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Chapter 1

Chapter 1: General Introduction

1.1 General Background: Heterogeneous Catalysts to Ethylene Oxidation —

Friend or Foe?

“Catalysis”, a term derived from two Greek words in the 1800’s by Berzelius® to describe
an unknown force promoting chemical reactions without the “catalyst” being consumed — this
power turned out to be the most mysterious and magic-wand character in the chemical history.
Heterogeneous catalysis, the use of solid catalysts to avoid separation issues has given rise to
mega chemical industries operating at enormous scales. After the commercialization of
Haber-Bosch process,?® the first major breakthrough in industrial catalysis, the rise of the
role of heterogeneous catalysts in the lives of people were unstoppable. This image of
heterogeneous catalysts is not entirely true and the catalysts directly affect our daily lives
even though we hardly notice them. One such example is the use of catalytic converters
present in all modern cars that is an excellent example of heterogeneous catalysis under our
noses.* The ability of catalysts to crack long-chain hydrocarbons to short chain ones was
critical for the emerging automobile industry. Their uses in the processing of crude oils to
fuels and other petrochemical products had a huge impact on the lifestyle of people during
the 1900’s. Then came the use of these solid catalysts and the use of renewable feedstocks in
chemical synthesis which is a core theme behind the principles of Green Chemistry.> The
world is pretty hard to imagine without heterogeneous catalysis in this 21st century.
Environmental and economic concerns increase the needs for better catalysts every day.

1
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Besides all these concerns, another challenge which the society is facing is “food loss”. It has
turned out to be a major problem all over the world. In developing countries 40% of losses
occur at post-harvest and processing levels while in developed countries more than 40% of
losses happen at retail and consumer levels.® Highest wastage rates are coming from fruits
and vegetables due to their decrease in freshness within a short period of time. This is caused
by the release of a maturation hormone from fruits and vegetables, ethylene.”8 Continuous
removal of this particular plant ripening hormone is required to keep these fruits and
vegetables fresh for a long time. It is believed that heterogeneous catalysis is able to mitigate
food spoilage hence playing a more intimate role in our lives. This application has the
potential ability to solve ‘food crisis’, which is predicated to be a major issue as the
population increases rapidly. In this thesis, the author has aimed at development and
modification of the heterogeneous catalysts for targeting an efficient and environmentally
benign oxidation reaction of the plant hormone, ethylene and provides an insight into such

reactions over solid catalysts.

1.2 Mesoporous Silica

1.2.1 An Overview

Nature has been building nanoporous materials for ages. Many living organisms produce
nanoporous siliceous structures. For example, plants produce phytoliths, sponges produce
spicules and diatoms produce cell walls made-up of silica.® In reality, it is difficult to make
porous materials naturally since “the overwhelming tendency for solids to minimize void
space within their structures” is inherent. However, Albert Einstein said “In the middle of

difficulty lies opportunity”. This task was considered a breakthrough in 1992, made possible
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by the scientists of Mobil Oil Corporation (USA), when they first successfully synthesized
MCM (Mobil Composition of Matters)-41/48 through surfactant-mediated self-assembly
method!®!! although the similar material was first discovered in 1990 by researchers in
Japan.!? This surfactant assisted templating pathway or soft templating strategy opened a new
class of materials named as mesoporous materials. Generally, a porous material is defined as
a continuous and solid network material filled through voids. In the case of nanoporous
materials the pore or voids are of the order of around 1-100 nm. A material can be
recognized as porous if its internal voids can be filled with gas. Pores are classified into two
types: open pores which connect to the outside of the material and closed pores which are
isolated from the outside. Porosity provides materials with lower density and higher surface
area compared to dense materials. For most industrial applications including separation,

catalysis and bioreactors open pores can play a crucial role.

According to IUPAC convention, depending upon size of the pore, the porous materials
are of three types: mesoporous, microporous and macroporous materials. Meso, the Greek
prefix, meaning “in between”, has been adopted by IUPAC to define porous materials having
dimension of pores in between micropore and macropore i.e. typically between 2 and 50
nm.%® Owing to their high surface areas and large pore volumes they are used technically as
adsorbents, ion-exchangers, catalysts, catalyst supports and in many other related
applications.***> Such materials can be ordered or disordered in nature. Ordered mesoporous
materials such as MCM-41/48, Santa Barbara Amorphous, (SBA-15) have uniform and
regular arrangements of pore (or channel) widths whereas atomic arrangements are not
ordered.’® Due to the noncommercial availability of the long-chain surfactants used in the
preparation and the need for swelling agents that can often lead to the complete extinction of

pore ordering, the use of MCM-41 has been limited.*®



Chapter 1

Alternatively, non-ionic triblock copolymers, (EOnPOmEOn) with large polyethyleneoxide
(EO)n and polypropyleneoxide (PO)m blocks have recently emerged as cheap and valuable
supramolecular templates for mesostructured materials possessing long range order.’ In
particular, Zhao et al.!8® demonstrated the synthesis of a family of highly ordered
mesoporous silica structures, i.e., SBA-15, with pore dimensions between 20 and 300 A using
commercially available alkyl PEO oligomeric surfactants in acid media without the use of
swelling agents besides the report of SBA-1 (cubic),?® SBA-11 (cubic),?X SBA-12 (3D
hexagonal network),?! SBA-14 (lamellar),?? SBA-15 (2D hexagonal)!®?! and SBA-16 (cubic
cage-structured).??> However, SBA-15 consisting of thermally stable thick walls and
ordered hexagonal mesopores which overcame the weak hydrothermal stability encountered
by M41S materials?? received a lot of attention due to its desirable features. Besides having
an ordered hexagonal array and uniform mesopores (5-9 nm), SBA-15 also has channels
interconnected by pore systems, preferably, micropores or secondary mesopores?2-?” which
might play a role in adsorption and diffusion processes of gases compared to that of MCM-41.
All these characteristics made SBA-15 extremely useful in applications such as drug delivery
system,?® separation of biochemicals,?® adsorption of biomolecules,*® use in HPLC3! and used

as a promising support in the field of catalysis.??

1.2.2 Synthesis Pathway and Mechanism of Formation of Mesoporous Materials

Structure directing agents (SDA) or templates play a decisive role in the synthesis of
mesoporous silica.®® Surfactants or non-ionic triblock copolymers can be employed as SDAs
consisting typically of a hydrophobic (non-polar) tail and hydrophilic (polar) head as shown
in Figure 1.1(A) (general figure for a surfactant molecule). Stabilization of such amphiphilic

surfactants occurs by arranging themselves at the surface of water where the head interacts
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with water and the tail is held above surface as shown in Figure 1.1(B). At a particular
concentration, critical micelle concentration (CMC), when the surface becomes loaded with
surfactants, they self-aggregate encapsulating the hydrophobic part in the cluster form and
hydrophilic part being exposed to the solvent3* (Figure 1.1(C)) hence forming micelle. Far
above the CMC value, with increase in concentration, micelle self-assembles to form a 3D

spherical or 2D rod like array (Figure 1.1(D)) which results in generation of pore.

A B C
)

AP .

B ¢c66e a .
Hydrophobic  Hydrophilic Water O O e
tail head
Micelle Self-as:cembly of
micelle

Figure 1.1. Behavior of surfactant molecule in aqueous media.

If specifically thought of synthesis mechanism of SBA-15, similar phenomenon occurs
using the SDA, non-ionic poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) block co-polymer (P123) comprising of hydrophilic (PEO) and
hydrophobic (PPO) by (S°H*)(X * I") pathway.?? Association of water molecules with the
hydrophilic polyethylene oxide (PEO) in a non-ionic surfactant (S°) through hydrogen
bonding occurs. Acidic media (HX) is used to improve solubilization, where hydronium
(HsO") ions associate with the ethylene oxide instead of the water molecules, resulting in
long-range columbic interactions.?? Furthermore, the charge density of cation and the rate of

hydrolysis of tetraorthosilicate (TEOS) increase at the interface of template of surfactant due
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to lowering of pH below isoelectric point of silica (IEP ~ 2) which results in the generation

of silica gels. The reaction occurs in two steps:

(1) Solubilization of P123 by the association of HzO* from acidic media and EO moieties of

surfactant as shown in Eq. 1
H.O .
REOm + YHX ——» REOm.y [(EO)" H30*]......yX" (1)

(2) Hydrolysis of alkoxysilane species followed by partial oligomerization at the interface of

surfactant as shown in Eq. 2

] Hydrolysis
Si(OCH)4+ nH30" ——————— Si(OC2H5s)4-n (OH2") + nC2Hs0OH (@)
pH<2

where R and X represent hydrophobic polypropylene oxide (PPO) and halide ions (CI~, Br~

and I").

The EO moieties of P123 associate with the silica species (cationic) via hydrogen bonding,
electrostatic and van der Waals interaction through (S°H*)(X*I") pathway as shown in Step 1
of Figure 1.2. The growth of spherical micelle occurs through coordination between X~ and
Si—OH" and next polymerization of silicate around SDA occurs as shown in Step 2 (Figure
1.2) followed by condensation which results in the formation of silica species around the
surfactant in a composite hexagonal mesophase. The silica based solution is then washed and
subjected to high temperature in order to remove the template from the pores which results in
the formation of hexagonal ordered mesoporous channels. Removal of EO from the walls of

SBA-15 gives rise to the micropores.®®
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Figure 1.2. Detailed mechanism of formation of mesoporous SBA-15.

1.2.3 Surface Property and Modification of Mesoporous Silica

In 1936, Kiselev and his co-workers came up with a point of the skeleton of silica surface
being covered with hydroxyl groups and hence provided with the chemical interpretation of
the “structural water” on silica surface.® Irrespective of being aerosol or mesoporous in
nature, it is worth mentioning about its significant surface chemical activity®’ due to the
presence of silanol and siloxane groups. The silanol density®® is a function of temperature and
the further distinction between different types of silanol as well as the hydrophobic siloxane
groups can be studied by the use of 2°Si NMR spectroscopy.3®2 In addition to the presence
of the different silanol groups, existence of the physically adsorbed water on the surface and
structurally bound water inside of the pores of the mesoporous silica must also be taken into

account.**** Eventually, the presence of the silanol groups can result in the interference with
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the catalytic activity® which has resulted in developing numerous strategies for the
modification of mesoporous silica surface in order to regulate surface hydrophobicity by

silylation.#246-48

One of the easiest ways of surface modification besides silylation is by a simple
calcination treatment.*® SBA-15 has been recognized to have two different chemical groups
on their surfaces,®®® hydrophobic siloxane (=Si-O-Si=) and hydrophilic silanol groups

(=Si—OH) as shown in Figure 1.3. Silanol groups are again divided into three types:

X/
°

Geminal - Consist of two silanol groups attached to one silicon atom.

