehyde binds strongly to active surface Pt sites. The hypothesis that the
concentration of oxygen in the solution during the 10 min “purge” by air or by nitrogen
cycles allows the Pt active sites to return to their initial state by removal of adsorbed

butyraldehyde.

XPS was performed on fresh (as-obtained) and used catalyst after purging by air and

nitrogen Figure 4.1, under reaction conditions (100 °C, 2h, 3bar O,).
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Figure 4.1. XPS analysis of 1 wt.%Pt/TiO, catalyst (a) Fresh, (b) After N2 cycle, (c) Air

venting.

XPS showed no significant change in Pt oxidation state or concentration, with the Pt
remaining metallic, and ca. 0.3 at% concentration of the total elemental concentration

did not change.

In previous studies it has been reported that the dynamic balance of competitive
adsorption of organic substrate and oxygen controls the initial reaction rate and the
equilibrium tends to shift towards predominant oxygen coverage as the substrate
concentration decreases. The activity was usually regenerated by alternating cycles of
air and nitrogen. Because of the progressive loss of reactivation efficiency, it was
suggested that oxygen atoms penetrate more and more deeply into the subsurface or
the platinum bulk causing deactivation of the catalyst surface.*

A study by Djikgraaf et al.* showed that adsorbed oxygen atoms on the platinum active
metal sites slowly penetrate the upper lattice of the platinum metal and form a

subsurface atomic species leading to platinum oxide formation, which in this case is not
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consistent with Pt XPS, which eventually leads to catalyst deactivation. This step is
considered reversible. The simplest way for reduction or reactivation of the catalyst is
to use exposure to an inert gas, and then the alcohol reactant inside the solution
reduces the Pt surface. Indeed, alcohols are widely used in catalyst synthesis as soft

reductants.>!!

In the case of the experiment (Entry 3) a step of cooling under oxygen and venting
under air was introduced in the protocol. The concentration of oxygen and n-butanol
inside the solution is decreased as a result of this venting (i.e. the solubility of oxygen
is decreased when the pressure of oxygen decreases). This phenomenon may explain
the increase in the conversion of n-butanol (though the mass balance does decrease
as mentioned previously), but it is lower compared to when nitrogen is used. Obviously,
the utilisation of nitrogen has removed molecular oxygen dissolved in the water and
then the reduction of the Pt surface is more rapid. These data can be correlated with
the paper published previously,'? which shows a higher conversion of n-butanol on Pt
supported on C. This has been already discussed in the previous Chapter. It has been
suggested, based on the literature review, that Pt supported on C is protected from
oxidation by the electronic properties of carbon and for this reason shows a high
conversion of n-butanol compare to when other supports are used. So, it seems that
when Pt is protected, either by the support, or by reduction using anaerobic conditions,
or by lowering the concentration of oxygen, a higher conversion of n-butanol is
promoted. The lower mass balance may be attributed to either CO, formation or losing
some of the volatile substrate during the venting process. Lower mass balances can
lead to artificial high conversions due to the loss of substrate, rather than actual

conversion.

This first set of experiments have helped to gain a better understanding of the
mechanism of deactivation and reactivation of the Pt catalyst. Oxygen at higher
pressure (i.e. 3 bar) is one factor contributing to deactivation. Based on this It has been
observed that purging the reaction by air or nitrogen helps to also recover the catalytic

activity.
Based on these observations, another set of reactions was designed and performed to

see the effect of lowering the concentration of oxygen in the system by using air instead

of pure oxygen.
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4.3. Effect of Air

The first experiment consisted of using air at 3 bar at the same operating conditions as
pure oxygen, as the experiment in Entry 1. The results of this experiment are reported
in Table 4.2, and compared to results obtained when pure oxygen was used.

Table 4.2. Conversion of 4 wt.% n-butanol and selectivity towards butyraldehyde and
butyric acid over 1 wt.%Pt/TiO, under Air and O,.

Sel. (%)
Oxidant | Conv. BUALD Yield Mass Balance
(%) BUuALD BuAC (%) (%)
Air 25 100 - 23 91
0O 30 90 9 26 96

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BUALD), Butyric Acid (BUAC).
Reaction conditions: 100 °C, 3 bars O, 2 h, n-butanol (10 mL, 0.54 M), and catalyst
(0.015 g).

The data show that under air and pure oxygen, after 2 hours reaction, the n-butanol
conversion is almost the same (25-30 %). However, in the case of the air there is only
butyraldehyde detected in the solution, but the mass balance was 5 % lower compared
to when oxygen is used. It seems that when more oxygen is provided to the reaction,
butyraldehyde is oxidised into butyric acid in the solution (9 %). Although the conversion
using air gives high selectivity to butyraldehyde, the yield when using oxygen is better.
From the previous observations it can be proposed that the lower concentration of
oxygen, in the case of air, hinders the oxidation of butyraldehyde into butyric acid,

because less oxygen is supplied to the reaction.

As the utilisation of air gives a better selectivity to butyraldehyde, and with the aim to
increase the conversion of n-butanol, the same alternating cycles with nitrogen were
performed under the same conditions as the ones used for the pure oxygen. The results

are reported in Table 4.3.
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Table 4.3. Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and
butyric acid over 1 wt.%Pt/TiO, with and without N> under Air.

Sel.
Entry Conv. (%) BUuALD Yield | Mass Balance
(%) BuALD | BUuAC (%) (%)
1 25 100 - 23 91
2 29 100 - 26 88
3 23 93 7 23 100

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC).

Reaction conditions: 100 °C, n-butanol (10 mL, 0.54 M), and catalyst (0.015 g).2 3 bar
air for 3 h cool down every 1 h under N, for 10 min. 23 bars air for total of 3 h the
reaction every 1 h venting to air for 10 min.

In Table 4.3, Entry 1 corresponds to the reaction at 100 °C for 2 hours under 3 bar air
without any cycle. Entry 2 corresponds to the same nitrogen cycling protocol as in
Section 4.2, except that air is used instead of oxygen. Entry 3 represents an air cycling
protocol.

When nitrogen was introduced into the reaction (Entry 2) the conversion of n-butanol is
slightly increased when compared to Entry 1 (without cycling), to 29 %. Furthermore, it

is important to notice here that butyric acid is not detected in the solution.

In the case of reaction Entry 3, there was no effect on the conversion of n-butanol
compared with the Entry 1 experiment. However, it is noticed that only two products
were generated in the solution, i.e. butyraldehyde and butyric acid, the mass balance

being 100%. This last point is not yet clearly understood.

From this second set of experiments it appears that when the concentration of oxygen
is lowered by using air, it doesn’t have a positive effect on the conversion of n-butanol,
even with the cooling down and the venting. The use of nitrogen has a slight promoting
effect on the conversion of n-butanol under 3 bar air, but it is very minor, and it has a

negative effect on the mass balance.

The statement that can be made from these two sets of experiments is that it is

important to keep a concentration of oxygen which allows the oxidation of n-butanol into
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butyraldehyde, but at the same time does not deactivate the catalyst, by catalyst

poisoning.

4.4. Effects of pressure

Based on the observation in Section 4.3, the effect of the pressure of pure oxygen has
been investigated. Indeed, the solubility of oxygen increases with increasing pressure.
Figure 4.2 reports the results when the pressure of oxygen is lowered from 3 to 1 bar.
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Figure 4.2. Conversion of 4 wt.% n-butanol and selectivity towards butyraldehyde and
butyric acid over 1 wt.%Pt/TiO; at different O, pressures. [1 Conversion of n-butanol,
O Butyraldehyde Selectivity, A Butyric Acid Selectivity, V Carbon Mass balance.
Reaction conditions: 100 °C, 2 h, n-butanol (10 mL, 0.54 M), catalyst (15 mg), 750

rpm.

Figure 4.2 reports the experiment when pure oxygen under 3, 2 and 1 bar is used for 2
hours at 100 °C. The results show that when the pressure is increased from 1 to 3 bar,
the conversion of n-butanol shows a volcano shape relationship, with a maximum for 2
bar Oz, where the conversion of n-butanol reaches 38 %. Another point is that the
calculated mass balance, based on n-butanol, butyraldehyde and butyric acid, is

increased as the pressure decreases.

The same kind of experiments have been performed with air. Figure 4.3 reports the

effect of decreasing the pressure of air on the reaction.
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Figure 4.3. Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and
butyric acid over 1 wt.%Pt/TiO2 (a) At different pressures of air (b) Different oxygen
partial pressure. [1 Conversion of n-butanol, O Butyraldehyde Selectivity, A Butyric
Acid Selectivity, V Carbon Mass balance.

As the pressure of air decreased the conversion of n-butanol goes down from 25 % at
3 bar to 11 % at 1 bar. Furthermore, only butyraldehyde was detected in the solution
for all pressures. Indeed, the concentration of oxygen is too low to oxidise
butyraldehyde into butyric acid. Though the mass balance decreases linearly with
increasing pressure, this suggest that oxidation may be occurring. It is important to note
that in the previous Chapter it has been observed that butyraldehyde at 3 bar oxygen
was undergoing auto-oxidation and this is not the case here. The mass balance

increases when the pressure decreases, as observed with pure oxygen.

All these experiments have given a better understanding of how the concentration of
oxygen in the solution, either by using pure oxygen or air, and by varying the pressure,
can affect the final conversion of n-butanol. A compromise has to be found between the
concentration of oxygen to be used in the solution to improve the performance of the
catalyst. A low concentration of oxygen doesn’t allow the sufficient oxidation of n-
butanol, whilst a higher concentration of oxygen contributes to the catalyst deactivation.
It has been found that using 2 bar of pure oxygen is a good compromise to reach a high
conversion of n-butanol, i.e. 38 %, and a relatively high selectivity toward butyraldehyde
i.e. 84 %.

4.5. Time on-line studies under 2 bar O>

Based on the results of the previous section, and with the aim to determine the effect
of a lower concentration of oxygen on the deactivation of the catalyst, the next step of
the study was to perform a time-on line (TOL) reaction, for 6 hours under 2 bar O, at

100 °C. The results of the study are reported in Figure 4.4, Appendix C.
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Figure 4.4. Time on-line data with 1 wt.%Pt/TiO, catalyst for selective oxidation of n-
butanol. Reaction conditions: 100 °C, 2 bar O», n-butanol (10 mL, 0.54 M), catalyst
(15 mg), 750 rpm. [ Conversion of n-butanol, O Butyraldehyde Selectivity, A Butyric
Acid Selectivity, V Carbon Mass balance.

The results show that after 6 hours the conversion of n-butanol reached 54 % under 2
bar oxygen. This value is 2 times higher than when the 3 bar oxygen was used, i.e. 30
% (see Section 3.4, Figure 3.7). After 2 hours the selectivity towards butyraldehyde
decreased slightly from 90 to 84 %, then after 4 hours the selectivity of butyraldehyde
remained the same until the end of the time on-line. Butyric acid is the secondary

product, which appears when the selectivity of butyraldehyde starts to decrease.

In addition, an important point to emphasize is that after 2 hours reaction the catalyst is
still active, which was not the case when the reaction was performed under 3 bar

oxygen (Chapter 3, Figure 3.7). It seems that after 5 hours the catalyst was still active.

4.6. Effect of promoters

As has been reported in the literature review (Chapter 1, Section 1.6.3.3.1), promoters
are generally used to increase the activity during the alcohol oxidation process.'® 4
Their role is not clearly understood. Among these promoters Bi and Pb are commonly
used and help to increase the performances of Pt. They suppress the irreversible
adsorption of alcohols (self-poisoning) on Pt and form new active site centres, which
adsorb OH better than Pt in the potential range where the oxidation reaction occurs.*®
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The promoter metals such as Bi, Pb, Te, Sn, and others, have generated the most
interest.1®2° The promoter metals alone are inactive towards alcohol oxidation under
the mild conditions applied; still, they induce sometimes spectacular rate enhancement
21.22 or a shift in the product distribution. 2*2° Despite the intensive effort by several
research groups, the real nature of the promoter effect is still debated, and there are no
studies using n-butanol. Based on these studies bimetallic catalysts PtM (M=second
metal) supported on TiO, have been prepared. The elements Al, Zn, Sn, Bi and Pb were
selected and added to the Pt to study their effect on the Pt activity for the selective

oxidation of n-butanol.

To improve the performance of platinum catalyst, the preparation of a Pt-base bimetallic
is an effective route. It has been found that the use of a second element with Pt yield
significant improvements relative to pure Pt. With respect to the nature of metallic
components, it must be indicated that Pt has been intensively used as the active metal,
catalysing several reactions such as the hydrogenation, isomerisation,
dehydrogenation, oxidation of hydrocarbons, etc.?® 2’ The performance of the Pt
metallic phase could be enhanced by addition of inactive metals of Group 14, such as
Sn, Pb and Ge.%-3° Previous studies show the influence of Pb on dehydrogenation
performance.3! 32 Other studies have demonstrated previously that Pt-based intermetallics
containing less expensive metals, for instance Pb, show enhanced catalytic activities
compared to pure Pt for the oxidation of methanol, formic acid, and hence can be used as
efficient anode materials for fuel cell applications.3*%

The aim of this section is to compare the effect of promoters on catalytic properties of
PtM supported catalysts, and to study the influence of different amounts of M added to
Pt on the characteristics of the metallic phase, and on the catalytic performance in n-
butanol oxidation. The catalysts have been prepared by sol-immobilisation, following

the same protocol described in Chapter 2, Section 2.2.1.1.

4.6.1. 0.5wt. % Pt —-0.5wt. % M/TiO-

In Table 4.4 the conversion of n-butanol, the selectivity toward butyraldehyde and
butyric acid are reported, along with the mass balance and the leaching of Pt and the
second added metal. The experiments have been performed using 0.5 wt.%Pt/TiO, and

0.5 wt.% of metal promoter added to the catalyst.
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Table 4.4. Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and
butyric acid over 0.5 wt.%Pt/TiO, and 0.5 wt.%Pt 0.5 wt.%M/TiO, (M= Bi, Pb, Al, Zn,
Sn).

Sel.
Catalysts Supported Conv. (%) Mass Leaching
on TiO2 (%) Balance (%)
BuALD | BUuAC Pt M
0.5 wt.%Pt 8 96 4 98 0.1 -
0.5 wt.%Pt -0.5 wt. %Bi 14 95 5 100 0.1 0.1
0.5 wt.%Pt b-0.5 wt. %Pb 43 94 6 96 0.6 04
0.5 wt.%Pt -0.5 wt. %Sn 34 91 9 100 19 0.1
0.5 wt.%Pt -0.5 wt. %Al 25 93 8 100 2.0 4.1
0.5 wt.%Pt -0.5 wt. %Zn 35 94 6 93 0.6 2.3

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC).

Reaction conditions: 100 °C, 2 Bar O, 2 h, n-butanol (10 mL, 0.54 M), 0.015g of
catalyst, 750 rpm.

The conversion of n-butanol and the selectivity towards butyraldehyde and butyric acid
using 0.5 wt. Pt/TiO, were 8, 96 and 4 % respectively.

The addition of the second metal had an effect mainly on the conversion of n-butanol.

The activity was increased, with the following order established:

Bi<Al<Zn=Sn<Pb

The addition of Pb showed the best activity, as has been found by several groups.®
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XPS was performed on the used catalyst. XPS of the Pt(4f) region is shown in
Figure 4.5.
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Figure 4.5. Core levels spectra for 0.5 wt.%Pt/TiO2and 0.5 wt.%Pt 0.5-wt.%M/TiO,
catalysts. Each bi-metallic component is shown together with a labelled stack of the
Pt(4f) spectra.

From the XPS spectra of the bimetallic species, it is clear that the second metal typically
is in a cationic form, whilst some (Bi and Pb) typically reveal both oxidic and elemental
states. This may be a thin oxide ‘skin’ on the elemental species, as both oxide and
elemental species would not necessarily be expected. As explored in the following
tables, it can be seen that regardless of loading, the oxidation states of the metals
discussed did not differ significantly from those of the 0.5Pt-0.5M samples. Of note is
the shift to lower values of binding energy for the Pt species, from 70.8 eV, typical of
bulk metallic species, to around 70.2 eV, suggesting the Pt particles have become
smaller due to the inclusion of the second metal, or electron transfer between the metals

is occurring making the Pt more electron-rich.

TEM was used to characterise the 0.5 wt. % Pt and 0.5 wt.% Pt-0.5 wt.%Sn colloids

that were used to prepare the catalysts (Figure 4.6).
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S50 nm

Figure 4.6. TEM image of Pt and Pt-Sn sol immobilisation colloids dispersed on the
TEM grid (a) 0.5 wt. % Pt sol (PVA, NaBH4) and (b) 0.5 wt. % Pt-0.5 wt. %Sn (PVA,
NaBH.).

The Pt prepared by sol immobilisation is well dispersed (Figure 4.6 (a)). However, Pt-
Sn sol-immobilised colloidal catalysts display chain-like structures as shown in Figure
4.6 (b). By looking to Figure 4.6 (a) one can see that there are discrete Pt nanoparticles,
whereas in (b) it can be seen that Pt nanoparticles are attached together with Sn

species; the presence of SnOx was confirmed by XPS in Figure 4.5.

Figure 4.7 shows TEM images of 0.5 wt. % Pt and 0.5 wt. % Pt-0.5 wt. %Sn on the
TiO2 support.

Figure 4.7. TEM image of (a) 0.5 wt.%Pt/TiO, and (b) 0.5 wt.%Pt-0.5 wt.%Sn/TiO-
catalysts.
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From Figure 4.7 we do not see the chain like structures (as seen in colloid Figure 4.6

(b)) when the Pt-Sn is supported on TiO,.

Due to the results shown in Chapter 3 it was decided that work would be continued
using 1 wt.%Pt /M and this catalyst would be used in a study of different promoters and

their loadings.

4.6.2. 1wt.%Pt - 0.5wt.%M/TiO;

Table 4.5 displays the n-butanol conversion, the selectivity toward butyraldehyde and
butyric acid, the mass balance and the leaching when the monometallic 1 wt.%Pt/TiO,
and the bimetallic catalysts 1 wt.%Pt - 0.5 wt.%M/TiO- are used, Appendix D.

Table 4.5. Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and
butyric acid over 1 wt.%Pt/TiO.and 1 wt.%Pt-0.5 wt.%M/TiO, (M= Bi, Pb, Al, Zn, Sn).

Sel. Leaching
Catalysts Supported on | Conv. (%) Mass (%)
TiO2 (%) BUuALD | BUAC balance Pt M
1 wt.% Pt 38 84 16 96 3.10 -
1 wt.%Pt-0.5 wt.%Al 12 99 2 96 0.01 0.3
1 wt.%Pt-0.5 wt.%Sn 40 89 11 98 3.70 0.9
1 wt.%Pt-0.5 wt.%Bi 26 85 15 99 1.00 0.6
1 wt.% Pt-0.5 wt.% Zn 23 94 7 98 0.30 53
1 wt.% Pt-0.5 wt.% Pb 41 85 15 89 1.20 0.6

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid (BUAC).
Reaction Conditions: 100 °C, 2h, 2 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of

catalyst.

The addition of a second metal to Pt shows lower conversion of n-butanol compared to
the 1 wt.% PUTIO,, except for 1 wt.%Pt-0.5 wt.%Sn/TiO,; and 1 wt.%Pt-0.5
wt.%Pb/TiO.. However, for all the bimetallic catalysts the leaching of Pt decreased,
compare to the monometallic one, except for the catalyst with Sn (3.7 %). The addition
of a second metal in some case appears to reduce the extent of Pt leaching in the
reaction. With the PtPb catalyst for example, the activity is comparable to the
monometallic Pt catalyst, though the mass balance is 7 % lower, but the quantity of Pt
leached is decreased (from 3.1 % to 1.2 %). This suggests that the addition of a second

metal may be a method for stabilising the catalyst. In some cases however, the addition
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of the secondary metal appears to reduce the performance of the catalyst, as shown in
Table 4.5.

The 1 wt.%Pt-0.5 wt.%PDb/TiO- has higher activity for n-butanol than the other catalysts.
Accordingly, it was decided to carry on the work focussing on the
1 wt.%Pt- 0.5 wt.%Pb/TiO,from Table 4.5.

4.6.2.1. 1 wt.%Pt-0.5 wt.%Pb/TiO-

Platinum based catalysts can be greatly improved in performance by alloying Pt with p-
block elements, such as Ph, which is widely utilised for fuel cell applications and in the
petrochemical industry.33 34 3641 Alloying can enhance the activity which attributes to
the bi-functional mechanism, electronic effects, crystal orientations, or a favourable
interatomic distance between Pt and the counter atoms.*? A previous study showed that
the two types of catalysts, Pt-based and Pb-based, exhibit activity towards HCOOH
electrooxidation.*®* In comparison with Pt-based and Pb-based, the pure Pt is easily
poisoned by adsorbed CO (CO.d), a reaction intermediate,** 4> whereas Pb-based
exhibits a very high initial activity due to being free of CO poisoning, but their long-term
stability is not satisfactory.*6-*¢ By modifying the Pt surface with sub-monolayer foreign

metal adatoms such as Pb can enhance the activity significantly.4°-5?
The catalytic activity of the 1 wt.%Pt-0.5 wt.%Pb/TiO, catalyst towards n-butanol

oxidation was investigated. Time on-Line (TOL) data for this catalyst is shown below in
Figure 4.8.
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Figure 4.8. Time on-line data with 1 wt.%Pt-0.5 wt.%Pb/TiO, catalyst for selective
oxidation of n-butanol. Reaction conditions: 100 °C, 2 bar O», n-butanol (10 mL, 0.54
M), catalyst (15 mg), 750 rpm. L Conversion of n-Butanol, O Butyraldehyde Selectivity,
A\ Butyric Acid Selectivity, vV Carbon Mass balance.

The graph shows that conversion of n-butanol starts to increase from 0 % to 62 %.
There is significant increase of conversion after 4 h of reaction. The selectivity of
butyraldehyde decreases from 93 % to 74 %, due to formation of butyric acid. The
addition of lead as a promoter results in profound modification of the activity of the
catalyst; the presence of the Pb promoter seems to suppress the poisoning observed
with Pt alone, and improves the catalyst performance,** and high conversion was
achieved with n-butanol, though the mass balance decreased from 92 %
(1 wt.%Pt/TiO2) to 86 % (1 wt.%Pt-0.5 wt.%Pb/TiO;) at 6 h. Considering the time on-
line results, it has been observed that the 1 wt.%Pt/TiO, (Figure 4.4) without promoter
after 6 h the conversion of the n-butanol was 54 %. The addition of the Pb promoter to
1 wt.%Pt/TiO; enhances the activity of the catalyst to 62 % conversion after 6 h. At
similar levels of conversion (41 and 54 %) the promoted catalyst demonstrates slightly
higher butyraldehyde selectivity, 90 % and 84 % compared to 85 % and 75 %,

respectively.

With the aim to demonstrate the stability of the 1 wt.%Pt 0.5 wt.% Pb/TiO- catalyst, the
catalyst was tested, recovered and retested under the standard conditions (100 °C, 2 h

and 2 bar O). The results are reported in Table 4.6.
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Table 4.6. Reusability of 1 wt.% Pt-0.5 wt.%Pb/TiO: catalyst for 3 cycles.

Sel. Leaching
% %
Test Conv. o) o) Mass
cycle n-BuOH BUALD BUAC Pt M Balance
(%) (%)
1st 41 90 10 1.2 0.6 94
2nd 35 90 10 05 | 0.7 97
31 33 91 9 04 | 05 97

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BUALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 bar O, 2 h, n-butanol (10 mL,
0.54 M), 15 mg of catalyst.