°

Isolated (or free silanols) - A surface silicon atom is linked to three O-Si and one —OH.

*

Vicinal (or bridged silanols) — Two silanol groups are attached by hydrogen bridge.

OSi OH H
| |
Si—___. Sim___. L I Sie___
S Si .
so” \ %% 507\ 9% oo os oS!
OSi OSi OSi OSi OSi
Q4, Q3, Isolated Q3, Vicinal or Q2, Geminal
Siloxane silanol bridged silanol silanol

Figure 1.3. Chemical structure of silica surface.

Study of three different types of silica gel (Kieselgel 40, 60 and 100) of varying pore
distribution revealed that the relative distribution of free and vicinal silanol groups depends
on calcination temperature.®” Although siloxane constitutes main part of solid matrix, it is the
silanol groups which usually allows the chemical anchorage of different chemical groups.?53
The mesoporous silica, when subjected to high calcination temperature results in removal of
the OH and H from geminal and single silanol groups subsequently giving rise to

condensation reaction to form siloxane as shown in Figure 1.4.



Chapter 1
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Figure 1.4. Condenstaion of silanol groups from surface of mesoporous silica on heat

treatment.

This decrease in the silanol groups result in increase in hydrophobicity which can be studied

using water adsorption isotherm®*°> and 2°Si NMR spectroscopy.*

1.3 Platinum Nanoparticle Supported Mesoporous Silica

Platinum — a noble metal has the power to influence the course of chemical events though
catalysis. After its discovery since 1820s, when Dobereiner invented a small “tinderbox’,%® Pt
has been widely used for reactions in complete oxidations,>>° selective oxidations,®%-2
dehydrogenations®® and hydrogenations.®* Preparation of small metallic Pt nanoparticles
(NPs) results in high catalytic activity due to quantum confinement arising from change in

density and band gap of electronic energy level and high surface to bulk atom ratio.5®

One of the most common strategies of preparing Pt catalysts is by depositing them on a

support material in order to get a high dispersion. Al,0s%%%” and Ti02%%° are usually the
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conventional choices of support materials for impregnating Pt NPs but in recent years,
mesoporous silica, MCM-41 or SBA-15 have received considerable attention due to their
high surface areas.”®’? Generally, SBA-15 is inert in nature with high hydrothermal and
mechanical strength than that of MCM-41 and possesses hexagonal mesopores. Various
methodologies are opted for the preparation of Pt/SBA- 15, including wetness impregnation
(WI),”2 deposition—precipitation (DP),”® colloids immobilization (CI)’”* and nanoparticle
encapsulation (NE). Other methodologies also include the direct incorporation of Pt into
pores of SBA-15 by solid-state grinding method,” graft hybrid’® and vacuum calcination.”’
However, due to the simplicity of the method, adding Pt precursor salt to SBA-15 dispersed
in water and then drying and reduction in presence of hydrogen makes it the most widely

used method.

CO oxidation is the widely performed reaction in the field of heterogeneous catalysis,
where Pt/SBA-15 has been employed as a possible catalyst for such reaction.”” The
availability of large number of low coordination sites facilitated CO adsorption and induced
strong reactivity towards its oxidation. Oxidation of methanol’® and aromatic hydrocarbon
such as toluene’® has also been studied using Pt/SBA-15. Another very important reaction is
the oxidation of volatile organic compounds, VOCs such as PAHs (Polycyclic aromatic
hydrocarbons).2® Use of Pt/SBA-15 in this oxidation reaction showed much better catalytic
activity and selectivity compared to that of y-Al,O3 due to the mesopore characteristic of
SBA-15. The high surface area gave rise to better dispersion of Pt NPs and smaller particle

size resulting in high catalytic activity.
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1.4 Oxidation of Ethylene

1.4.1 Ethylene — Small Molecule with a Big Impact

Ethylene, a natural ripening hormone of plants which affects the growth, development and
storage life of fruits, vegetables and crops® was first noticed in 1864, when it was traced that
gaseous material leaking from street lighting was modifying plant growth.#? Even at
extremely low concentration, it can result in faster deterioration of the fresh products during
shipping and storage. Most of the food loss occurs during postharvesting storage and
transporting of the fruits and vegetables. The fruits and vegetables release ethylene in trace
amount even at a low temperature, which decreases the freshness and results in decay.
Usually, ethylene is released from plants and vegetables all the time following a particular
chemical pathway. Among lots of potential compounds available in plants to be converted to
ethylene, methionine (MET) is suggested to be the most possible starting material.®® As
shown in Figure 1.5, MET is first activated by ATP to form S-adenosylmethionine (SAM)
(step 1)® which is used as a substrate to produce 1-aminocyclopropane-1-carboxylic acid
(ACC) with the aid of ACC synthase (ACS). This is the rate-limiting step in the ethylene
biosynthesis pathway and releases 5’-methylthioadenosine (MTA), which is recycled back to
methionine via the so-called “Yang cycle.” In the presence of Oz, ACC is degraded by ACC

oxidase (ACO) to produce ethylene, CO2 and cyanide.

11
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Figure 1.5. Ethylene biosynthesis pathway.

Z1,

The ability to control ripening as well as freshness is extremely important in order to avoid
losses during postharvest, transit and storage. Therefore, the control of the ambient ethylene
concentration is the key to prolonging the shelf-life of many horticultural products, fruits and
vegetables. Over the years, many strategies have been developed for protecting the

postharvest supplies as well as fruits and vegetables from the detrimental effect of ethylene.

One of the most basic ways of decreasing the biosynthesis of ethylene® is storing fruits at
lower temperature to reduce fruit respiration which will result in reduction of ATP break.
This falls under the CTHH (controlled temperature and high humidity) technology which has
been already employed for preservation of certain vegetables before.28%” However, even at
low temperatures, trace amount of ethylene is produced, which results in the decrease of shelf

life of fruits and vegetables.
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Silver treatment was used in a number of studies as an inhibitor of ethylene formation
which showed a decrease in ripening processes of banana slices® and also showed an effect
on abscission time of leaves.®® However, silver ions have a toxic effect on organisms. This

limited their usage for inhibition of ethylene in fruits.

Use of oxidizing agents such as Os and KMnO4 have been one of the most widely used
methodologies for removal of ethylene. Though O3z can be used to remove ethylene from
atmosphere, it can be harmful for fruits and vegetables limiting in use in commercial area.®
KMnOg4, the most commonly used oxidizing agent to convert ethylene to CO2 and water,
where early studies have shown bananas keeping green and firm when kept in a sealed bag
with KMnO4 and Ca(OH), for 16 days.®* However drawbacks of both the oxidizing agents
are the high toxicity and non-renewability. Physical adsorption with activated carbons®? and
zeolites® are also insufficient for ethylene removal, due to non-selective adsorption and

limited adsorption capacity.

Photocatalysis, one of the emerging and promising sciences have been used in ethylene
removal. Use of TiO, P25 has been reported for ethylene photodegradation under UV light.%*
% The reactivity shown by a sol-gel prepared Pt/TiO2 photocatalyst was greatly enhanced
compared to that obtained for bare TiO2.% In such cases, usually, O or OH" radicals are
generated which attack the ethylene molecule, producing intermediate of C2HsOH" or
C,H40" thus resulting in the formation of CO, and H2O. Other photocatalysts such as Pt
homogeneously decorated over porous TiOz sheet®” and Pt supported on defective tungsten
bronze type KSr2NbsO15® with high stability have been successfully utilized for ethylene
oxidation. Both the catalysts showed high activity under ultra-violet (UV) and visible light
irradiation. In the case of photocatalytic removal of ethylene, the constant use of the UV light

turned out to be a drawback for such methodology, where the absence of any kind of light

13
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will result in no oxidation reaction. The use of solid catalysts came to light in the last few

years.

1.4.2 Heterogeneous Catalysis Making Way through Ethylene Oxidation

C-C bond activation is one of the most fundamental topics in chemistry. In particular,
selective C—C cleavage of hydrocarbons is of great importance in heterogeneous catalysis.
One of the earliest reported reaction is the gas phase, homogeneous oxidation reaction of
ethylene at a temperature ranging from 300-600 °C% which produced a number of products
such as ethylene oxide, formaldehyde, formic acid, CO and CO.. Use of Ag plate later
resulted in the formation of ethylene oxide, CO2 and water'® and further studies using Ag
was carried out for partial oxidation of ethylene.’®*1%2 Although ethylene oxidation is a
thermodynamically favored process, catalysts are required to activate it at room or low

temperature.

Au, one of the most widely used noble metal, was deposited on Al,O3 or metal oxides and
used for ethylene oxidation, as a target for removing ethylene evolved from fruits and
vegetables.’®® However, the reaction was carried out at a temperature higher than 100 °C.
Followed by this work, Hao et al. reported three consecutive works based on oxidation of
trace ethylene, where Au/Co304 was found to be most efficient for removal of the gas.1%41%
In one of their first findings they showed effect of concentration of ethylene on Au/Co30; at
different temperatures, with not much success. They synthesized Au/mesoporous Coz04 and
Au/Co304 nanorods which showed 76% and 93.7% of 50 ppm of ethylene conversion,
respectively at 0 °C. However, they did not account for the time required for the conversion
of ethylene, CO> formation and also reaction mechanism. Hence the lack of information and
the synthesis of specialized C0304 made these catalysts difficult to be utilized commercially.

14
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Catalysts like porous copper manganese oxides!®” and cobalt oxide supported mesoporous
carbon'® were also studied at potential catalysts for oxidation of ethylene (high concentration,
1%), but high temperatures were necessary for those reactions. They might be attractive for
the removal of other volatile organic compounds unlike ethylene. The kinetics of ethylene
oxidation using cobalt oxide supported mesoporous carbon was studied in detail, revealing
the order of reaction with respect to ethylene is determined to be 0.44 with an activation
energy of 79.2 kJ/mol.1%® Baranova et al. studied the effect of size of Pt on carbon on
ethylene oxidation at a range of temperatures, 25-220 °C and concluded that Pt nanoparticles
in size of 1.54+0.5 nm exhibit much higher catalytic activity.'®® An increase in activation
energy from 61.1 to 142.1 kJ/mol was also suggested as the average particle size of Pt
increase from 1.5 to 6.3 nm. A Pt/Ceo:64Zro:16Bio:2001:00/y-Al203 catalyst showed complete
oxidation of ethylene below 100 °C unlike Pt/Al,Os decomposed ethylene at a higher
temperature.!® Pt supported transition metal oxide (TMO) also emerged as a potential
catalyst for such ethylene oxidation reaction. TMOs have a large amount of surface/edge sites,
which bring out unique catalytic activity. Pt/MnO2 nanosheets were employed in the
oxidation of 20 ppm of ethylene which showed around 28% ethylene conversion at 25 °C, it
but was successful removing ethylene completely at 50 °C for 12 hours.}'! These studies
suggest that Pt/MnO2 nanosheet show poor activity in oxidizing trace ethylene at high

temperatures.