The data shows that after 3 tests the conversion of n-butanol decreased. However, the
selectivity toward butyraldehyde remains the same across the tests (~90 % to 91 %).
In parallel, the selectivity to butyric acid remained the same across the tests; 9 % to 10
%. The first statement which can be made from these data is that the catalyst is losing
activity with every test cycle. Given that the previously identified error in this reaction to

be + 4% these values are within experimental error.

The second statement which can be made is that the selectivity toward butyraldehyde
and butyric acid remain the same. The leaching of platinum continues with each cycle,
although it decreases. The ICP analysis has shown that 1.2 % of Pt from the catalyst is
leached after 2 h reaction time. After the 2" and 3™ use, the Pt leaching decreases to

0.5 and 0.4 %, respectively.

The effects of thermal pre-treatment conditions on the 1 wt.%Pt-0.5 wt.%Pb/TiO-

catalyst was investigated, using calcination in air or reduction in hydrogen.
The time of pre-treatments under air or under hydrogen was maintained the same, i.e.

2 h at 200 °C, and a ramp rate from ambient of 5 °C/min. The results are reported in
Table 4.7, Appendix E.
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Table 4.7. Catalyst performance of 1 wt.%Pt-0.5 wt.%Pb/TiO> for n-butanol oxidation

following different thermal pre-treatments.

Sel.
Catalyst pre-treatment Conv. (%) Leaching Mass
(%) (%) Balance
BUALD | BUAC | Pt M (%)
1 wt. % Pt - 0.5 wt.%Pb/TiO> 41 90 10 1.2 0.6 94
(Fresh)
1 wt. % Pt - 0.5 wt.%Pb/TiO> 16 95 5 0.1 0.5 96
(Calcined)
1 wt. % Pt - 0.5 wt.%Pb/TiO» 40 93 7 0.2 0.8 91
(5 vol.% Ha/Ar at 200 °C)

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid (BUAC)
Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of
catalyst.

Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar for 2 h at 200 °C
(5 °C/min).

Table 4.7 shows that when the catalysts are calcined under air for 2 h, the conversion
of the n-butanol is decreased when compared to the catalysts that are freshly prepared.
Furthermore, when the catalysts are treated under 5 vol.%H/Ar , the conversion of n-
butanol is the same as when compared to the catalysts that are freshly prepared (as-

obtained).

Again, it is important to notice here that the pretreatment plays an important role in the
distribution of the products of the reaction and seems to confirm the hypothesis made
previously for 1 wt.%Pt/TiO, reactions (Section 3.6.1).

From the observation it is possible to suggest that the particle size could influence the
reaction rate, and therefore lower rates of activity with the time of use, suggesting a
potential deactivation mechanism. This could imply that nanopatrticle size is one of the
reasons for the difference in catalyst activities on successive reuse. The XPS indicates
the Pt to still be in a metallic form, exhibiting the previously noted low-binding energy

(ca. 70.2 eV) after pre-treatment.

The ICP-MS results reported in Table 4.7 shows that the leaching of platinum from the
1 wt.%Pt-0.5 wt.% Pb/TiO: fresh catalyst is 1.2 %.
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Selected SEM images of the 1 wt.%Pt - 0.5 wt.%Pb/TiO- fresh, calcined, 5 vol.%H/Ar
treated, and used catalysts (after 2 h reaction) are presented in Figure 4.9.
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Figure 4.9. Representative SEM image of the 1 wt.%Pt - 0.5 wt.%PDb/TiO; (a) fresh (b)
Used (after 2 h reaction) (c) Calcined (d) 5 vol.%HJ/Ar at 200 °C treatment. Reaction
conditions : 100 °C, 2 h, 2 bar Oz, n-Butanol (0.54 M), 15 mg of catalyst, 750 rpm.
Catalysts pre-treated: Calcined under air or A flow of 5 vol % H/Ar for 2 h at 200 °C
(5 °C/min).

From the SEM (Figure 4.9) no difference can be detected between the 1 wt.%Pt - 0.5
wt.%Pb/TiO, catalysts before or after any treatment. SEM indicates that there are
metals present, showing nanoparticles and that these nanoparticles are agglomerated.

From the SEM images conclusions on particle size couldn’t be made.

As mentioned in Chapter 3, Section 3.6.2 the SEM characterisation of the monometallic
1 wt.%Pt/TiO, catalyst shows that catalyst pretreatment affects the average particle
size. The different activities observed could therefore likely be attributed to different
pretreatment (Table 3.10) which cannot be observed by bimetallic
1 wt.%Pt- 0.5 wt.%Pb/TiO, catalysts.
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4.6.3. 1wt.%Pt -1 wt.%M/TiO>

The aim of this section is to show the effect of different promoter loadings with Pt on
TiO, on the conversion of n-butanol and on the selectivity towards the different
products. A series of 1 wt.%Pt/TiO, catalyst with M weight loadings of 1 wt. (M = Al
Sn, Bi, Zn and Pb) were prepared and tested for the oxidation of n-butanol at 100 °C,
2 bar O for 2 h. Table 4.8 reports the conversion of n-butanol with bimetallic catalysts
with aratio 1 wt.% Pt-1 wt.%M/TiO2, Appendix F.

Table 4.8. Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and
butyric acid over 1 wt.%Pt/TiOzand 1 wt.%Pt-1 wt.%M/TiO, (M= Bi, Pb, Al, Zn, Sn).

Sel.
Catalysts Supported | Conv. (%) Leaching Mass
on TiO; (%) (%) Balance

BUuALD | BUAC Pt M (%)
1 wt.% Pt 38 84 16 3.10 - 96
1 wt.% Pt-1 wt.% Al 6 100 0 0.03 0.9 98
1 wt.% Pt-1 wt.% Sn 39 20 10 2.70 0.7 94
1 wt.% Pt-1 wt.% Bi 29 87 13 0.03 0.1 96
1 wt.% Pt-1 wt.% Zn 25 93 7 0.40 | 4.6 98
1 wt.% Pt-1 wt.% Pb 22 92 8 1.30 | 104 98

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid (BUAC).
Reaction Conditions: 100 °C, 2h, 2 bar O, n-butanol (10 mL, 0.54 M), 15 mg of

catalyst.

The data show that all the bimetallics show an activity lower than the monometallic
catalyst, except for 1 wt. %Pt-1 wt.%Sn/TiO, which shows comparable conversion (39
%) to the 1 wt.%Pt/TiO, (38 %). Another point is that the platinum leaching is reduced
with the addition of the second metal. From Table 4.5 it is possible to see that the
leaching of Pt can be increased (3.7 %, Table 4.5) when using a low metal loading of
tin (0.5 wt.%Sn).
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4.6.3.1. 1 wt.%Pt-1 wt.%Sn/TiO-

Based on previous studies, promoter metals such as tin have generated significant
interest. In the work reported here, the use of PtSn as a catalyst for the oxidation of n-
butanol in water is presented. PtSn has been studied as a catalyst for alcohol
(methanol®*%* and ethanol®**®’) oxidation over the last decade; it is currently the most
active electrocatalyst used for ethanol oxidation®® %° in direct ethanol fuel cells,*® even
though the main products of this process are acetaldehyde and acetic acid.®* The major
difference between PtSn and Pt is the different shifts in lattice structure.®? When Sn is
incorporated into the fcc structure of Pt, the diffraction peaks of the resulting alloy are
shifted slightly to lower 26 values compared to corresponding peaks for a pure platinum
catalyst.®? This indicates that solid solutions of Pt and Sn have formed, which may lead
to different energies for alcohol molecules to adsorb onto the catalyst, and for the
formation of reaction intermediates, when compared to the energies on a pure Pt
catalyst. Moreover, the introduction of Sn atoms alters the electron distribution in the
orbitals of Pt. Colmati et al.®® % found that a decrease in Pt 5d-band vacancies could
be attributed to the donation of electrons from the Sn 5p and s bands to the Pt 5d band,
which is a strong acceptor.

The study reported in this section focusses on oxidation of n-butanol on PtSn

Figure 4.10. The following graph shows TOL with the bimetallic catalyst 1 wt.%Pt 1
wt.%Sn/TiOx.
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Figure 4.10. Time on-line data with 1 wt.%Pt - 1 wt.%Sn/TiO; catalyst for selective
oxidation of n-butanol. Reaction conditions: 100 °C, 2 bar O, n-butanol (10 mL,
0.54 M), catalyst (15 mg), 750 rpm. [ Conversion of n-butanol, O Butyraldehyde
Selectivity, A Butyric Acid Selectivity, V Carbon Mass balance.

The data shows that after 6 h the conversion of n-butanol increases from 0 % to 56.6 %.
There is significant increase of conversion after 4 h; this observation seems to indicate
that the catalyst was still active after 4 h of reaction and was still active for the
conversion of butyraldehyde into butyric acid. The selectivity of butyraldehyde
decreased from 95 % to 82 %, due to formation of butyric acid (5 to 18 %). Another
point is that the platinum leaching is increasing with the time (Table 4.9). Compare to
Figure 4.4, it seems that the addition of tin enhance the conversion of n-butanol and

selectivity towards butyraldehyde, although the mass balance is lower.

Table 4.9. Time on-line (TOL) data with 1 wt.%Pt-1 wt.%Sn/TiO, catalyst for
Pt leaching (%).

TOL (h) 1 2 3 4 5 6
Pt leaching (%) 0.8 2.7 2.8 4.7 5.4 5.9
Sn leaching (%) 0.4 0.7 0.1 0.5 0.2 0.8

Reaction conditions: 100 °C, 2 bar O, n-butanol (10 mL, 0.54 M), catalyst (15 mg),
750 rpm.
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In order to assess the stability of the 1 wt.%Pt 1 wt.% Sn/TiO; catalyst, the catalyst has
been tested, recovered and retested under the standard conditions (100 °C, 2 h and 2

bar O2). The results are reported in Table 4.10.

Table 4.10. Reusability of 1 wt.%Pt - 1 wt.%Sn/TiO, catalyst for 3 cycles

Sel. )
Test Conv. (%) Leaching Mass
cycle n-BuOH(%) (%) Balance
BuALD BuAC Pt M (%)
1st 39 90 10 2.7 | 0.7 94
2nd 35 92 8 14 | 14 94
3 31 92 8 11 | 11 95

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BUALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 bar O, 2 h, n-butanol
(10 mL, 0.54 M), 15 mg of catalyst.

The data shows that after 3 cycles the conversion of n-butanol decreases. However,
the selectivity toward butyraldehyde remains the same across the runs: ~ 90 % to 92 %
from the first test to the third run. The selectivity toward butyric acid also remains the
same throughout the test, increasing slightly from 8 to 10 % between the 15t and 3" test,
respectively. The first statement which can be made from this data is that after each
test the catalyst still converts n-butanol, but still deactivated after 1%t and 2" use. It is
also clear that the catalyst can convert n-butanol into butyraldehyde and butyric acid.
The leaching of platinum decreases after the 1% cycle from 2.7 % to 1.4 % and 1.1 %
for 2" and 3" cycles, respectively. This may suggest that these nanoparticles are

agglomerated after each use.

The effect of catalyst thermal pre-treatments on n-butanol selective oxidation are
reported in Table 4.11, Appendix G.
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Table 4.11. Effect of thermal pre-treatment of 1 wt.%Pt - 1 wt.%Sn/TiO, catalyst for

n- butanol selective oxidation..