After the reports of all these solid catalysts, the use of mesoporous materials emerged
highly as the use of support material for ethylene oxidation. A different attempt was opted to
immobilize Pt (5 wt%) NPs in confined spaces of mesoporous silica, SBA-15,12 by
introducing Pt precursor to the confined spaces of template and silica walls by grinding. In
this case, the mesoporous silica is synthesized'® and after the hydrothermal treatment, it was

filtered and dried. The Pt precursor is grinded with this silica followed by calcination to

15
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remove the template and is denoted as Pt/SBA-15(AS). The confined nanospace controls the
size of Pt. Although a different approach for synthesizing the catalyst was conducted, high
amount of Pt loading is required to oxidize concentrated ethylene gas (0.32 %) at 40 °C as
shown in Figure 1.6. However, it cannot be used for practical application due to high

temperature and concentration.

1 R ———

Ll
o
+—

g v

40 - —-+—PlAS-5

Conversion (%)

0 2 4 6 8 10 12
t(h)

Figure 1.6. Conversion of ethylene (0.32 %) over 5 % Pt/SBA-15(AS) at 40 °C.'*2 Reaction
Condition: Pt/SBA-15 (Pt 5 wt%, 0.2 g), C2H4 0.32 %, O2 20%, N2 balance.

In a very recent work, potential catalysts, microporous Ag/zeolite (ZSM-5, Beta, Y and
Mordenite) for ethylene oxidation were reported from a Chinese research group.!** Among
the catalysts, Ag/ZSM-5 and Ag/Beta were found to exhibit high activity in trace ethylene
(100 ppm) gas in the presence of Oz (21%) at 25 °C under both dry and humid conditions.
They concluded that Brensted acid sites are catalytically active sites for ethylene oxidation
and water vapor in atmosphere blocks these sites, resulting in deactivation of catalyst.
Following this work, Hao et al. reported two more cases, where they studied the effect of
water on Ag/ZSM-5'** and employed Pt supported fluorine modified ZSM-5'° during

ethylene oxidation. The Pt/F-ZSM showed complete conversion of ethylene (100 ppm) to

16
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CO2 for more than 600 minutes compared to that of Pt/ZSM-5 since the enhanced surface
Brgnsted acidity by F ions improves catalytic acivity.'® However, Ag/ZSM-5 shows longer
time for ethylene conversion (720 minutes) activity when compared to that of Pt/F-ZSM-5,
provided, the reaction conditions are same as shown in Table 1.1. In another investigation,
they showed the effect of SiO2/Al.O;3 ratio of ZSM-5 on catalytic activity.!*> It was observed
that ethylene oxidation at 25 °C was greatly influenced by Ag/ZSM-(38) with SiO2/Al>03
ratio of 38. This catalyst can keep complete ethylene conversion for 405 min which is less

compared to the Ag/ZSM showing conversion for 720 minutes (Table 1.1).

Table 1.1. Comparison of catalytic activity of various catalysts during ethylene oxidation at

temperature range of 0 to 25 °C.

Catalyst C2Ha Reaction Time Conversion CO, Ref
Concentration Temperature (min) (%) Yield
(ppm) (°C) (%)
Au/mesoporous 50 0 N.D.2 73 N.D.2 106
C0304
Au/C0304 50 0 N.D.2 93.7 N.D.2 105
nanorods
Ag/ZSM-5 100 25 720 100 N.D.2 113
Pt/F-ZSM 100 25 460 100 N.D.2 115
AQ/ZSM-5(38) 100 25 405 100 N.D.2 114
25 720 100
Pt/MCM-41 50 N.D2 71
0 > 60 100

aN.D. Not determined
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Figure 1.7. Reaction tests for ethylene oxidation to CO> with time-on-stream over Ag/ZSM-5
catalysts at 25 °C.

Further experiments showed that H.O molecules block active acid sites and decrease the
original catalytic activity. Despite high initial activity, ethylene conversion of Ag/ZSM-5(38)
decreases down to almost zero as shown in Figure 1.7 instead of reaching a steady state,
which indicates that the water formation during ethylene oxidation completely deactivate the

catalyst.

Although they showed the activity in terms of conversion of ethylene to CO., it gives a
vague idea about formation of CO, during the oxidation reactions. They also proposed a
mechanism for Ag/ZSM-5 where the Brensted acid sites activate the adsorbed ethylene which
are attacked by surface active oxygen species promoted by Ag resulting in formation of
HCHO followed by carbonic acid. In case of Pt/ZSM-5, ethylene was activated by Brgnsted
acid sites and Pt activated the oxygen. However, both the proposed mechanisms were based
on lack of FTIR data where the bands of the proposed intermediates was not identified

elaborately.
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A study of Pt/mesoporous silica, next found its way for ethylene oxidation. Fukuoka et al.
showed a systematic study of various supported metal catalysts for the oxidation of ethylene
(0.32%) in the presence of oxygen (20%) and identified a mesoporous silica-supported Pt
catalyst that affords the highest activity over a wide range of reaction temperatures (25-
100 °C) among various catalysts that consisted of a variety of combinations of metals (Pt, Au,
Ag and Pd) and supports (SiO2, AlOs, TiO, and ZrO,).”* The Pt (1 wt%) supported
mesoporous silica showed complete conversion of 50 ppm of ethylene for 720 minutes at
25 °C and for more than 60 minutes at 0 °C. This is by far the highest time reported for
complete conversion of ethylene using such low concentration of ethylene, loading of metal
and also for the lowest temperature, 0°C. However, despite the decrease in initial activity, the
original activity of the catalyst was easily recovered after heat treatment of the spent catalyst
under dry conditions proving its durability. Nonetheless, the ability of this heterogeneous
catalyst to remove ethylene and evolve CO; at 0 °C has led to it now being used practically
for ethylene decomposition in refrigerators.''® A mechanistic study using Fourier-transform
infrared spectroscopy at 50 °C suggested that ethylene was converted to CO. and H>O via

formaldehyde and CO as possible intermediates.

1.5 Objective of the Work

Maintaining the freshness of fruits and vegetables is extremely important at low
temperature as already described above. Heterogeneous catalysts have attracted a great deal
of attention in the field of ethylene oxidation due to its easy handling, high activity and
reusability. All these made it possible for one of the catalysts to be used commercially in
refrigerators. In this area, most of the researchers focused more on the catalyst preparation

and characterization but less on the detailed catalytic study with no information on CO; yield.
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Even if some catalysts showed high activity, such as Ag/ZSM-5(38) the water formation
resulted in instant decrease in catalytic activity.!’® Interestingly, it was found that
Pt/mesoporous silica can maintain good catalytic activity at both 25 °C and 0 °C for ethylene

oxidation irrespective of stabilization of carbon species and formation of water formation.

Hence, one of the objectives of this work is to study the detailed reaction of ethylene
oxidation over Pt/SBA-15 at 0 °C. Owing to the description in the previous work, stating the
formation of carbon compounds as intermediates,”* simple heat treatment was carried out for

the spent catalyst in order to achieve the carbon balance.

Next, the author focused on changing the hydrophobicity of meosporous silica. Increasing
the activity of catalysts for such low temperature reaction is still considered to be a challenge
and the effect of water molecules as catalyst poison makes in more difficult. Hence the effect
of hydrophobicity was studied which developed a better, hydrophobic mesoporous silica

supported Pt catalyst. This successfully showed high activity of the catalyst at 0 °C.

The third target was to study the surface species produced during the course of ethylene
oxidation using in-situ FTIR spectroscopy. This enabled us to detect the intermediates formed
during the reaction and hence conclude how heat treatment resulted in reusability of the

catalyst.

1.6 Outlines of the Thesis

The importance of removal of ethylene in the current world situation is described.
Synthesis mechanism of the mesoporous support material and impregnation of Pt following
various methods are described in detail. Subsequently, conventional methodologies followed

by the use of heterogeneous catalysts used in ethylene oxidation is discussed.
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Mesoporous silica supported Pt nanoparticles were synthesized and characterized in detail
using different techniques. The heterogeneous catalyst was employed for ethylene oxidation
at 0 °C showing reusability and the simple heating of the spent catalyst resulted in desorption
of stabilized carbon compounds on catalyst surface as CO». Effect of different kinds of silica

support effect was also discussed.

Effect of water adsorption to catalyst bed during ethylene oxidation was studied which
revealed decrease in catalytic activity. Change in hydrophobicity of the mesoporous silica
support was brought about by simple calcination treatment and Pt nanoparticles were
impregnated in the hydrophobic mesopores. The catalysts were characterized in detail,
employed for low temperature ethylene oxidation and compared to the catalytic activity of Pt
supported aerosol support calcined at various temperatures. Hence, effect of water adsorption
to the hydrophobic catalyst bed was also studied. A relationship between the hydrophobicity

and desorption of water from Pt incorporated in hydrophobic mesopores was established.

The oxidation reaction was carried out at varying temperature for varying space velocities
in order to reveal the activation energy of the reaction. CO oxidation was carried out and
effect of water was studied. Detailed FTIR study was carried out for ethylene oxidation at O
and 30 °C using flow and batch type system respectively to reveal the surface species

produced during the course of reaction.