Sel.
Catalyst pre-treatment | Conv. (%) Leaching Mass
(%) (%) Balance

BUALD | BUAC | Pt M (%)

1 wt.%Pt - 1 wt.%Sn/TiO; 39 90 10 2.7 | 0.7 94
(Fresh)
1 wt.%Pt - 1 wt.%Sn/TiO, | 40 91 9 20 | 0.2 94
(Calcined)
1 wt.%Pt - 1 wt.%Sn/TiO> 31 92 8 1.3 0.3 96
(5% Ha/Ar at 200 °C)

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BuALD), Butyric Acid (BUAC)
Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of
catalyst. Catalysts pre-treated: Calcined under air or A flow of 5 vol.%Hj/Ar for 2 h at
200 °C (5 °C/min).

In the case of the 1 wt.%Pt - 1 wt.%Sn/TiO,, when the catalyst is calcined, the
conversion of n-butanol remains the same (Table 4.11). When the catalyst is pre-treated
under 5 vol.%H/Ar the conversion of n-butanol reduces from 39 % to 31 % when
compared to the fresh catalyst (as-obtained). It can be observed from data reported in
Table 4.10 that the amount of leached platinum decreases from 2.7 % for fresh catalyst
to 2.0 % and 1.3 % for calcined and pre-treated under 5 vol.% Hy/Ar, respectively.

Figure 4.11 shows the SEM images of 1 wt. % Pt - 1 wt.%Sn/TiO- catalysts when fresh,

used (after 2 h reaction), calcined, and after 5 vol.% H/Ar treatment.
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SEM HV: 15.0 kV. WD: 5.31 mm L1 MAIA3 TESCAN|
SEM MAG: 300 kx  View field: 0.923 ym 200 nm
Det: LE-BSE Sefydliad Catalyddu Caerdydd
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SEM MAG: 300 kx  View field: 0.923 ym 200 nm
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Figure 4.11. SEM image of the 1 wt.%Pt - 1 wt.%Sn/TiO- (a) Fresh (b) Used (after 2 h
reaction) (c) Calcined (d) 5 vol.% Hx/Ar at 200 °C treatment. Reaction conditions:
100 °C, 2 h, 2 bar Oy, n-butanol (0.54 M), 15 mg of catalyst, 750 rpm. Catalysts pre-
treated: Calcined under air or A flow of 5 vol.% H2/Ar for 2 h at 200 °C (5 °C/min).

From the SEM images in Figure 4.11, it can be concluded that there are metal

nanoparticles present on the surface, however, there are no clear differences between

the fresh, used, calcined and 5 vol.% Hy/Ar treated catalysts. Its only shows that there

are nanoparticles and that these nanoparticles are agglomerated.
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4.7. XPS characterisation of 1 wt.%Pt-0.5 wt.%Pb/TiO, and 1 wt.%Pt-1
wt.%Sn/TiO; catalysts
Figure 4.12 reports XPS data for catalyst before and after pre-treatment.

1Pt 0.5Pb TiO2 Fresh
1Pt 0.5Pb TiO2 Oxid

Pt 4-[-') 1Pt 0.5Pb TiO2 Red

1Pt 0.5Pb TiO2 Fresh - g
1Pt 0.5Pb TiO2 Oxid -
1Pt 0.5Pb TiO2Red -C

Pb(4f)

Arbitrary Units

Arbitra;z Units

TBB' 'a-dTI'BI()'T‘TIG‘IITTZHIBTQI'lGaITIGU I1‘|‘3‘ ‘ I144‘ I '1‘|lﬂl I ‘1I|iﬁ' ‘1.!52

Binding Energy (eV) Binding Energy (eV)
Figure 4.12. XPS analysis of 1 wt.%Pt-0.5 wt.%Pb/TiO, catalysts (a) Fresh, (b)
Calcined, (c) Under 5% H./Ar. Catalysts pre-treated: Calcined under air or A flow of
5 vol.%Hy/Ar for 2 h at 200 °C (5 °C/min).

For the 1 wt.%Pt — 0.5 wt.%Pb/TiO; catalysts, 0.5 wt.%Pb sample, no Pb is readily
evident in the freshly prepared sample, which may be attributed to Pt encapsulation or
very large particles with poor dispersion. The samples calcined in air show a Pb (ll)
signal, again potentially a “skin” of oxide is formed on top of the elemental Pb. Despite
the reductive treatment, we still observe a Pb oxide, which we attribute to re-oxidation
of the Pb species during preparation and insertion into the XPS system.

For the equivalent Sn samples, we observe a similar case to that of the Pb data, where
there is no significant shift in Pt(4f) binding energy, with all values within experimental
error of metallic Pt (ca. 71 eV). The Sn(3d) region is less diagnostic to the formation of
an oxide, since there is no significant shift between metallic Sn and Sn(l) or Sn(ll)

oxides.

The addition of lead and tin as promoters improves the catalyst performance. Previous
studies by Colmati et al.®* % show that the introduction of Sn atoms alters the electron
distribution in the orbitals of Pt, stating that a decrease in the Pt 5d-band vacancies
could be attributed to the donation of electrons from the Sn 5p and s bands to the Pt 5d

band, which is a strong acceptor.
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It seems that lead and tin suppress the poisoning observed with Pt alone, and improves

the catalyst activity the platinum catalyst.

4.8. Conclusion

The oxidation of n-butanol was performed with a 1 wt.%Pt/TiO> catalyst under different
conditions. Alternative cycles of oxygen/air and nitrogen were performed to better
understand the activation of the catalyst. It was found that by alternating aerobic and
anaerobic cycles that it was possible to limit the deactivation of the catalyst and to
improve its performance. Characterization by XPS of the catalyst after the different
cycles showed no significant change in Pt oxidation state or concentration, with the Pt
remaining metallic and ca.0.3 at % concentration of the total elemental concentration.
It was found that using air instead of oxygen increased the selectivity toward
butyraldehyde. Based on this observation the effect of the concentration of oxygen was
studied by varying the partial pressure. It was found that the best pressure, which gives
the highest conversion, was 2 bar. The time on-line studies at this pressure were
performed, and the catalysts show a higher life-time than when the pressure was 3 bar.

Addition of promoters show an enhancement of catalytic activity for the Pt catalysts.

The n-Butanol oxidation has been performed with a 1 wt.%Pt-0.5 wt.%Pb/TiO; catalyst.
The 1 wt.%P1t-0.5 wt.%Pb/TiO, presents the highest activity towards the conversion of
n-butanol. The time online data has shown that different steps are occurring during the
oxidation of n-butanol at different times of the reaction. The addition of lead as a
promoter seems to suppress the poisoning observed with Pt alone, and improves the
catalyst performance. The 1 wt.%Pt-0.5 wt.%Pb/TiO, showed sensitivity to such
treatment and it has been concluded that there is a strong correlation between the pre-
treated catalyst and the rate of n-butanol conversion. XPS analysis of 1 wt.%Pt-0.5
wt.%Pb/TiO, samples reveal that Pt exclusively is in the metallic state. The reusability
of the catalyst has been tested over 3 cycles and the results have shown that the
catalyst is still active towards the conversion of n-butanol, but the catalyst is losing

activity with every test cycle.

The 1 wt.%Pt-1 wt.%Sn/TiO, catalyst also showed comparable conversion (39 %) to
the 1 wt.%Pt/TiO; (38 %) for the n-butanol oxidation. The time on-line shows that after
6 h the conversion of n-butanol increases to 56.6 %. The 1 wt.%Pt-1 wt.%Sn/TiO-
catalyst was still active after 4 h of reaction and was still active for the conversion of
butyraldehyde into butyric acid. The reusability test shows that after each test the
catalyst still converts n-butanol, but deactivates after 1t and 2" use. It is also clear that

the leaching of platinum decreases after the 1% cycle from 2.7 % to 1.4 % and 1.1 % for
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2" and 3" cycles, respectively. When the 1 wt.%Pt-1 wt.%Sn/TiO, catalyst is calcined,
the conversion of n-butanol remains the same. On the other hand when the catalyst is
pre-treated under 5 vol.%H2/Ar the conversion of n-butanol reduces from 39 % to 31 %,
this may suggest that these nanoparticles are agglomerated after pre-treatment and

this was confirmed by SEM characterisation.
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Chapter 5: The behavior of Vulcan
XC-72R Carbon as a support for Pt

5.1. Introduction

Many researches are interested in finding the most appropriate catalyst support, since
it will influence the metal particle size, structure, charge, and the form of the specific
active sites at the metal-support boundary.! This Chapter is concerned with the use of
Vulcan XC-72R carbon as a support material for Pt nanoparticles. The interaction
between the carbon and Pt plays an important role in the properties of the Pt/C catalyst.
It has been demonstrated that this interaction is attributed to the electron transfer from
the Pt nanoparticles to the carbon support. Furthermore, the electronic structure change
of platinum catalyst particles by this interaction leads to the change of the catalyst
properties.? Generally, this electronic interaction has a positive effect towards the
enhancement of catalytic properties and stability.? In fuel cell catalyst studies, it has
been shown that metal-carbon support interactions influences the oxidation of both CO
and methanol.® 4 For n-butanol oxidation, previous work has shown that when carbon
was used as a support the selectivity toward butyric acid was 78.9 %, whilst for TiO»
the selectivity was 21.2 %.°> More effort is needed to further understand the mechanism
of the interaction between Pt and carbon support.

In order to determine how the catalytic performance was affected by the support, Pt
was prepared by sol-immobilisation using a carbon support, as it was previously
reported.® The catalyst testing protocol are described in detail in Chapter Two (section
2.2.3).

5.2. Time on-line with Pt/C at 3 bar O>

Initial studies of the XC72R carbon support alone exhibited negligible activity towards
the oxidation of n-butanol when run under standard reaction conditions, and no
conversion to oxidised C4 products was found.

Addition of 1 wt.%Pt to the carbon support induced activity, and hence selectivity and
conversion of n-butanol to butyraldehyde and butyric acid as shown in Figure 5.1. The

carbon mass balance is also shown.
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Figure 5.1. Time on-line data with 1 wt.%Pt/C catalyst for selective oxidation of
n- butanol. Reaction conditions: 100 °C, 3 bar Oz, n-butanol (10 mL, 0.54 M), catalyst
(15 mg), 750 rpm. [ Conversion of n-butanol, O Butyraldehyde Selectivity, /A Butyric

Acid Selectivity, ¥V Carbon Mass balance.

Time on-line studies were carried out by following the normal oxidation method, but with
the time being changed accordingly, the 1 wt.%Pt/C catalysts were used and tested at
100 °C, 3 bar O for 6 h Figure 5.1.

Figure 5.1 shows that as the alcohol is consumed in the reaction over time, the
selectivity towards butyraldehyde is decreased and it is converted into butyric acid. The
conversion of n-butanol starts to increase from 25 % to ~ 40 %. The conversion of
n- butanol increased up to ~ 40 %, after 3 h the conversion remains the same until the
end of the 6 h reaction. There was no significant increase after 3 h. This implies that
the catalyst had deactivated after 3 h (also observed previously Chapter 3, section 3.4).
The selectivity of butyraldehyde decreases from 95 % to ca. 86 % and the selectivity

toward butyric acid increases from 5 % to 14 %.

Using carbon as the support reduced Pt leaching by a large amount compared to TiO;
(Chapter 3, section 3.6). Under standard conditions, 2.8 % of the Pt loading was

leached from Pt/C, this is a significant improvement when compared to the TiO;
130



catalyst, which leached 5.2 % Pt. For the 1 wt.%Pt/TiO, catalyst the conversion of
n- butanol was 30 % (Figure 3.7) and in the case of 1 wt.%Pt/C catalyst the conversion
was 28 %, this decrease in leaching has not significantly influenced the catalyst activity
in the oxidation of n-butanol.

5.2.1. Effect of catalyst pre-treatment
5.2.1.1. Reaction under 3 bar O:
Additional experiments were conducted over 1 wt.%Pt/C fresh (as-obtained), calcined
and 5 vol.%H2/Ar pretreated for 2 h at 200 °C (5 °C/min) to study the effect of pre-
treatment on the catalyst activity. Table 5.1 shows the affect of pre-treatment of

1 wt.%Pt/C on catalyst performance.

Table 5.1. Conversion of n-butanol and product selectivity over 1 wt.%Pt/C under

different catalyst pre-treatments.

Sel.
Catalyst pre-treatment Conv. (%) Mass Leaching
n-BuOH balance (%)
(%) BUALD | BUAC (%)
1 wt.%Pt/C 28 95 5 97 2.8
Fresh (as-obtained)
1 wt.%Pt/C 23 98 2 97 2.2
(Calcined)
1wt.% Pt/C 19 100 0 97 24
(5 vol.%H/Ar at 200 °C)

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC)

Reaction Conditions: 100 °C, 2 h, 3 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of
catalyst, 750 rpm.

Catalysts pre-treated: Calcined under air and pre-treated under 5 vol.%H2/Ar for 2 h
at 200 °C (5 °C/min).

Table 5.1 shows that when the catalysts were pre-treated, the conversion of the
n- butanol was decreased compared to when the catalysts are fresh (as-obtained). All

the pre-treatments were performed at 200 °C and for 2 h.

Table 5.1 shows that when the catalysts were calcined under air for 2 h, the conversion

of the n-butanol was decreased slightly (23 %) compared to the fresh catalyst (28 %).
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Furthermore, the selectivity towards butyraldehyde increases slightly from 95 % to 98

% compared to the fresh catalyst.

However, when the catalysts were pre-treated under 5 vol.%H./Ar at 200 °C, the
n- butanol conversion decreases. It can be seen that the conversion of n-butanol for
pre-treated catalyst under 5 vol.%H/Ar reaches 19 % after 2 h and butyraldehyde is
the only primary product (100 %), Table 5.1. The ICP-MS analysis for the fresh catalyst
has showed that 2.8 % of Pt from the catalyst was leached after 2 h reaction. On the
other hand, the amount of Pt leached for the calcined and under 5 vol.%H/Ar were
2.2 % and 2.4 %, respectively. This observation using carbon support show a lower Pt

leaching compared to that observed for the TiO,-supported catalyst (Section 3.6.1).

5.3. Time on-line with Pt/C at 2 bar O-

To compare how the conversion and selectivity is influenced by pressure, and based
on the findings in Chapter 4, the catalysts were tested under 2 bar O, and a time on-
line study is shown in Figure 5.2. The time on-line studies were carried out under 2 bar
02, 15 mg of catalyst at 100 °C (750 rpm).
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Figure 5.2. Time on-line data with 1 wt.%Pt/C catalyst for selective oxidation of
n- butanol. Reaction conditions: 100 °C, 2 bar O, n-butanol (10 mL, 0.54 M),
catalyst (15 mg), 750 rpom. [ Conversion of n-Butanol, O Butyraldehyde Selectivity,
A\ Butyric Acid Selectivity V Carbon Mass balance.
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For 1 wt.%Pt/C the conversion reached 20 % after 1 h and the selectivity towards
butyraldehyde and butyric acid was 94 % and 6 %, respectively, Figure 5.2. After 3 h,
the conversion of n-butanol over 1 wt.%Pt/C under 2 bar O increased up to 31 % and
remained the same until 6 h of reaction. The selectivity toward butyraldehyde went
through different steps during this time. Butyric acid is the secondary product, the
selectivity increased up to 10 %, which appears when the selectivity of butyraldehyde
starts to decrease.

From this result, it can be observed that 1 wt.%Pt/C tested for 6 h reaction showed that
the conversion of n-butanol remained almost the same after 3 h, and the selectivity
toward butyraldehyde remains the same after 6 h. This observation seems to indicate
that the catalyst is partially deactivated after 3 h reaction. The conversion of n-butanol
stops after 3 h and the catalyst is still active for the conversion of butyraldehyde into

butyric acid.

Based on the observations made from the reactions at 2 and 3 bar O, it can be seen
that the rate of reaction after 1 h is higher at 3 bar than 2 bar, with 25 % and 20 %
conversion respectively. There is a clear deactivation in the catalyst during the reaction
at 2 bar O, after 3 h. A complete deactivation of the catalyst does not appear to occur
at 3 bar O, although the rate of reaction does slow down. This is in contrast to what
was observed over Pt/TiO, (Chapter 3, Section 3.4 and Chapter 4, Section 4.5), with
Pt/C the higher oxygen pressure may assist with the removal or oxidation of inhibiting

species.

5.3.1. Effect of catalyst pre-treatment
5.3.1.1. Reaction under 2 bar O>
Catalyst pretreatment has an important effect on the Pt metal and support interaction.
The catalyst was calcined and pre-treated under 5 vol.%H2/Ar, which may affect the
conversion rate of n-butanol. Table 5.2 reports the effect of pre-treatment of 1 wt.%Pt/C

on catalyst behaviour, Appendix H.
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Table 5.2 Conversion of

n-butanol over 1 wt.%Pt/C under different pre-catalyst

treatments.
Sel.
Catalyst and pre- Conv. (%) Mass Leaching
treatment n-BuOH balance (%)
(%) BUALD | BUAC (%)

1 wt.%Pt/C 23 93 7 100 15

1 wt.% Pt /C (Calcined) 24 95 5 94 2.2

1 wt.% Pt /C (5% Ha/Ar 17 93 7 94 0.6
at 200 °C)

Conversion (Conv.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric Acid
(BUAC), Selectivity (Sel.).

Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of
catalyst, 750 rpm.

Catalysts pre-treated: Calcined under air or A flow of 5 vol.%Hj/Ar for 2 h at 200 °C
(5 °C/min).

Table 5.2 shows that when the catalysts were calcined under air for 2 h, the conversion
of the n-butanol was increased slightly (24 %), compared to when the catalysts were
freshly prepared (23 %). Furthermore, when the catalysts were heat treated in
5 vol.%H,/Ar at 200 °C and tested, the conversion of n-butanol decreases to 17 %. All
the pre-treatments were performed at 200 °C and for 2 h (5 °C/min). In the case of the
heat-treated of 1 wt.%Pt/C under 5 vol.%H2/Ar the % of leached Pt decreased to 0.6 %
compared to the calcined catalyst and fresh (as-obtained) catalyst, 2.2 % and

1.5 %, respectively.

With the aim to demonstrate the stability of the 1 wt.%Pt/C catalyst, the catalyst has
been tested, recovered and retested under the standard conditions (100 °C, 2 h and
2 bar Oy). The results are reported in Table 5.3.

Based on studies in Sections 5.2 and 5.3, comparing 2 and 3 bar oxygen, when 3 bar
of oxygen is used, the conversion of n-butanol is slightly increased to 28 % compared
to 2 bar Oz, 23 %, after 2 h reaction. Furthermore, it is important to notice here that the
selectivity towards butyraldehyde is slightly higher than for 2 bar O,. The amount of
leached Pt, which decreased from 2.8 % (3 bar O;) to 1.5 % (2 bar Oy), after 2 h reaction.
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Based on these observations it was decided that the best pressure to work with is 2 bar
Oa.

5.3.2. Reusability tests
Reusability studies, shown in Table 5.3, show the conversion of n-butanol and the

selectivity toward butyraldehyde and butyric acid.

Table 5.3. Reusability of 1 wt.%Pt/C for 3 cycles.

Sel.
Test Conv. Leaching Mass
Balance
cycle n-BuOH (%) 0
BUALD BUAC (%)
(%)
1st 23 93 7 1.5 100
2nd 20 100 0 1.4 100
3rd 24 100 0 2 97

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC).

Reaction conditions: 100 °C, 2 h, 2 bar O, n-butanol (10 mL, 0.54 M), 15 mg of

catalyst.

The data shows that after 3 repeated experiments the conversion of n-butanol remained
unchanged. However, the selectivity toward butyraldehyde increased with subsequent
repeat experiments from 93 % from the first test to 100 % to the third reusability
experiment. In parallel the selectivity to butyric acid decreases with the reusability test,
from 7 % from the first test to 0 % for the third test.

It was found that after each test the catalyst was still converting n-butanol and the
conversion reached the same level after 2 h reaction. It is clear that the catalyst can

convert n-butanol into butyraldehyde.

During the tests the selectivity toward butyraldehyde and butyric acid changes. The
catalyst presented here is still active toward the conversion of n-butanol at the same
level after repeated cycles. The reusability test shows that the selectivity towards the

products is affected after every reuse.
135



5.3.3. Characterisation of Pt/C

The catalysts were characterised by X-ray Photoelectron Spectroscopy (XPS) and
Transmission Electron Microscopy (TEM) in order to study the metal chemical state and
particle size and dispersion.

5.3.3.1. Transmission Electron Microscopy (TEM)
In order to determine the platinum particle size and dispersion on the carbon support,

detailed Transmission Electron Microscopy (TEM) studies were performed.

Figure 5.3 shows representative micrographs obtained from TEM.
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Figure 5.3. Transmission Electron Microscopy (TEM) image and Particle size
distribution of (a) Fresh (as-obtained), (b) calcined, (c) 5 vol.%H./Ar for 2 h at 200 °C (5
°C/min) treatment and (d) Used catalyst (after 2 h reaction) of 1 wt.%Pt/C. Reaction
conditions: 100 °C, 2 h, 2 bar O, n-butanol (0.54 M), 15 mg of catalyst, 750 rpm.

Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H/Ar for 2 h at 200 °C
(5 °C/min).
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TEM analysis was carried out on fresh (as-obtained), calcined, 5 vol.%H2/Ar at 200 °C
treatment and used (after 2 h reaction) catalysts. The 5 vol.%H2/Ar at 200 °C treatment,
calcined and fresh (as-obtained) catalysts have comparable mean patrticle sizes, as
shown in Table 5.4.

Table 5.4. Mean NP diameter of 1 wt.%Pt/TiO, under different pre-treatments

catalysts.
Catalyst and pre-treatment Mean NP diameter SD
1 wt.%Pt/C
1.77 0.56
(Fresh)
1 wt.%Pt/C
2.00 0.63
(Used)
1 wt.%Pt/C
2.00 0.74
(Calcined)
1 wt.%Pt/C
1.68 0.56
(5 vol.%Hy/Ar at 200 °C)

Nanoparticles (NP), Standard Deviation (SD). Reaction conditions: 100 °C, 2 h, 2 bar
Oz, n-butanol (0.54 M), 15 mg of catalyst, 750 rpm. Catalysts pre-treated: Calcined
under air or A flow of 5 vol.%H_/Ar for 2 h at 200 °C (5 °C/min).

From results described in Table 5.2 and 5.4 the catalyst activity is slightly affected by
the mean nanopatrticle size, which are 1.77 nm, 2 nm and 1.68 nm for fresh, calcined,
5 vol.%H/Ar at 200 °C treatment, respectively. The different activities observed could
therefore likely be attributed to either the physicochemical properties of the different
catalysts after different pre-treatment under air or 5 vol.%H/Ar for 2h at 200 °C (5
°C/min). The mean nanoparticle size of the fresh catalyst increased to 2 nm after 2 h of

reaction.

For the 5 vol.%H./Ar at 200 °C treatment catalyst the mean nanoparticles size was 1.68
nm and in the case of calcined catalyst the mean diameter size 2 nm, Table 5.2. For
the calcined catalyst conversion is 24 %, on the other hand under 5 vol.%H/Ar at 200
°C treatment the catalyst conversion is 17 %. The different activities observed could

therefore likely be attributed to different factors beyond particle size effects.
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5.3.3.2. X-ray Photoelectron Spectroscopy (XPS) analysis
XPS was performed on 1 wt.%Pt/C Fresh (as-obtained), calcined and pre-treated under

5 vol.%H2/Ar catalysts (Figure 5.4).