The results represented here is an outline for designing catalysts and provides a detailed

and basic insight to the oxidation of ethylene.
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Chapter 2: Synthesis, Characterization and Introduction to Low

Temperature Ethylene Oxidation over Pt/Mesoporous Silica

2.1 Introduction

Ethylene, a natural hormone produced by fruits and vegetables,! is physiologically active
at extremely low parts-per-million level concentrations, and plays a positive role as a ripening
agent under controlled conditions. However, such trace ethylene causes undesirable
deterioration of fresh products in containers and refrigerators even at low temperatures,
which finally results in forming food waste. Continuous and complete removal of trace
ethylene at low temperatures is therefore an important issue worldwide in order to keep
agricultural products fresh for long-term storage and transportation.? Potassium permanganate
and ozone have been proposed as oxidants for the decomposition of ethylene;** however,
their high toxicity and stoichiometric reaction system fail in conventional technology for
long-term ethylene removal. Physical adsorption with activated carbon’® and zeolites® is also
insufficient for ethylene removal due to Ilimited adsorption capacity. In contrast,
chemocatalytic ethylene decomposition with heterogeneous catalysts has recently been
recognized as a sustainable method for practical applications. Several catalysts such as
Co/Mordenite,” Auw/ALO;?® Au/Co304° """ Cu/MnO2,'> CoO/mesoporous carbon,'?
Pt/MnO,,'* Ag/zeolite!® and a UV-light responsive Pt/TiO, photocatalyst'!® have been
studied for ethylene oxidation. Bimetallic alloy nanocrystals of Pt-Pd encapsulated in ZIF-8
has also been reported to show excellent synergistic photocatalytic activity in oxidation of

ethylene.!
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We have examined various supported metal catalysts for the oxidation of ethylene (0.32%)
in the presence of oxygen (20%) and identified a mesoporous silica-supported Pt catalyst that
affords the highest activity at 25-100 °C among various catalysts that consisted of a variety of
combinations of metals (Pt, Au, Ag and Pd) and supports (SiO2, A,O3, TiO2 and Zr0,).2° A
mechanistic study using Fourier-transform infrared spectroscopy at 50 °C suggested that
ethylene is converted to CO> and H>O via formaldehyde and CO as possible intermediates. In
addition, the mesoporous silica-supported Pt catalyst is able to decompose trace ethylene (50
ppm) with a very high conversion even at 0 °C. Despite the decrease in the initial activity of
the supported Pt catalyst by 20-30% during the course of the reaction, the original activity
was easily recovered after heat treatment of the spent catalyst under dry conditions. Water
molecules formed in the reaction partly block active Pt reaction sites, which is the reason for
the decrease in catalytic activity. Nonetheless, the ability of this heterogeneous catalyst to
remove ethylene and evolve CO; at 0 °C has led to practical use for ethylene decomposition
in refrigerators,”! in which the catalyst is used under steady state conditions in the presence of

water vapor.

In the present work, the author performs a comprehensive study of the oxidation of trace
ethylene by silica-supported Pt catalysts at 0 °C using a fixed-bed flow reactor. The ethylene
oxidation reaction is first examined in detail using a mesoporous silica-supported Pt catalyst.
SBA-15,2 which has a highly ordered mesoporous structure, was selected as a silica support
in this study due to its excellent thermal and mechanical stability compared to MCM-41.%
The time course of the ethylene conversion and the CO> yield over Pt/SBA-15 was monitored

after the addition of water vapor to the reactor to confirm the effect of physisorbed water on

the activity of the supported Pt catalyst. Several silica-supported Pt catalysts were also
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prepared using aerosol silica with high surface areas to clarify their catalytic performance for

ethylene oxidation.

2.2 Experimental

2.2.1 Chemicals

Tetraecthoxysilane (TEOS; 99.9%) was purchased from Kojundo Chemical Laboratory.
Diamminedinitroplatinum(II) (Pt(NH3)2(NO2)2) solution was obtained from Tanaka
Kikinzoku Kogyo. Pluronic 123 (P123; EO20PO70EOz0, EO = ethylene oxide moiety, PO =
propylene oxide moiety, average molecular weight 5800) was received from Sigma Aldrich.
Hydrochloric acid (HCI; 36-38 wt%) was purchased from Wako Chemicals. All chemicals

were used as-received without further purification.

2.2.2 Preparation of Mesoporous Silica, SBA-15

Mesoporous silica SBA-15 was synthesized with an amphiphilic triblock copolymer,
P123, as a structure-directing agent.’> P123 (12 g) was completely dissolved in aqueous HCI
solution (1.6 M, 450 mL) at room temperature. TEOS (25.5 g) was added dropwise to the
solution at 35 °C with continuous stirring, which undergoes hydrolysis and condensation
reactions, resulting in the generation of silanol and siloxane groups. The resulting transparent
and micellar mixture was aged at 35 °C for 24 h and then at 100 °C for an additional 24 h.
The white precipitate formed in the mixture was isolated by suction filtration and washed

repeatedly with water and ethanol until no precipitation occurred in the filtrate after the
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addition of AgNOs3 solution. The dried sample was calcined at 560 °C for 16 h to remove the

structure-directing agent to yield SBA-15 as a white powder.

2.2.3 Impregnation of Pt in SBA-15 and Aerosol Silicas

SBA-15 and three amorphous silicas (Aerosil 380 and 200, (hereafter A380 and A200),
Evonic Industries; Cariact Q-10 (Q-10), Fuji Silysia) were used as supports. The support
material (1.00 g) was shaken in an aqueous solution (50 mL) of Pt(NH3)2(NO2)2 (486 mM,
0.196 mL) at 30 °C for 3 h. After evaporation of H>O at 50 °C and subsequent drying under
vacuum at the same temperature for 16 h, the sample was reduced under H> flow (30 mL min
1 at 400 °C for 2 h, which gave Pt/SBA-15 catalyst (Pt loading 1.8 wt%). The other Pt/A380,

Pt/A200 and Pt/Q-10 catalysts were prepared using the same procedure.

2.2.4 Characterization

Powder X-ray diffraction (XRD) patterns were obtained with an X-ray diffractometer
(Rigaku Ultima IV) using Cu Ka radiation (40 kV, 20 mA) over the 26 range of 0.7-80°.
Nitrogen adsorption-desorption isotherms were measured at -196 °C with a high precision
surface area and pore size analyzer (MicrotracBEL BELSORP-Mini). Specific surface areas
and pore diameters were calculated using the Brunauer-Emmett-Teller (BET) equation and
non-localized density functional theory (NLDFT). Prior to N adsorption, the samples were
evacuated at 120 °C for 4 h to remove physisorbed water. The size of Pt nanoparticles was
measured by CO chemisorption on a fully-automated catalyst analyzer (MicrotracBEL

BELCAT II). The samples were reduced under a H, flow (30 mL min™!) at 400 °C for 1.5 h,

36



Chapter 2

followed by cooling to 50 °C under a He flow (50 mL min!). CO chemisorption was
measured at 50 °C under a continuous flow of CO (10%) in He, and the size of the Pt
nanoparticles was calculated based on the Pt dispersion assuming a 1:1 ratio of Pt:CO.
Pt/SBA-15 was also studied using transmission electron microscope (TEM; JEM-2100F) with
an accelerating voltage of 200 kV without metal deposition. X-ray photoelectron spectra
(XPS) was acquired using a JEOL JPC-9010MC instrument at a pass energy of 20 eV using a
Mg Ka line. Charge correction was based on the position of C 1s (C 284.8 eV) in the case of

Pt/SBA-15

2.2.5 Ethylene Oxidation with a Fixed-Bed Flow Reactor

The catalytic oxidation of ethylene was performed in a stainless-steel tubular fixed-bed
flow reactor (inner diameter 4 mm) under atmospheric pressure (Figure 2.1). Each catalyst in
granular form (355-500 um granule size, 0.40 g) was loaded in the reaction tube and
pretreated at 150 °C for 2 h under a He flow (40 mL min™'). A gas mixture of C2Hs (50 ppm),
02 (20%), N2 (5%) and He (balance) was fed to the catalyst bed at 0 °C in an ethanol bath
using mass flow controllers under ambient pressure with a space velocity (SV) of 1500 mL h-
I ¢!, The outlet gases were collected every 10 min and analyzed using online gas
chromatography (GC; Agilent 3000 A Micro GC) with a thermal conductivity detector.

Molecular sieves SA (10 m) and Plot U (8 m) were used as columns to detect CoH4 and COa,

where the experimental detection limit for CoH4 was 0.1 ppm.
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Figure 2.1. Schematic representation of the flow reactor used in low temperature ethylene

oxidation.

Water vapor was added to the gas mixture (Figure 2.1) to examine the influence of water
formed during the reaction. A gas mixture containing water vapor (0.86%) was supplied to
the catalyst-bed (Pt/SBA-15, 0.067 g) at 28 °C with an SV of 9000 mL h! g! in order to
prevent plugging the reactor with liquid water. The temperature was maintained at 5 °C to
calculate the vapor pressure of water. The ethylene conversion (Xc2n4) and CO2 yield (Ycoz)

were calculated from the following equations.
XcoHe = ([CZH4]inl(:t*[C2H4]outlet)>< 100/[C2H4]inlet
Y co: = [CO2]outtet X100/2[C2H4Jintet

[CoHalintet, [C2H4]outler and [COz]outler in the equations are the initial CoHs concentration, and

C>Hy4 and CO» concentrations at the outlet of the reactor, respectively.
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2.3 Results and Discussion

2.3.1 Characterization of Pt Loaded Silica

Pristine and Pt-loaded silicas were characterized using XRD and N> adsorption
measurements. Figure 2.2(A) shows small-angle XRD patterns for SBA-15 and Pt/SBA-15.
These samples exhibited three characteristic diffraction peaks at 1.0°, 1.7° and 1.9°, which
were assigned to the (100), (110) and (200) planes of a typical hexagonal (p6mm)
mesoporous structure of one-dimensional cylindrical channels.??>* Change in the intensity
and position of the original diffraction peaks was observed after the incorporation of Pt
nanoparticles (Figures 2.2(A)). This is probably due to hydrogen reduction at high
temperature (400 °C), which induces a slight change in the periodicity and ordering of the
mesopores. Figure 2.2(B) shows XRD patterns for SBA-15 and supported Pt catalysts over a
wide angular range. Three diffraction peaks appeared at 40°, 46° and 67° for Pt/SBA-15, and
these were assigned to the (111), (200) and (220) planes of the face-centered cubic (fcc) Pt
lattice. These characteristic diffraction peaks were also observed for other silica-supported Pt
catalysts (Figure 2.2(B)). Therefore, impregnation of Pt ions and subsequent hydrogen

reduction formed metallic Pt particles on all of the silica supports.

Figure 2.2(C) shows N»-adsorption-desorption isotherms for SBA-15 and Pt/SBA-15. The
samples had type IV isotherms according to the classification of Brunauer et al.>> and
IUPAC?® with an H1 hysteresis loop, and these features are characteristic of SBA-15, as
reported previously.”” The lack of any apparent difference between the two isotherms
indicates that the mesopores are not plugged after the formation of Pt particles. A typical

transmission electron microscopy (TEM) image of Pt/SBA-15 is shown in Figure 2.2(E),
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Figure 2.2. XRD patterns for SBA-15 and supported Pt catalysts in small (A) and wide angle

regions (B). N2 adsorption isotherms for mesoporous silicas (C) and Pt catalysts with aerosol
silicas (D): (a) SBA-15, (b) Pt/SBA-15, (c¢) Pt/A380, (d) Pt/A200 and (e) Pt/Q-10. TEM
image and size distribution curve of Pt/SBA-15 (E) and XPS of Pt/SBA-15 (F).
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which shows a high dispersion of Pt nanoparticles mainly inside the mesopores. Three Pt
catalysts using aerosil SiO> (Pt/A380, Pt/A200 and Pt/Q-10) exhibited type-II isotherms
without a pronounced hysteresis loop?® (Figure 2.2(D)). The structural parameters of these Pt

catalysts obtained from the isotherms are summarized in Table 2.1.