Pt 4fi4 C1s/3

1%Pt C Fresh 1%Pt C Fresh
1%Pt C Red 1%Pt C Red

1%Pt C Oxid r 1%Pt C Oxid

()

Arbitrary Units
Arbitrary Units

""e0 e 80 75 10 5 " 00 295 292 288 284 280
Binding Energy (eV) Binding Energy (eV)

Figure 5.4. Pt(4f) and C(1s) core-level spectra for (a) Fresh (as-obtained),
(b) 5 vol.% H./Ar treatment and (c) Calcined for 2 h at 200 °C (5 °C/min) 1 wt.%Pt/C
catalysts. Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar for 2 h

at 200 °C (5 °C/min).
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Table 5.5. XPS derived concentrations (at%) and binding energies

Concentration (at%) Pt4f binding

Sample @) C Pt energy
1s 1s 4f (eV)
1 wt.%Pt/C
14.06 | 85.90 | 0.04 71.60
(Fresh)
1 wt.%Pt/C
11.96 | 87.98 | 0.05 71.60

(5 vol.%H,/Ar at 200 °C)

1 wt.%Pt/C

_ 7.26 | 92.67 | 0.07 71.8 (0.05 at%)
(Calcined)

& 72.6 (0.02 at%)
Catalysts pre-treated: Calcined under air or A flow of 5 vol.%Hj/Ar for 2 h at 200 °C
(5 °C/min).

As seen in Figure 5.4, all catalysts have Pt present predominantly as Pt°, with a binding
energy of 71.8 eV (+/-0.2 eV), this binding energy is greater than that of bulk Pt (ca. 71
eV),® and the increased binding energy is attributed to the small particle size. The sol
used in the preparation of the fresh catalysts is clearly evident in the corresponding
C(1s) spectra, and reduction and oxidation treatments serve to remove some of this
organic coating, with the oxidative treatment decreasing the intensity of the C(1s) peak
around 285-285.5 eV, coincident with this is the loss of intensity of the peaks above 287
eV. The presence of the pi-pi* structure appearing after oxidative treatment (Figure
5.5(c)) suggests that the conductive carbon support is not being attenuated by species
on top of it, and we attribute this to the loss of organic species (i.e. the sol stabilizing
ligands) from the surface. This oxidative treatment also reveals a broadening of the
Pt(4f) peaks, revealing potentially a second Pt species characterised by a binding
energy of 72.6 eV, typical of Pt?* species in PtO or Pt(OH)2,’*® and consistent with the

oxidising atmosphere.

5.3.4. Addition of Pb as promoter

The enhancement of catalytic properties of Pt by adding a second metal may occur
through the change of the local bonding geometry (structure effects), the distribution of
active sites (ensemble effects) or directly by modifying the reactivity of platinum surface
atoms (electronic effects). A number of studies have shown that lead has a promoting
effect on the electrooxidation of alcohols and other organic molecules.'*'® Recent
studies showed that lead has been found as a good catalyst for the oxidation of ethanol

in alkaline solutions.?® A previous study of Liu et al. showed that a PtPb/C catalyst
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displayed enhanced electrocatalytic activity towards both formic acid and methanol
oxidation compared with Pt/C.Y" In this study the focus will be on two types of metallic
surfaces: monometallic platinum (as shown above) and bimetallic surfaces based on
platinum with lead added, previously both were prepared on a titania support, Chapter
4, with the PtPb showing the best activity towards n-butanol oxidation. Because of the
higher activity exhibited from using the lead-platinum bimetallic supported titania
(Chapter 4, Section 4.6.2.1), it was decided to also prepare this catalyst on a carbon
support. 1 wt.%Pd - 0.5 wt.%Pb/C catalyst have been prepared using the preparation
method presented in Chapter 2 (Section 2.2.1), and the activity towards the oxidation

of n- butanol have been evaluated.

5.3.5. Time on-line studies with 1 wt.%Pt-0.5 wt.%Pb/C

Many researches show that the addition of metals such as lead to platinum catalysts
can significantly enhance their activity.?-2* A previous study showed that the Pb has a
good promoting effect on the electrooxidation of alcohols and other organics.4 15 17: 25,
26 A study by Li and Pickup,'* reported that Pb addition led to improvements in the
catalytic activity of carbon-supported Pt catalysts in the oxidation of ethanol in acidic
conditions. Liu et al.,!” revealed that a PtPb/C bimetallic catalyst enhanced the
electrocatalytic activity in the oxidation of both formic acid and methanol compared to
Pt/C.?"-?° Based on a previous study by Wang et al.,*® the addition of lead facilitates the
oxidative removal of adsorbed CO from the surface of the Pt, which is considered to be
a common poison in Pt catalysts.

A time on-line study on 1 wt.%Pt-0.5 wt.%Pb/C catalyst was performed. The data for
1 wt.%Pt-0.5 wt.%Pb/C are shown in Figure 5.5.
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Figure 5.5. Time on-line data with 1 wt.%Pt 0.5 wt.%Pb/C catalyst for selective
oxidation of n-butanol. Reaction conditions: 100 °C, 2 bar O, n-butanol (10 mL,
0.54 M), catalyst (15 mg), 750 rpm. [J Conversion of n-Butanol, O Butyraldehyde

selectivity A Butyric Acid selectivity, V Carbon mass balance.

For 1 wt.%Pt 0.5 wt.%Pb/C the conversion reached 26 % after 1 h and butyraldehyde
was the primary product (100 %), Figure 5.5. After 2 h the conversion of n-butanol
increased and the selectivity toward butyraldehyde decreased to the end of the 6 h
reaction period. Furthermore, butyric acid selectivity increased to ~ 70 %, it is
a secondary product, as it is formed when the selectivity of butyraldehyde starts to
decrease, until it reaches ~ 31 %. This indicates that the catalyst is still active and it
seems to promote the conversion of butyraldehyde into butyric acid. After 5 h there are
increases of conversion (remaining ~ 60 %), there is a relatively large decrease in the
selectivity towards the butyraldehyde, with a significant increase in selectivity towards

butyric acid. This indicates that the catalyst is still active after 5 h.

5.3.6. Effect of 1 wt.%Pt 0.5 wt.%Pb/C catalyst pre-treatment

The effect of thermal treatments on activity towards n-butanol oxidation has been
studied for 1 wt. %Pt 0.5 wt.%Pb/C. The results of experiments are reported in
Table 5.6.
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Table 5.6 The influence of thermal pre-treatment of 1 wt.%Pt 0.5 wt.%Pb/C catalyst for

the selective oxidation of n-Butanol.

Conv. Sel. (%) Mass Leaching
Catalyst and n-BuOH balance (%)
pre-treatment (%) BuALD | BuAC (%) Pt Pb
1 wt.%Pt 0.5 wt.%Pb/C 39 93 7 94 01 | 31
(Fresh)
1 wt.%Pt 0.5 wt.%Pb/C 46 87 13 92 0.1 | 5.7
(Calcined)
1 wt.%Pt 0.5 wt.%Pb /C 31 92 8 96.4 0.1 | 53
(5 vol.%H./Ar at 200 °C)

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10 mL,
0.54 M), 15 mg of catalyst, 750 rpm. Catalysts pre-treated: Calcined under airor A
flow of 5 vol.%H./Ar for 2 h at 200 °C (5 °C/min).

Table 5.6 shows that when the catalysts are calcined under air for 2 h, the conversion
of the n-butanol is increased compared to when the catalysts are freshly prepared.
Table 5.6 shows the conversion of the n-butanol is decreased slightly to 31 % compared
to when the catalysts are freshly prepared (39 %). Furthermore, when the catalysts are
calcined at 200 °C and tested, the conversion of n-butanol increases to 46 %. It can be
seen that there is an increase of conversion of n-butanol for the calcined catalyst

compared with the heat treated one under 5 vol.%H./Ar.

With the aim to demonstrate the stability of the 1 wt.%Pt 0.5 wt.%Pb/C catalyst, the
catalyst has been tested, recovered and retested under the standard conditions
(100 °C, 2 hand 2 bar Oy).

5.3.7. Reusability test of the 1 wt.%Pt 0.5 wt.%Pb/C catalyst

Reusability studies, shown in Table 5.7, show that the conversion of n-butanol and the

selectivity toward butyraldehyde and butyric acid after consecutive catalyst use.
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Table 5.7 Reusability of 1 wt.% Pt 0.5 wt.% Pb/C for 3 cycles.

Test Conv. Sel. (%) Leaching Mass
Balance
cycle | n-BuOH(%) (%) %)
BUALD BUuAC Pt Pb
1 39 93 7 0.1 | 31 94
2nd 32 94 6 0.1 | 05 97
3 31 92 8 0.1 | 09 96

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BUALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 2 bar O, n-butanol (10
mL, 0.54 M), 15 mg of catalyst, 750 rpm.

The data in Table 5.7 shows the conversion of n-butanol after 3 repeated experiments
over 1 wt.% Pt 0.5 wt.% Pb/C. It was found that after each test the catalyst was still
converting n-butanol and the conversion was different after every test after 2 h reaction.

The conversion of n-butanol after the second and third tests decreased to ~ 30 %.

During the tests the selectivity toward butyraldehyde and butyric acid changed slightly.
Although the catalyst activity toward the conversion of n-butanol decreased after the 2"
test. The reusability test shows that the selectivity towards the products was not affected
after every reuse. The addition of Pb to Pt suppressed the quantity of Pt leached after
2 h of reaction; the monometallic Pt catalyst exhibited 1.5 % Pt leaching after 2 h of
reaction, whereas this was significantly reduced to 0.1 % after the incorporation of Pb.
It was also observed however, that Pb leaching occurred during these reactions, but
did appear to decrease upon subsequent used; from 3.1 % after 1% use to 0.5 and

0.9 % for the 2" and 3" use, respectively.

5.3.8. Characterisation of 1 wt.%Pt 0.5 wt.%Pb/C catalyst

5.3.8.1. Scanning Electron Microscopy (SEM)

Figure 5.6 shows representative Scanning Electron Microscopy images of a
1 wt.%Pt - 0.5 wt.%Pb/C fresh (as-obtained), calcined and 5 vol.%H/Ar at 200 °C

treatment for the used catalysts (after 2 h reaction).
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Figure 5.6. Scanning electron microscopy (SEM) images of (a) Fresh (as-obtained) (b)
used (after 2 h reaction) (c) Calcined and (d) 5 vol.%HJ/Ar at 200 °C treatment of
1 wt.%Pt 0.5 wt.%Pb/C. Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10
mL, 0.54 M), 15 mg of catalyst, 750 rpm. Catalysts pre-treated: Calcined under air or
A flow of 5 vol.%H,/Ar for 2 h at 200 °C (5 °C/min).

From the Scanning Electron Microscopy (Figure 5.6) no difference can be detected
between fresh (as-obtained) and different pre-treatment. SEM indicates that there are
metal species present on the surface, however, there are no observable differences
between the fresh, used, calcined and treated under 5 vol.%H2/Ar catalysts. Its only
shows that there are nanoparticles and these nanopatrticles are large and non-uniform

agglomerates. From the SEM images, conclusions on particle size couldn’t be made.
A study by Chen et al.*° showed that when PtPb/C catalyst were synthesised through

two step method without using any surfactant and organometallic precursor, the

average particle size of a PtPb nanoparticle is about 8.7 nm.
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5.3.8.2. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS analysis of the 1 wt.%Pt 0.5 wt.%Pb/C catalyst revealed significant changes in the
concentration of Pb and the binding energy of Pt, depending on the catalyst treatment
or reaction time. Figure 5.7 shows both Pt(4f) and Pb(4f) regions for fresh
(as- obtained), calcined, and reduced under 5 vol.%H2/Ar and used (after 2 h reaction)

catalysts respectively. Table 5.8 shows the XPS derived atomic concentrations.

Table 5.8. XPS derived at % for 1 wt.%Pt-0.5 wt.%Pb/C Catalysts.