The XPS spectrum of Pt/SBA-15 is shown in Figure 2.2(F). The peaks at around 71 eV
and 74 eV are attributed to Pt 4f7, and Pt 415/, of metallic Pt in the zero valent state, which is

consistent with the results obtained in XRD (Figure 2.2).%

SBA-15 has a larger BET surface area (889 m? g!) and pore volume (1.1 mL g) than the
other aerosol silica supports, and these were preserved in Pt/SBA-15. In addition, the average
size of Pt particles was in the range 4-7 nm, as estimated by CO chemisorption. The size of
the Pt nanoparticles was smaller than that of mesopores; therefore, most Pt nanoparticles
were incorporated into the mesoporous channels of SBA-15. High dispersion of Pt
nanoparticles inside the channels was directly observed by the TEM image of Pt/SBA-15 in
Figure 2.2(E), and the average size estimated from the size distribution histogram is 6.5 nm

(Inset in Figure 2.2(E)).
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Table 2.1. Structural parameters and catalytic activity for Pt supported silica catalysts?

SpeT® Vimeso® Dmesed Dp€ Catalytic act':ivity at 240
min

2 51 -1
gt fmbLgnfamoam e T Yield: (%)
SBA-15 889 11 138
PUSBA-IS 867 10 127 69 33 16
A380 377 040
N.D."
PU/A380 392 039 43 32 1
A200 237 03l
N.D."
P/A200 205 022 6.5 28 1
Q-10 280 03l
N.D."
PUQ-10 284 029 45 2 3

# Reaction conditions: catalyst Pt/SBA-15 0.40 g (Pt 1.8 wt%); C2Hs 50 ppm, Oz 20%, N>
5%, He balance, SV 1500 mL h! g'!. "BET surface area. “Pore volume estimated using the
Barrett-Joyner-Halenda (BJH) equation. %Average diameter estimated using NLDEFT.
°Average size of Pt nanoparticles estimated by CO chemisorption. ‘Ethylene conversion.
8CO; yield. "Not determined.

2.3.2 Oxidation of Trace Ethylene at 0 °C over SBA-15-Supported Pt Catalyst

Pt/SBA-15 was applied for the oxidation of ethylene (50 ppm) at 0 °C using a fixed-bed
flow reactor. Figure 2.3 shows time courses for the ethylene conversion and CO; yield over
Pt/SBA-15. While Pt/SBA-15 converted trace ethylene completely at the initial stage, the
ethylene conversion decreased gradually after 90 min and reached ca. 30%. No products
other than CO, were detected using GC during the reaction. However, the CO, yield was
always lower than the corresponding ethylene conversion, and the ethylene conversion and
CO, yield at 240 min were 33% and 16%, respectively. The difference between the

conversion and the yield at the initial stage may be explained by the formation of
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intermediates such as HCHO and CO,?° which are probably stabilized on the catalyst surface.
The formation of acetic acid may also occur, and this would remain on the catalyst surface
without undergoing any reaction in the presence of O». It should be noted that the initial
activity could be recovered after heat treatment of the spent catalyst at 150 °C for 120 min in
a He flow, as shown in Figure 2.3. The re-activated Pt/SBA-15 catalyst exhibited the same
time course of this reaction, which indicates that Pt/SBA-15 has no structural change in this
reaction. Based on the amount of ethylene converted and the number of surface Pt atoms, the

turnover number (TON) with Pt/SBA-15 was estimated to be 3.

100 -
€ 80
3
2
>

60
E C,H, |Heat Heat
c treat treat | £
o | t
E 40 ment men
4 a
5 %
S 20 1

0 r r T T T

0 200 400 600 800 1000 1200

Time (min)

Figure 2.3. Time courses for ethylene conversion (black circles) and CO; yield (red
triangles) over Pt/SBA-15 at 0 °C. Reaction conditions: Pt/SBA-15 0.40 g (Pt 1.8 wt%), C2H4
50 ppm, Oz 20%, N2 5%, He balance, SV 1500 mL h'! g'!. After 310 min, the catalyst was
heated at 150 °C for 2 h in a He flow (40 mL min™') and then re-used for the subsequent run.

43



Chapter 2

The reaction with different SVs was carried over Pt/SBA-15 (Figure 2.4) to evaluate the
effect of diffusion limitation at the steady state. Both ethylene conversion and CO; yield at
300 min decreased with the increase in SV, which means no mass transfer limitation under

the reaction conditions.

C.H, Conversion (%)

0 100 200 300 0 100 200 300
Time (min) Time (min)

Figure 2.4. Ethylene conversion (A) and CO: yield (B) studied for varying space velocities,
SV (a) 1500 mL ht g (Pt/SBA-15 0.40 g), (b) 3000 mL h'* g (Pt/SBA-15 0.20 g) and (c)
6000 mL ht g (Pt/SBA-15 0.10 g). Reaction condition: P/SBA-15 (Pt 1.8%), C2H4 200

ppm, Oz 20%, He balance, Flow rate 10 mL min™.

CO; formation in the re-activation step was studied to clarify the mass balance of this
reaction. Figure 2.5 shows time courses of the moles of converted ethylene and CO: formed
over a period of 300 min, and the subsequent formation of CO> from the spent catalyst by
heat treatment in an inert atmosphere. Here the author assumed that the amount of
intermediates stabilized on the catalyst surface within 300 min could be calculated by
subtracting the total amounts of ethylene introduced and CO» evolved during the reaction.

This calculation was conducted using the integrated area shown by the hatched region in
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Figure 2.5, the SV (1500 mL h™! g'!') and the ethylene concentration (50 ppm), which gave 6.9

pmol of carbon.
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Figure 2.5. Moles of ethylene converted (black circles) and CO; formed (red diamonds) over
Pt/SBA-15 at 0 °C, followed by CO» formation (green diamonds) by heat treatment at 150 °C
(ramp rate, 1 °C min!) under a He/N> flow (95%/5%), (10 mL min™'). Reaction conditions:

Pt/SBA-15 0.40 g (Pt 1.8 wt%), C2H4 50 ppm, Oz 20%, N2 5%, He balance, SV 1500 mL h!
1

g .

After ethylene oxidation at 0 °C, the spent catalyst was heated to 150 °C at a ramp rate of 1
°C min™! under continuous flow of a mixed gas (He/N2, 95%/5%), and held at 150 °C until no
CO; was detected by GC measurements (Figure 2.5). It was obvious that CO; formation in
the absence of Oz is caused by thermal decomposition of oxygenated intermediates formed in
the preceding 300 min. The amount of CO; evolved during the heat treatment was 8.3 pmol
as determined by GC, which is a little higher compared to the calculated amount of
intermediates (6.9 pmol). This might be due to the contribution of the carbon species

decomposed to CO; from the catalyst support. To confirm it, a blank experiment was carried
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out in the absence of C2H4 (O2, He and N> was flown) for a period of 300 min followed by the
same procedure under He/N> (95%/5%). This resulted in the evolution of 1.2 pmol CO; from
the catalyst surface as shown in Figure 2.6, which might be the outcome of decomposition of
carbon species already present on Pt/SBA-15. Hence it can be assumed that 6.9 umol of the
carbon species accumulated on the catalyst surface is decomposed to 7.1 umol of CO; in the

heat treatment.
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Figure 2.6. Two-step treatment of Pt/SBA-15 consisting of a mixed gas flow (O2: 20%, No:
5%, He: balance) at 0 °C for 300 min, followed by heat treatment at 150 °C (ramp rate, 1 °C
min') under a He/N2 (95%/5%) flow (10 mL min'). Green diamonds are denoted as the
amounts of CO> formed. Reaction conditions: catalyst Pt/SBA-15 0.40 g (Pt 1.8 wt%), O>
20%, N2 5%, He balance, SV 1500 mL h! g1,

Instead of an inert gas flow, the oxidation of the carbon species was conducted by heat
treatment of the spent catalyst in the presence of Oz (O2 : He : N2 =20% : 75% : 5%), which
resulted in 6.3 umol of CO; formed (Figure 2.7). This value is almost the same as that
estimated from the hatched area of Figure 2.5 (6.5 pumol). There are two intense and
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distinctive peaks at 40 °C and 150 °C during the combustion treatment (Figure 2.7), strongly
suggesting the presence of two different types of intermediates and/or spectators on the

surface of the spent catalyst.
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Figure 2.7. Moles of ethylene converted (black circles) and CO; formed (red diamonds) over
Pt/SBA-15 at 0 °C for 300 min, followed by CO> formation (green diamonds) by heat
treatment at 150 °C (ramp rate, 1 °C min™') under a O2/He/N: flow (20%/75%/5%), (10 mL

min!). Reaction conditions: catalyst Pt/SBA-15 0.40 g (Pt 1.8 wt%), C2H4 50 ppm, O2 20%,
N2 5%, He balance, SV 1500 mL h'! g,

To evaluate the steady state activity, the reaction time was further prolonged together with
an increase in the SV to 3000 mL h™' g'. Figure 2.8 shows time courses for ethylene
conversion and CO> yield over a period of 15 h. After the decrease in the initial activity,
ethylene conversion and CO; yield gradually approached a steady state, and finally both
remained constant at 8-9%. The TON for Pt/SBA-15 at 15 h was calculated to be 6, which
indicates that Pt nanoparticles can function catalytically in this reaction. While the steady

state activity of Pt/SBA-15 appears moderate under the conditions shown in Figures 2.2 and
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2.8, a mesoporous silica-supported Pt catalyst was used for practical ethylene decomposition
in refrigerators.?! This can be explained by the low ethylene production rate under practical
conditions. Ethylene produced in refrigerators is thus readily decomposed by Pt

nanoparticles, so that vegetables and fruits can be stored without deterioration for long

periods.
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Figure 2.8. Ethylene oxidation over Pt/SBA-15 at 0 °C for 15 h. Reaction conditions:
catalyst 0.20 g (Pt 1.8 wt%), C2Hs 50 ppm, O2 20%, N2 5%, He balance, SV 3000 mL h™! g

A long time reaction at 25 °C was also conducted with Pt/SBA15 (Figure 2.9). No apparent
decrease in initial activity was observed even after 25 h, and Pt/SBA15 keeps high ethylene
conversion (>99%) and CO: yield (ca. 80%). This is due to a high reaction temperature that
enhances the desorption of physisorbed H2O and also the decomposition of intermediates.
Ethylene conversion is not equal to CO; yield in this system, which indicates that this
reaction does not yet reach a steady state at 27 h. The TON based on ethylene conversion and

number of Pt surface atoms was calculated to be 5 at 27 h.
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Figure 2.9. Time courses for ethylene conversion (black circles) and CO; yield (red
diamonds) over Pt/SBA-15 at 25 °C. Reaction conditions: Pt/SBA-15 0.40 g (Pt 1.8 wt%),
C2H4 50 ppm, O2 20%, N2 5 %, He balance, SV 1500 mL h! g1,

Water formed by the complete oxidation of ethylene is also expected to have a negative
effect on the supported Pt catalyst because water molecules are preferably stabilized on both
silica and Pt surfaces at low temperature. Therefore, heat treatment of the spent catalyst after
the first run involved the removal of physisorbed water from the catalyst surfaces (Figure
2.3). Ethylene oxidation over Pt/SBA-15 was next examined in the presence of water vapor to
clarify the effect of physisorbed water on the catalytic activity. Figure 2.10 shows time
courses for the ethylene conversion and CO: yield over Pt/SBA-15. The reaction was
performed at 28 °C with a relatively large SV of 9000 mL h™! g'! to prevent the formation of
liquid water in the reactor and to maintain steady ethylene conversion at ca. 40-50%. Both
the conversion and yield decreased gradually with time over a period of 15 h and became
constant at 37% and 29%, respectively. When water vapor (0.86%) was supplied to the

reactant gas mixture at 16 h, the ethylene conversion and CO: yield decreased drastically and
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became less than 5% after 4 h. While the catalytic activity of Pt/SBA-15 was gradually
recovered after the supply of water vapor was stopped, deactivation was again observed with
the repeated introduction of water vapor to the reactor. This deactivation-recovery
phenomenon was controlled by the adsorbed water, which revealed that physisorption of

water molecules on active Pt sites results in a decrease of the original activity.
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Figure 2.10. Effect of water vapor addition on the catalytic activity of Pt/SBA-15. Reaction
conditions: catalyst 0.067 g (Pt 1.8 wt%), C2Ha 50 ppm, O2 20%, N2 5%, water vapor 0.86%,
He balance, SV 9000 mL h™!' ¢!, temperature 28 °C.

2.3.3 Ethylene Oxidation over Silica-Supported Pt Catalysts

Pt catalysts using aerosil silica supports were also tested by ethylene oxidation. Figure
2.11 shows time courses for the ethylene conversion and the CO> yield over these Pt
catalysts. They exhibited similar reaction profiles to Pt/SBA-15, which indicates that these
silicas are also useful as inorganic supports for Pt nanoparticles for ethylene oxidation. Table

2.1 compares the structural properties and catalytic activities of these catalysts at 240 min.
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All of these catalysts comprised amorphous SiO> with highly dispersed Pt nanoparticles in
sizes of 4-7 nm. While the activity of Pt/Q-10 was slightly inferior to the other three catalysts
in terms of both the ethylene conversion and the CO; yield, the catalytic activities of Pt/A380
and Pt/A200 were comparable to that of Pt/SBA-15. These results indicate that the formation
of highly dispersed Pt nanoparticles on a silica surface is essential for the development of a

highly active Pt catalyst for oxidation of trace ethylene at 0 °C.
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Figure 2.11. Time courses for ethylene conversion (A) and CO: yield (B) over silica-
supported Pt catalysts at 0 °C: (a) Pt/SBA-15 (squares), (b) Pt/A380 (circles), (c) Pt/A200

(diamonds) and (d) Pt/Q-10 (triangles). Reaction conditions: catalyst 0.40 g (Pt 1.8 wt%),
C>H4 50 ppm, O2 20%, N2 5%, He balance, SV 1500 mL h* g,

2.4 Conclusions and Perspective

Silica-supported Pt catalysts effectively converted trace ethylene to CO; at 0 °C. Heat
treatment of the spent catalyst in a He flow produced a large amount of CO2 by thermal
decomposition of oxygen-containing intermediates and regenerated the original activity for

subsequent reaction. Thus, intermediates stabilized on the catalyst surface can be recovered
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as COz by a simple heat treatment. Water molecules evolved during the reaction block some

of the surface active Pt sites and decrease the ethylene conversion and the CO: yield.

Amorphous silicas such as Aerosil 380 and 200 were also useful as supports for highly

dispersed Pt nanoparticles, and the resulting supported Pt catalysts exhibited high activities

for ethylene oxidation.
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Chapter 3

Chapter 3: Low Temperature Ethylene Oxidation over Pt/SBA-15:

Study of Effect of Hydrophobicity of Support Material

3.1 Introduction

Ethylene formed in the vegetable compartment of refrigerators promotes excessive
ripening of agricultural products including fresh vegetables, fruits, and flowers, which make
them difficult for a long term storage and transportation. Current cold chain system used for
these fresh products requests a striking technique for the sustainable ethylene removal at low
temperatures. While various strategies such as the oxidation with stoichiometric and hashed
oxidant (KMnQ4),! physical adsorption with activated carbon,? and aerobic oxidation with
some heterogeneous catalysts®® have already been proposed for this purpose, most of them
did not fulfill fundamental requirements in terms of complete removal of trace ethylene and
long term utility at low temperature ranges. Photocatalytic decomposition of trace ethylene is
one of successful examples; however, this system requires light irradiation to activate a
heterogeneous photocatalyst such as WOj3 for the oxidation of ethylene to acetaldehyde.®
Aerobic oxidation with the supported metal catalysts can function for ethylene oxidation
without light irradiation. Recently, some heterogeneous catalysts such as Ag/ZSM-5 and
Au/Co0304 were reported to be effective for the oxidation of low concentration ethylene;
however, in these cases their activities at low temperatures (0-5 °C) have not been fully

studied so far. 101
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Supported Pt catalysts are widely recognized as a series of highly active and stable
catalysts for a variety of redox reactions and used as heterogeneous catalysts in academia and
in industry. Recently mesoporous silica supported Pt catalyst was commercialized in 2015 in
Japan as an oxidation catalyst for the removal of trace ethylene in the refrigerators.
Mesoporous silica-supported Pt catalyst can decompose ethylene to CO2 and H2O at 0 °C
without loss of its original activity for a long time once the reaction reaches steady state
(Chapter 2). Our group has systematically studied the oxidation of trace ethylene at 0 °C and
recently found that water formed during complete ethylene oxidation affects largely the
activity of the supported Pt catalyst.™® Our group also revealed that water gave a negative
impact on the activity of the Pt catalyst: after reaching the steady state, the introduction of
water vapor to the catalyst leads to the steep decrease in ethylene conversion and CO: vyield
whereas the activity is gradually recovered under the dry conditions. This phenomenon
exemplified that steady-state activity depends on the amount of physisorbed water on catalyst

surface.

In this chapter the author attempted precise control of hydrophobic property of
mesoporous silica support to prevent water poisoning toward active Pt site of the catalyst.
There are several strategies for the modification of silica surface with organosilane
compounds to control hydrophobic-hydrophilic property.’®1” However, most of organic
functional groups show low thermal stability toward heat treatment, and in the present case
thermal treatment in H> causes thermal decomposition of these organic groups. Here the
author simply calcined mesoporous and aerosol silicas at various temperatures to control the
amount of hydrophilic silanol, because change in silanol density of silica surface directly

affects the amount of physisorbed water on Pt surface.
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3.2 Experimental

3.2.1 Chemicals

Amorphous silica, Aerosil-380 (A80), Evonic industry and mesoporous SBA-15 were used
as supports for Pt nanoparticle. Tetraethoxysilane (TEOS, 99.9%) was purchased from
Kojundo Chemical Laboratory. Diamminedinitroplatinum(ll) (Pt(NHz)2(NO2)2) solution was
obtained from Tanaka Kikinzoku Kogyo was used as a precursor for the formation of Pt
nanoparticle on silica supports. Pluronic 123 (P123, EO20PO70EO2, EO = ethylene oxide
moiety, PO = propylene oxide moiety, average molecular weight = 5800) was received from
Sigma Aldrich. Concentrated hydrochloric acid (HCI, 36-38 wt%) was purchased from Wako

Chemicals. All the chemicals were used without any purification.

3.2.2 Preparation of Mesoporous Silica SBA-15

Mesoporous silica SBA-15, was synthesized in the similar way as explained in Section 2.2.
In case of this study, the SBA-15 support was further calcined at 700, 800, and 900 °C for 16
h to control hydrophobicity of its surface. The calcined SBA-15 is denoted as SBA-15(X)
where X means calcination temperature. Aerosil-380 was also calcined under the same

conditions and used as a reference material for comparison.

3.2.3 Incorporation of Pt in SBA-15 and Aerosil Silica

A support material (1 g) was shaken in an aqueous solution (50 mL) containing
Pt(NH3)2(NO2)2 (486mM, 0.1961 g) at 30 °C for 3 h. After evaporation of H.O at 50 °C and
subsequent drying under vacuum at 50 °C for 16 h, the sample was reduced under H> flow

(30 mL min™) at 400 °C for 2 h, which gave a silica-supported Pt/SBA-15 as well as Pt/A380
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catalysts (Pt loading 1.8 wt%). The other calcined catalysts were prepared using the same

procedure.

3.2.4 Characterization

Powder X-ray diffraction (XRD) patterns were obtained with an X-Ray diffractometer
(Ultima IV, Rigaku) using CuKa radiation (40 kV, 20 mA) over the 26 range of 0.7-80°.
Nitrogen adsorption-desorption isotherms were measured at 77 K with BELSORP-Mini
(MicrotracBEL). Specific surface areas and pore diameters were calculated by the Brauner-
Emmett-Teller (BET) equation and Non-localized density functional theory (NLDFT),
respectively. H>O adsorption isotherms were measured at 298 K with a surface
characterization analyzer (3-Flex, Micrometrics instrument corp.). Prior to water and nitrogen
adsorption, the samples were pretreated at 150 °C and 120 °C for for 1 h and 4 h respectively
under vacuum to remove physisorbed water. The size of the Pt nanoparticles was measured
with CO chemisorption on BELCAT Il (Microtrac BEL). The samples were reduced at
400 °C for 1.5 h under H: flow (30 mL min™), followed by cooling to 50 °C under He flow
(50 mL min). CO chemisorption was completed at 50 °C with continuous flow of CO (10%)
in He, and the size of Pt nanoparticles was then calculated on the basis of the amount of CO
adsorbed and assumption of 1:1 ratio for Pt:CO. 2°Si solid state magic angle spinning (MAS)
nuclear magnetic resonance (NMR) measurement was performed at room temperature using
an ECAG600 spectrometer (600 MHz, JEOL) at a Larmor frequency of 119 MHz. The spin
rate used to obtain the spectra was 18 kHz. The frequency of the spectra is expressed with

respect to an aqueous TSP (sodium trimethylsilyl propionate) standard solution.
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3.2.5 Ethylene Oxidation with a Fixed-Bed Flow Reactor