Concentration (at%)

(Used)

Sample @] C S Pt Pb
1s 1s 2p 4f Af
1 wt.%Pt-0.5 wt.%Pb/C 2.44197.32|0.18 | 0.04 | 0.01
(Fresh)
1 wt.%Pt-0.5 wt.%Pb/C 8.9390.84 | 0.18 | 0.05 | 0.01
(Calcined)
1 wt.%Pt-0.5 wt.%Pb/C 2.70 | 97.06 | 0.19 | 0.04 | 0.01
(Under 5 vol.%H./Ar)
1 wt.%Pt-0.5 wt.%Pb/C 9.28 | 90.48 | 0.16 | 0.07 | 0.00

Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of

catalyst, 750 rpm. Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H/Ar

for 2 h at 200 °C (5 °C/min).
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Figure 5.7. XPS analysis of 1 wt.%Pt-0.5 wt.%Pb/C (a) Fresh (as-obtained),
(b) Calcined, (c) Under 5 vol.%H2/Ar and (d) Used catalysts. Reaction Conditions:
100 °C, 2 h, 2 bar O, n-butanol (10 mL, 0.54 M), 15 mg of catalyst, 750 rpm. Catalysts
pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar for 2 h at 200 °C (5 °C/min).

All treatments show the presence of both metallic and oxide Pb states, although we
believe the distribution of the Pb changes with heat treatment, as suggested by the
variation in signal intensity. The Pt was observed at a binding energy of 71.3 eV for all
catalysts containing Pd and was assigned to metallic Pt. After reaction however, there
was clear loss of Pb from the surface and this is coincident with a shift upwards in
binding energy of the Pt(4f) peak to 71.5 eV, and a broadening of the peak width. The
shift upwards in energy is above that of bulk Pt, so this shift is indicative of a decrease
in particle size, and potentially a greater interaction of the smaller particles with defects

within the carbon surface.3!
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5.4. Conclusions

Pt and PtPb nanoparticles supported on Vulcan XC-72R carbon have been prepared
by sol-immobilisation. Based on Chapter four observation, the effect of the
concentration of oxygen have been studied at 2 and 3 bar O». The time on-line studies
at these pressures were performed and the catalysts show a catalyst deactivation after
3 h, when the pressure is 2 and 3 bar. It was found in Chapter 4 (Section 4.5) that the
best pressure used with Pt/TiO, was 2 bar of oxygen, which gave the highest
conversion. This is different to what is observed with Pt/C, where the oxygen may assist
with the removal or oxidation of surface inhibiting species. Changing the support is likely
have an effect, the leaching tests have shown that the amount of Pt leached decreased
from 3.1 % for theTiO2-support, to 1.5 % (C-support) after 2 h reaction under 2 bar O,
with high selectivity towards butyraldehyde (95 %). The reusability of the catalyst has
been tested over 3 cycles and the results have shown that the catalyst is still active
toward the conversion of n-butanol at the same level after all cycles. Transmission
electron microscopy (TEM) analysis results show that the mean nanopatrticles size for
fresh 1 wt.%Pt/C catalyst was 1.77 nm, on the other hand the calcined and heat treated
under 5 vol.%H2/Ar showed particle sizes of 2.00 nm and 1.68 nm, respectively. The
addition of Pb to Pt catalyst enhanced the activity towards n-butanol oxidation
compared with Pt, from 23 % (1 wt.%Pt/C) to 39 % (1 wt.%Pt- 0.5 wt.%Pb/C) at 2 bar
O, after 2 h. The reusability test of 1 wt.%Pt- 0.5 wt.%Pb/C shows n-butanol
conversion decreased after the 1% cycles and the selectivity towards the products was
not affected after each reuse. The SEM images of 1 wt.%Pt-0.5 wt.%Pb/C for fresh (as-
obtained), used, calcined and treated under 5 vol.%HJ/Ar catalyst show that there are
nanoparticles and these nanoparticles are agglomerated. XPS analysis of
1 wt.%Pt- 0.5 wt.%Pb/C samples show that the Pt is found at a binding energy of
71.3 eV for all catalysts containing Pd and is assigned to metallic Pt.
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Chapter 6: Conclusions and Future

Work

6.1. Conclusions

This thesis has attempted to investigate and develop a catalyst which will be active,

selective and stable for the oxidation of n-butanol to butyraldehyde, and to identify the

features of the catalyst that make them active, thereby informing the design of future

catalysts. Many approaches have been examined, based on the literature that was

presented in Chapter 1. This work aimed to understand the physico-chemical

parameters affecting the activity of 1 wt.%Pt/TiO, for the oxidation of n-butanol. The

progress of the work is summarised in the following Table (Table 6.1).

Table 6.1. Conversion of solution containing 4 %n-butanol and selectivity toward

butyraldehyde and butyric acid.

Catalyst Studied Conv. Sel. (%) Mass Leaching
n-BuOH (%) balance (%)
BUuALD BuAC (%) Pt M
3 bar O 2 h, 100 °C
1 wt.%Pt/TiO, (Fresh) 30 91 9 96 5.2 -
1 wt.%Pt/TiO;, (5 vol.%H,/Ar at 200 °C) 43 93 7 89 3.1 -
1 wt.%Pt/TiO, (Fresh)
N, cycles 63 77 11 67 - -
Air 51 79 16 87 - -
2 bar O,, 2 h, 100 °C
1 wt.%Pt/TiO, (Fresh) 38 84 16 96 3.1 -
Addition of promoters
0.5 wt.%Pb 41 90 10 94 1.2 0.6
1 wt.%Sn 39 90 10 94 2.7 0.7
C-support (2 bar Oy, 2 h, 100 °C)
1 wt.%Pt/C (Fresh) 23 93 7 100 15 -
Addition of promoters
0.5 wt.%Pb (Fresh) 39 93 7 94 0.1 3.1
0.5 wt.%Pb (Calcined) 46 87 13 92 0.1 5.7

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric
Acid (BUAC). Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar for 2 h at 200

°C (5 °C/min).

151




The starting point of the thesis was to study of Pt/TiO. catalysts. The catalysts were
prepared by sol immobilisation. To investigate the effect of different loadings of platinum
on TiO2 on the conversion of n-butanol and on the selectivity toward the different
products, a series of wt.%Pt/TiO, catalysts with various Pt weight loadings were
prepared. 1 wt.%Pt/TiO> showed the highest activity towards the conversion of n-
butanol.

To determine if the oxidation of n-butanol was diffusion limited, differing masses of the
1 wt%Pt/TiO, were tested. The study showed that below 50 mg catalyst used the
reaction is under a kinetic regime, and above it was under a diffusion limited regime.
Base on this observation 15 mg catalysts have been used for all further catalytic tests.
In order to determine how the catalytic performance proceeded over time, time on-line
studies were conducted. The conversion of n-butanol stops after 2 h, and the selectivity
of butyraldehyde decreases as butyric acid is formed. This data suggested that the
inhibition of the reaction by the presence of butyraldehyde affects the conversion of n-
butanol and the selectivity toward the different products of the reaction.

The influence of varying reaction temperatures showed that measurable activity is
obtained above 40 °C.

The potential role of leached Pt on the reaction was investigated. The tests showed that
the catalyst is leaching, and that sintering can affect the conversion of the reaction.
Catalyst characterisation by XPS and SEM suggests that the observed Pt leaching is
related to both the metal—-support interaction and the size of the metal nanoparticles.
The effect of surface treatments on activity towards n-butanol oxidation was studied on
Pt/TiO.. It can be seen that Pt/TiO, showed significant sensitivity to such treatment, and
it has been concluded that there is a strong correlation between the pre-treated catalyst
and the rate of n-butanol conversion.

To demonstrate the stability of the 1 wt.%Pt/TiO, catalyst, the catalyst has been tested
over 3 cycles and the results showed that the catalyst was consistently active toward
the conversion of n-butanolacross all cycles. Additionally, the selectivity toward
butyraldehyde increased with the 3™ experiments to 100% and butyraldehyde was the

main product.

Studies in the thesis then investigated the causes for catalyst deactivation. Two
approaches concentration of oxygen on the performance, and addition of promoters
were examined. The aim of the study in Chapter 4 was to investigate the effect of these
changes on the stability of the 1 wt.%Pt/TiO, catalysts towards leaching, and also
towards the conversion of n-butanol.

Alternating steps of oxygen/air followed by a purge with an inert gas (nitrogen) were

performed to better understand the deactivation of the catalyst. These purges helped
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to avoid/slow down the deactivation of the catalyst. XPS showed no significant change
in Pt oxidation state or concentration. It was found that using air instead of oxygen
increased the selectivity toward butyraldehyde.

Based on this observation the effect of the concentration of oxygen was studied. It was
observed that a low concentration of oxygen didn’'t allow for sufficient oxidation of n-
butanol, whilst a higher concentration of oxygen contributes to the catalyst deactivation.
It has been found that the best oxygen pressure, which gives the highest conversion, is
2 bar. The time on-line studies at this pressure were performed and the catalysts show
a higher life-time than when the pressure is 3 bar.

To improve the performance of platinum catalysts, the preparation of Pt-based
bimetallic catalysts were investigated. The performance of the Pt metallic phase could
be enhanced by addition of inactive metals of Group 14, such as Sn and Pb.

The n-Butanol oxidation was performed with a 1 wt.%Pt-0.5 wt.%Pb/TiO, catalyst. With
the aim to demonstrate the stability of 1 wt.%Pt-0.5 wt.%Pb/TiO, time on-line studies
were performed. The addition of lead as a promoter results in profound modification of
the activity of the catalyst; the presence of the Pb promoter seems to suppress the
poisoning observed with Pt alone, and improved the catalyst performance. With the
PtPb catalyst for example, the activity was comparable to the monometallic Pt catalyst,
the mass balance is 7 % lower, but the quantity of Pt leached is decreased (from 3.1 %
to 1.2 %). The effects of thermal pre-treatment conditions on the 1 wt.%Pt-0.5
wt.%Pb/TiO, catalyst were investigated, using calcination in air or under 5 vol.%H2/Ar.

When the 1 wt.%Pt-1 wt.%Sn/TiO, catalyst was calcined, the conversion of n-butanol
remained the same. On the other hand when the catalyst was pre-treated under 5
vol.%H,/Ar the conversion of n-butanol reduced from 39 % to 31 %, this may suggest
that these nanopatrticles are agglomerated after pre-treatment and this was confirmed
by SEM analysis. XPS analysis revealed that Pt was exclusively in the metallic state.
The catalyst was tested over 3 cycles and the results showed that the catalyst was still
active towards the conversion of n- butanol, but the catalyst lost activity with every test
cycle.

The addition of tin to the platinum catalyst also showed comparable conversion (39 %)
to platinum alone (38 %) for the n-butanol oxidation. The time on-line study of
1 wt.%Pt-1 wt.%Sn/TiO, showed that after 6 h the conversion of n-butanol increases
from O % to 56.6 %. The reusability test shows that after each test the catalyst still
converts n-butanol, but deactivates after each cycle. The leaching of platinum

decreases from 2.7 % in the 1%t cycle to 1.1 % after the 3" cycle.
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In order to determine how the catalytic performance was affected by the support, which
is disclosed in Chapter 5, a carbon support was investigated (Cabot Vulcan XC-72R),
with sol-immobilisation as the preparation used as the synthesis method.

The catalyst formed by Pt nanoparticles supported on Vulcan XC72R was shown to be
very stable and reactive for the selective oxidation of n-butanol by O, in an aqueous
phase, under standard conditions (100 °C, 2 bar O,).