The catalytic oxidation of ethylene was performed in a stainless steel tubular fixed-bed
flow reactor (inner diameter of 4 mm) under atmospheric pressure (Figure 2.1). Each catalyst
in the granular form (0.40 g, 355-500 um) was loaded in the reaction tube and pretreated at
150 °C for 2 h under He flow (40 mL/min). A gas mixture consisting of C2Hs (50 ppm), O2
(20 vol%), N2 (5 vol %) and He (balance) was fed to a catalyst bed at 0 °C using mass flow
controllers under an ambient pressure at a space velocity (SV) of 1500 mL h*g?. The outlet
gases collected at every 10 min were analyzed using an online gas chromatograph (Agilent
3000 A Micro GC) with thermal conductivity detector (TCD). The GC was equipped with
two packed columns (Molecular sieves 5 A (10m) and Plot U (8m), GL Sciences) to detect
C2H4 and CO2 and the detection limit of C2Hs was 0.1 ppm. Water vapor was added to the
gas mixture to examine the influence of water formed during the reaction on catalytic activity
of Pt/SBA-15 (Figure 2.1). The reactant gas mixture containing water vapor (0.86%) was fed
to a catalyst-bed (67 mg, Pt/SBA-15) at 28 °C with SV of 9000 mL g* h'%, in order to prevent
plugging the reactor with liquid water. Ethylene conversion (Xc2n4) and CO:2 yield (Ycoz)

were calculated by

Xc2na = ([C2Ha]intet-[C2Ha]outiet) x100/[C2Ha]intet

Yco2 = [CO2]outlet x100/2[ C2Ha]inlet

where [C2Ha]intet, [C2Ha]outiet, and [CO2]outiet are denoted as initial CoHa concentration, CoHs
concentration at the outlet of the reactor and CO> concentration at the outlet of the reactor,

respectively.
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3.3 Results and Discussion

3.3.1 Characterization of Supported Pt Catalysts

Hydrophobicity of silica supports SBA-15 and A380 was controlled by a simple
calcination treatment in air for 16 h to decrease the amount of hydrophilic silanol group and
in turn increase the hydrophobicity!8. The small-angle X-ray diffraction (XRD) patterns of
bare SBA-15 and Pt/SBA-15 in Figure 3.1(A) exhibited three characteristic diffractions
assignable to (100), (110) and (200) of two-dimensional hexagonal (p6mm) structure of
cylindrical mesopores.’® A change in the intensity and position of the original diffraction
peak was observed after the incorporation of Pt nanoparticles. This is probably due to
hydrogen reduction at high temperature (400 °C), which induces a slight change in the
periodicity and ordering of the mesopores. The presence of the three diffractions in Pt/SBA-
15(700) and Pt/SBA-15(800) as shown in Figure 3.1(A) indicates that ordered mesoporous
structure is preserved after calcination at 700 °C and 800 °C which is also shown in the TEM
images in Figure 3.2. Figure 3.2(A) and 3.2(B) show the images of SBA-15 in the direction
perpendicular to the pore axis and in the direction of pore axis respectively. The hexagonal
symmetry of the pores, like a honeycomb is observed (Figure 3.2(B)) along with the long

cylindrical rods in Figure 3.2(A).

The three diffractions in small-angle XRD are also visible for Pt/SBA-15(700) and
Pt/SBA-15(800) confirming the retention of the hexagonal structure which is in concordance
with the TEM image Figure 3.2(C). The high-angle shift of these diffractions compared to
that of Pt/SBA-15 was also observed in these calcined samples, which is attributed to the
decrease in periodic distance (lattice constant)?® of mesoporous structure??? by thermal

shrinkage of siloxane network.
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Figure 3.1. Low angle (A), high angle (B) XRD patterns of (a) SBA-15, (b) Pt/SBA-15, (c)
Pt/SBA-15(700), (d) Pt/SBA-15(800) and (e) Pt/SBA-15(900).
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Figure 3.2. TEM images of SBA-15 in the direction perpendicular to the pore axis (A),
SBA-15 in the direction of the pore axis (B) and SBA-15(800) (C).
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In contrast to these samples, Pt/SBA-15(900) has no intense diffractions in this region, which
suggests that degradation of original mesoporous structure takes place largely by the heat

treatment.

This change was also confirmed in N2 adsorption measurement. While Pt/SBA-15(900)
has a type-1V isotherm with a H1-type hysteresis loop, the total volume of adsorbed N3 is
smaller than those of other three samples as shown in Figure 3.3(A). The pore diameter is
also seen to decrease for the Pt supported mesoporous silica along with the increasing
calcination temperature (Figure 3.3 (B)). The structural parameters and catalytic activities of
the series of Pt/SBA-15 are summarized in Table 1. All XRD patterns in wide-angle region
(Figure 3.1(B)) have three characteristic diffractions at 40°, 46° and 67° that are assignable to

(111), (200) and (220) planes of metallic Pt with face-centered cubic lattice structure.?®
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Figure 3.3. Nitrogen adsorption-desorption isotherm (A) and NLDFT plot (B) of (a) Pt/SBA-
15, (b) Pt/SBA-15(700), (c) Pt/SBA-15(800) and (d) Pt/SBA-15(900).
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Figure 3.4. High angle XRD patterns (A) and N adsorption-desorption isotherms (B) of
Pt/A380 samples. (a) Pt/A380, (b) Pt/A380(700), (c) Pt/A380(800) and Pt/A380(900).

Pt/A380 calcined at different temperatures show characteristic diffraction peaks at (111),
(110) and (200) assigned at 40°, 46° and 67° belonging to the face centered cubic platinum as
shown in Figure 3.4(A). The N2 adsorption isotherm of Pt/A380 calcined at varying
temperature showed a type Il isotherm of pronounced hysteresis loop with no significant

change among each other.

Table 3.1 summarizes structural parameters of a series of Pt/SBA-15 and A380 samples.
Increase in calcination temperature of pristine SBA-15 tends to decrease continuously in
lattice constant of periodic mesoporous structure, BET surface area, mesopore volume, and
average mesopore diameter. Although mesoporosity of original SBA-15 was preserved in
Pt/SBA-15(700) and Pt/SBA-15(800), severe degradation by calcination at 900 °C caused
remarkable loss of BET surface area and mesopore volume. Therefore, Pt/SBA-15(900) can
be regarded as an aerosol rather than meosporous silica, due to smaller BET surface area and

mesopore volume than those of Pt/A380. In a series of A380, gradual but not marked
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decrease in BET surface area was observed along with the increase in calcination temperature.
This tendency is also attributed to thermal shrinkage of bulk silica particle. Average size of Pt
nanoparticle was evaluated by CO chemisorption. There was little difference in average Pt
size in each series of Pt/SBA-15 (6-9 nm) and Pt/A380 (4-5 nm). TEM analysis conducted for
Pt/SBA-15 and Pt/SBA-15(800) revealed the average size of the Pt nanoparticles inside the

mesopores to be 5.5 and 7.5 nm respectively (Figure 3.5).
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Figure 3.5. TEM image (A), (C) and particle size distribution (B), (D) of Pt/SBA-15 (A), (B)

and Pt/SBA-15(800) (C), (D).
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Table 3.1. Structural parameters and catalytic activity of Pt/SBA-15 and Pt/A380 samples.

Catalytic activity in
SBETa Vmesob D mesoc DPte OLf

the steady state?
/m?gt /mLg' /nm /nm /nm

Conv." (%) Yield' (%)

SBA-15 889 1.10 13.8 - - - -
Pt/SBA-15 867 1.0 127 69 114 30 16
Pt/SBA-15(700) 723 0.89 117 59 112 39 18
Pt/SBA-15(800) 572 0.76 101 92 100 45 28
Pt/SBA-15(900) 252 0.30 690 73 94 31 15
A380 377 0.40 N.D.¢ - - - -
Pt/A380 392 039 NDY 43 - 30 11
Pt/A380(700) 325 032 NDY 48 - 35 16
Pt/A380(800) 313 0.32 N.D.9 49 - 35 17
Pt/A380(900) 240 026 NDY 48 - 37 18

3BET surface area, "mesopore volume estimated by the BJH equation, Average diameter
estimated by NLDFT, 9Not determined, ®Average size of Pt nanoparticle estimate by CO
pulse method, flattice constant of periodic mesoporous structure estimated by a = (2x
d(100))/ V3, 9Reaction conditions: Pt loading, 1.8 wt%:; SV, 1500 mL h™* g*; Catalyst weight,
0.40 g; Reaction time, 300 min; C2Hs, 50 ppm; O2, 20 vol%; N2, 5 vol%; He, balance,
hEthylene conversion at 300 min, 'CO; yield at 300 min
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3.3.2 Control in Hydrophobicity of SBA-15 for Ethylene Oxidation

Hydrophobic nature of Pt/SBA-15 and Pt/A380 samples with various calcination
temperatures was evaluated by H>O adsorption measurement at 25 °C. Figure 3.6 shows H>O
adsorption isotherms of supported Pt catalysts listed in Table 3.1. Because of large difference
in BET surface area among these catalysts, the amount of adsorbed H>O in y-axis was
normalized with their surface areas. All isotherms in Figures 3.6(A) and (B) are classified
into type-111 where they are based on weak adsorbent (H.0)-adsorbate (silica) interactions®4%,
There was no large difference in the amount of H>O adsorbed in a whole P/Po range (Figure
3.6(B)), which means that surface property of A380 cannot be simply controlled by

calcination treatment in this temperature range.
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Figure 3.6. Water adsorption isotherms of Pt/SBA-15 (A) and Pt/A380 (B) samples calcined

at different temperatures at 25 °C. (a) Pt/SBA-15, (b) Pt/SBA-15(700), (c) Pt/SBA-15(800),
(d) Pt/SBA-15(900), (e) Pt/A380, (f) Pt/A380(700), (g) Pt/A380(800), (h) Pt/A380(900).
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Due to similar hydrophilic-hydrophobic property, catalytic activities of three calcined
samples Pt/A380(700), Pt/A380(800), and Pt/A380(900) were closely identical with that of
Pt/A380. On the other hand, hydrophobicity of SBA-15 was greatly changed with the

increase in calcination temperature (Figure 3.6(A)).

Change in hydrophobicity can be explained by two factors: one is the amount of adsorbed
H20 at P/Po = 0.40 (Figure 3.6(A) inset and Figure 3.7) and the uptake of adsorbed water at
ca. P/Po = 0.7-0.8. Focusing on the former parameter, it is apparent that the amount of
adsorbed H»>O decreases drastically with the increase in calcination temperature as shown in
Figure 3.7. A sharp increase observed at relative partial pressure of 0.7-0.8 is due to the

capillary condensation for all catalysts.