The effect of the concentration of oxygen was studied at 2 and 3 bar O, based on
results obtained in Chapter 4. According to the previous Chapter’s time on-line studies
at 2 and 3 bar pressures, reactions were performed to compare how the conversion
and selectivity was influenced by pressure. The catalysts show deactivation after 3 h,
when the pressure is 2 and 3 bar. Comparing 2 bar with 3 bar, it is important to notice
here that the selectivity towards butyraldehyde is slightly higher than at 3 bar O,. The
amount of leached Pt, which decreased from 2.8 % (3 bar O) to 1.5 % (2 bar O,),
despite the fact that the conversion at 3 bar (28 %) is higher than at 2 bar (23 %) after
2 h. Based on these observations it was decided that the best pressure to work with is
2 bar Oa.

The best pressure for Pt/TiO, was 2 bar of oxygen, which gave the highest conversion.
This is different to what was observed with Pt/C, where the oxygen may assist with the
removal or oxidation of inhibiting species. By changing the catalyst support Pt leaching
was reduced from 3.1 % (TiO»-support) to 1.5 % (C-support) after 2 h reaction under 2
bar O,

After 3 repeated experiments on Pt/C the conversion of n-butanol changed, at 2 bar O,.
The results have shown that the catalyst was still active toward the conversion of n-
butanol at the same level along 3 cycles. TEM characterisation of the Pt/C catalyst
shows that catalyst pretreatment affects slightly the average particle size. From TEM
analysis it was seen that the mean nanopatrticles size for fresh 1 wt.%Pt/C catalyst was
1.77 nm on the other hand the TEM of calcined and under 5 vol.%H./Ar are it was 2.00
nm and 1.68 nm, respectively.

Based on Chapter 4, the PtPb showed the best activity towards n-butanol oxidation.
Because of the higher activity exhibited from using the lead-platinum bimetallic (41
%conversion of 1 wt.%Pt- 0.5 wt.%Pb/ TiO), it was decided to prepare this catalyst on
a carbon support. The addition of Pb to the Pt catalyst enhanced the activity towards n-
butanol oxidation compared with Pt, from 23 % (1 wt.%Pt/C) to 39.10 %
(1 wt.%Pt- 0.5 wt.%Pb/C) at 2 bar O, after 2 h. The reusability test of PtPb/C showed
decreased n-butanol conversion after the 1% cycle, whilst the selectivity towards the
products was not affected after every reuse. The SEM images of PtPb/C for fresh (as-

obtained), used, calcined and treated under 5 vol.%H/Ar catalyst showed that there
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were nanoparticles and these nanoparticles are agglomerated. XPS analysis of lead-

platinum bimetallic samples show that the Pt is assigned to metallic Pt°.

In summary, studies carried out during the course of this thesis have led to a significant
enhancement in the performance of supported platinum catalysts, for the catalytic
oxidation of n-butanol. Whilst future work is required to fully understand these catalytic
systems, the detailed investigations presented here provide key information. Indeed
n- butanol can be made from biomass and propylene a petroleum derivative so,

biobutanol could become a key building block in future biorefineries.

155



6.2. Recommended Future Work

There are a number of further studies that could be pursued. Some further
characterisation of the catalysts could be undertaken to gain a full understanding why
certain methods are causing an improvement to stability and selective oxidation.
Despite the progress in improving catalyst stability for this reaction in this thesis, further
improvements may be achievable. Further work in this area is therefore aimed at
developing a more stable catalyst, which could investigate the use of other catalyst
supports such as metal oxides, such as SnO: and CeO2, and other carbon supports,
such as acetylene black and Ketjen Black. Establishing how supports with different
acidic/basic properties, reducibility and electronic conductivity could provide insight on
the desirable properties required to improve the catalyst performance. Other non-
precious metals (Cu, Co, Ni) could also be studied instead of Pt. Replacing Pt with other
more abundant elements could reduce the cost associated with the catalyst, and thus

make it more viable.

As discussed, previous work has suggested that the presence of an alcohol can
reduce the over oxidation of butyraldehyde to butyric acid.! This would ultimately lead
to a higher reaction selectivity to the desired butyraldehyde product. This was also
evidenced in this work, see Chapter 3. For this reason, it would be of interest to assess
how different alcohols, used as additives, could affect and perhaps, enhance this
inhibition. For this a series of different alcohols could be used, to establish whether the
size of the alcohol chain, or functionality of the alcohol (primary, secondary, tertiary)
influences the inhibition. Furthermore, the involvement of radical inhibitors may also be
assessed as an additive, as they may inhibit the auto oxidation of the desired aldehyde
product. Preliminary studies have been conducted to investigate this; in the absence of
any catalyst, butyraldehyde oxidation was determined to be 83 % after 2 h under
standard reaction conditions. In the presence of hydroquinone (2 mg) the conversion
was reduced to 76 %. These studies were only preliminary, but provide a good
foundation to study moving forward. If auto-oxidation of the butyraldehyde is indeed
problematic, it would be beneficial to conduct a more in-depth temperature study, to try
and enhance reaction selectivity to butyraldehyde.

The use of different catalyst preparation methods would also be of use, to
establish how changes in the Pt dispersion effects the activity, selectivity and stability.
For instance particle size is crucial the use of reducible support to enhance strong metal
support interaction (SMSI), and consequently control activity and stability. Completion
of this work will require further characterisation studies to fully understand the catalytic

systems studied.
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In order to investigate the surface species formed the mechanism, DRIFT
spectroscopic studies would be a useful technique to be performed on the monometallic
and bimetallic Pt supported catalysts dosed with small quantities of the substrate and

reaction intermediates.
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Appendix A

Time online study with different metal loaded Pt on TiO; support of catalyst for selective

oxidation of n-butanol.

Sel. (%)
Catalyst Time Conv. Mass

wt.%Pt/TiO- (min) n-BuOH (%) BuALD BuAC balance

(%)

0 0 0 0 100

10 0 0 0 100

20 0 0 0 100

30 0 0 0 100

120 0 0 0 100

180 0 0 0 100

240 0 0 0 100

300 0 0 0 100

360 0 0 0 100

0 0 0 0 100

10 0 0 0 100

20 0 0 0 100

. 30 0 0 0 100

0.1 wt.% 60 0 0 0 100

120 0 0 0 100

180 0 0 0 100

240 0 0 0 100

300 0 0 0 100

360 0 0 0 100

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 3 bar Oz, n-Butanol (0.54 M), 15

mg of catalyst.
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Appendix B

Conversion of n-Butanol over 1 wt.%Pt/TiO; catalysts following different pre-treatments.

Sel. (%)
Catalyst Conv. BuALD BuAC Mass
n-BuOH (%) balance (%)
1 wt.%Pt /TiO: 23 03 7 100
(Calcined)

23 94 6 100
1 wt.%Pt /TiO: 43 93 7 89
(5 vol.% H2/Ar)

36 95 5 94

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 3 bar Oz, n-Butanol (0.54 M),
15 mg of catalyst. Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar
for 2 h at 200 °C (5 °C/min).
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Appendix C

Time on-line data (TOL) for 1 wt.%Pt/TiO; catalyst for selective oxidation of n-Butanol.

Sel. (%)
ToL | Conv. BUALD BUAC Mass balance
() n-BuOH (%)
(%)
25 91 9 100
1 29 91 9 95
29 89 11 96
39 85 15 100
2 35 84 16 97
41 83 17 91
36 86 14 100
3 45 83 17 90
43 85 15 90
42 82 18 100
4 46 82 18 91.9
50 78 22 96
5 50 80 20 88
54 74 25 90
6 50 76 24 94

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 bar Oz, n-Butanol (0.54 M), 15

mg of catalyst.
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Appendix D

Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and butyric acid
over 1 wt.%Pt- 0.5 wt.%M/TiO2 (M= Bi, Pb, Al, Zn, Sn).

Sel.

Catalysts Supported on | Conv. (%) Mass balance

TiO2 n-BuOH | BUALD | BUAC (%)
(%)

1 wt.% Pt - 0.5 wt.% Al 12 98 2 96
13 100 0 97
1 wt.% Pt - 0.5 wt.% Sn 39 90 10 97
41 87 13 100
1 wt.% Pt - 0.5 wt.% Bi 29 86 14 97
24 84 15 100
1wt.% Pt - 0.5wt.% Zn 22 93 7 99
24 94 6 96
1 wt.% Pt - 0.5wt.% Pb 43 86 14 90
39 85 15 89

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 2 bar O, n-Butanol (0.54 M),
15 mg of catalyst.
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Appendix E

Conversion of n-Butanol over 1 wt.%Pt-0.5 wt.%Pb/TiO, catalyst following different pre-

treatments.
Sel. (%)
Catalyst Conv. Mass
n-BuOH BuALD BuAC balance
(%) (%)
43 91 9 95
1 wt.%Pt-0.5 wt.%Pb/TiO> 39 91 9 94
Fresh (as-obtained) 42 90 10 94
1 wt.%Pt-0.5 wt.%Pb/TiO> 16 96 5 95
(Calcined) 15 95 5 97

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 2 bar O, n-Butanol (0.54 M),
15 mg of catalyst.

Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H/Ar for 2 h at 200 °C
(5 °C/min).
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Appendix F

Conversion of 4 wt.%n-butanol and selectivity towards butyraldehyde and butyric acid
over 1 wt.%Pt- 1 wt.%M/TiO, (M= Bi, Pb, Al, Zn, Sn).

Sel.
Catalysts Supported | Conv. (%) Mass
on TiO; (%) Balance
BUuALD | BUAC
1 wt.% Pt - 1 wt.% Al 8 100 0 98
5 100 0 97
1wt.% Pt - 1 wt.% Sn 36 89 11 96
36 88 12 100
1 wt.% Pt - 1 wt.% Bi 32 87 4 95
26 88 12 97
1wt.% Pt - 1wt.% Zn 25 94 6 97
24 92 8 98
1wt.% Pt - 1 wt.% Pb 21 93 ! 95
23 91 9 100

Conversion (Conv.), Selectivity (Sel.), Butyraldehyde (BUALD), Butyric Acid (BUuAC).
Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-Butanol (0.54 M), 15 mg of catalyst.
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Appendix G

Conversion of n-Butanol over 1 wt.%Pt -1 wt.%Sn/TiO, catalyst following different pre-

treatments.
Sel. (%)
Catalyst Conv. BUALD BUuAC Mass
n-BuOH (%) b
alance
(%)
1 wt.%Pt-1 wt.%Sn/TiO; 36 88 12 98
Fresh (as-obtained) 41 91 9 91
40 91 9 93
1 wt.%Pt-1 wt.%Sn/TiO> 31 92 8 97
(Calcined) 31 92 8 95
1 wt.%Pt-1 wt.%Sn/TiO> 42 91 9 91
(5 vol.% Hy/Ar) 39 91 9 96

Conversion (Conv.), Selectivity (Sel.), n-Butanol (n-BuOH), Butyraldehyde (BuALD),
Butyric Acid (BUAC). Reaction Conditions: 100 °C, 2 h, 2 bar O, n-Butanol (0.54 M),
15 mg of catalyst. Catalysts pre-treated: Calcined under air or A flow of 5 vol.%H2/Ar
for 2 h at 200 °C (5 °C/min).
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Appendix H

Conversion of n-Butanol over 1 wt.%Pt/C catalyst following different pre-treatments.

Sel. (%)
Catalyst Conv. BUALD BUAC Mass
- 0,
n-BuOH (%) balance
(%)
1 wt.%Pt/C 20 94 6 98
Fresh (as-obtained) 23 93 7 100
1 wt.%Pt/C 24 95 5 95
(Calcined) 25 95 6 94
1 wt.%Pt/C 18 94 7 93
(5 vol.% Hy/Ar) 16 93 7 95

Conversion (Conv.), n-Butanol (n-BuOH), Butyraldehyde (BuALD), Butyric Acid
(BUAC), Selectivity (Sel.).

Reaction Conditions: 100 °C, 2 h, 2 bar Oz, n-butanol (10 mL, 0.54 M), 15 mg of
catalyst, 750 rpm.

Catalysts pre-treated: Calcined under air or under 5 vol.%H/Ar for 2 h at 200 °C (5
°C/mi
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