Pt/SBA-15
(700) _ 2.8

Pt/SBA-15

Pt/SBA-15
(900) F 1.1
0

2 4 6 8 10

The amount of water adsorbed at P/P, = 0.4
(mmol m2)

Figure 3.7. The amount of water adsorbed on Pt/SBA-15 samples calculated from

corresponding H>O adsorption isotherms at P/Po = 0.4.

The uptake of adsorbed H>O due to capillary condensation was continuously shifted to

large P/Po region with the increase in calcination temperature, which means that calcination
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of SBA-15 at higher temperature leads to the formation of more hydrophobic mesopores.
These two tendencies obtained from a series of Pt/SBA-15 catalysts clearly indicate that
calcination treatment at high temperature creates hydrophobic silica surface that enhances

desorption of physisorbed water.

3.3.3 Ethylene Oxidation over Pt/support at 0 °C

We conducted ethylene oxidation with Pt/SBA-15 and Pt/A380 calcined at varying
temperatures as shown in Figure 3.8 and 3.9 respectively. 50 ppm of ethylene was introduced
to the catalyst bed at 0 °C along with N2 (5 %), O2 (20 %) and He (balance). The time for
100% conversion of ethylene was retained for all the Pt/SBA-15 calcined at different
temperatures. At steady state, both the conversion of ethylene and yield of CO> were highest
for Pt/SBA-15(800) whereas, the Pt/A380 (700, 800 and 900) showed no significant change
in the conversion and yield. This shows high calcination temperature of mesoporous silica
plays a role in increasing the catalytic activity. Owing to the high catalytic activity during
steady state, ethylene oxidation of Pt/SBA-15(800) in the absence and presence of water
vapor was carried out to elucidate the effect of hydrophobic property of calcined SBA-15

surface.
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Figure 3.8. Time courses for ethylene conversion (A) and CO: yield (B) over Pt/SBA-15
samples calcined at different temperatures. Reaction conditions: Pt/SBA-15 0.40 g (Pt 1.8
wt%), C2Hs 50 ppm, Oz 20%, N2 5%, He balance, SV 1500 mL h g?. (a) Pt/SBA-15, (b)
Pt/SBA-15(700), (c) Pt/SBA-15(800), (d) Pt/SBA-15(900).
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Figure 3.9. Time courses for ethylene conversion (A) and CO: yield (B) over Pt/A380
samples calcined at different temperatures. Reaction conditions: Pt/SBA-15 0.40 g (Pt 1.8
wt%), C2Ha 50 ppm, Oz 20%, N, 5%, He balance, SV 1500 mL ht g. (a) Pt/A380, (b)
Pt/A380(700), (c) Pt/A380(800), (d) Pt/A380(900).
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3.3.4 Effect of H20 Vapor on Catalytic Activity

Figure 3.10 shows time courses for ethylene conversion and CO> yield over Pt/SBA-
15(800) at 28 °C. As observed for Pt/SBA-15, reversible deactivation-recovery phenomenon
of steady-state activity was also obtained with Pt/SBA-15(800) depending upon the absence
or presence of water vapor in the reaction vessel. Even though similar phenomenon happened
in both catalysts, Pt/SBA-15(800) exhibited always higher catalytic activity than Pt/SBA-15
in terms of both conversion and yield. After the activity of these two catalysts became
constant at 16 h, addition of water vapor (0.86%) in reactant gas mixture caused drastic
decrease in their catalytic activities. Pt/SBA-15(800) is clearly superior to Pt/SBA-15 in the
recovery of both conversion and yield more smoothly after stopping the supply of water
vapor. This is direct evidence that hydrophobic silica surface of SBA-15 plays a decisive role
for desorption of physisorbed water leading to efficient ethylene oxidation with Pt

nanoparticle.
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Figure 3.10. Effect of addition of water vapor on ethylene conversion (A) and CO yield (B)
of Pt/SBA-15 and Pt/SBA-15(800). Reaction conditions: Pt/SBA-15 0.067 g (Pt 1.8 wt%),
C2H4 50 ppm, O 20%, N2 5%, He balance, SV 9000 mL h't g%, water vapor 0.86%, reaction
temperature 28 °C.

3.3.5 Study of 2°Si NMR Spectroscopy

Water adsorption provided direct information for water affinity to silica surface among
SBA-15 and A380 samples before and after calcination. A comprehensive study on the
relationship between water affinity to silica surface and condensation of silica network is
required to further understand the difference in detail between SBA-15 and A380 as a silica
support in ethylene oxidation. Condensation of silica network was quantitatively evaluated
with the proportion of Qs species to the sum of all Q sites (Qx+ Qs+ Qs) where Q-
(Si(OH)2(0Si)2), Qs (Si(OH)(0Si)s), and Qa4 (Si(OSi)a) sites?® were calculated from 2°Si MAS

NMR spectra of the samples.
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Figure 3.11. 2°Si MAS NMR spectra of Pt/SBA-15 (A), Pt/SBA-15(800) (B), Pt/A380 (C),
and Pt/A380(800) (D). Q2, Qs, and Qa represent Si(OH)2(0Si)2, Si(OH)(OSi)s and Si(OSi)4
respectively.

Table 3.2 summarizes catalytic activities and contents of Q sites for four representative
samples (Pt/SBA-15, Pt/SBA-15(800), Pt/A380, and Pt/A380 (800)) and for spent and
regenerated Pt/SBA-15(800). Three Q resonances can be identified in 2°Si MAS NMR

spectra of the supported Pt catalysts by a curve fitting technique (Figures 3.11 and 3.12).
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Figure 3.12. °Si MAS NMR spectra of Pt/SBA-15(800)-Spent (A) and Pt/SBA-15(800)-

Regenerated (B).

Table 3.2. Surface areas, Q contents, and catalytic activities of Pt/SBA-15 and Pt/A380

samples
Sget Q content® (%) Catalytic activity®
/m?g?
Q2 Qs Q4 Conv.®  Yield®
(%) (%)
Pt/SBA-15 867 3.2 22.2 74.7 30 16
Pt/SBA-15(800) 572 0.0 15.1 84.9 45 28
Pt/SBA-15(800)-Spent - 00 148 852 - -
Pt/SBA-15(800)- - 0.0 14.9 85.1 - -
Regenerated
Pt/A380 392 1.7 28.5 63.8 30 11
Pt/A380(800) 313 0.0 26.5 73.5 35 17

3BET surface area, "mesopore Q contents of silica-supported Pt catalysts where Q2, Qs and Qa4
represent Si(OH)2(OSi)2, Si(OH)(OSi)s, Si(OSi)srespectively. ‘Reaction conditions: Pt/SBA-
15 0.40 g (Pt 1.8 wt%), C2H4 50 ppm, O2 20%, N2 5%, He balance, SV 1500 mL h* g*.
dEthylene conversion at 300 min, °CO; yield at 300 min.
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Qs site of both supports increased as a result of the decrease in Q2 and Q3 sites by thermal
condensation at 800 °C (Scheme 3.1). High hydrophobicity of silica surface can be
interpreted by the increase in Q content, because water molecules are preferably adsorbed on
hydrophilic SiOH group. In the case of SBA-15, increase in both ethylene conversion and
CO; yield is correlated with Q content, which is well consistent with the result of H,O
adsorption experiment as discussed above. Ethylene oxidation with water vapor (Figure
3.10(A)) indicated that hydrophobic environment of Pt/SBA-15(800) contribute dominantly
to the increase in original activity of Pt/SBA-15. The spent and the regenerated Pt/SBA-
15(800) have similar Q2, Qz, and Qa4 contents to fresh Pt/SBA-15(800) as shown in Figure
3.12 and Table 3.2. This confirms that in-situ formation of H,O molecules during the reaction
have no direct effect on the change in the density of hydroxyl group on the silica surface. In
contrast, no large improvement was obtained for Pt/A380 samples whereas further

condensation was also evidenced by the increase in Qs site.
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Scheme 3.1. Condensation of silanol groups of silica network of SBA-15 for the formation of

siloxane groups.
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Distinctive hydrophobicity of Pt/SBA-15(800) contributing to high activity for ethylene
oxidation can be explained by surface area and mesoporous structure. Assuming that Qs sites
are mainly distributed as a defect site on the surface, SIOH density of Pt/SBA-15(800) has to
be much smaller than that of Pt/A380(800), due to large surface area derived from
mesoporous structure and small Qs content (Table 3.2). Moreover, it can be reasonably
speculated that most of Pt nanoparticles in average size of ca. 7.5 nm are immobilized inside
mesopores (ca. 10 nm) and tightly surrounded three-dimensionally with hydrophobic silica
wall, as compared to Pt/SBA-15 with hydrophilic silica wall, as shown in Schemes 3.2(A)
and 3.2(B). In-situ generated water on the Pt particles is smoothly released from Pt surface
and subsequently discharged to the outside of hydrophobic mesopore by such unique
environment (Scheme 3.2(B)). Rapid desorption of water molecules from Pt surface then
enhances overall ethylene oxidation, which affords large conversion and CO; vyield. In
contrast, Pt nanoparticles are simply dispersed on flat SiO> surface in the case of Pt/A380
(Pt/A380), and therefore no significant effect for water removal even if hydrophobicity of
silica network slightly increases by calcination treatment (Scheme 3.2(B)). Based on these
results, the combination of hydrophobic silica surface and mesoporous structure is highly

beneficial for the development of a highly active Pt catalyst for this reaction.
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Hydrophilic Pt/SBA-15 Hydrophobic Pt/SBA-15 (800)
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Scheme 3.2. Schematic structure of Pt/SBA-15 (A), Pt/SBA-15(800) (B) and Pt/A380(800)
(C) during oxidation of trace ethylene at 0 °C.

3.4 Conclusions

Supported Pt catalysts with hydrophobic SBA-15 supports calcined at 700 and 800 °C
showed higher ethylene conversion and CO; yield than original Pt/SBA-15 catalyst whereas
calcination treatment was not effective for non-ordered SiO; support. This enhancement can
be explained by hydrophobic mesopores: water molecules formed on Pt nanoparticles tightly
incorporated into hydrophobic mesopores are released outside the mesopores, which prevents

Pt sites from deactivation with water.
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Chapter 4

Chapter 4: Kinetics and In-situ FTTR Study of Ethylene Oxidation over

Platinum Supported SBA-15 Catalyst

4.1 Introduction

Platinum is recognized to be one of the active metals for the oxidation of petroleum-
derived hydrocarbons in chemical industry over the years.}? Ethylene oxidation with a
heterogeneous catalyst is an important topic in the field of storage and transportation of fresh
vegetables, fruits, and flowers, etc., because trace amount of ethylene released in a closed
container promotes their undesirable ripening. Our group has reported that a heterogeneous
catalyst, MCM-41-supported Pt nanoparticles, decompose trace ethylene in the ppm level to
CO2 at 0 °C.2 Due to a long-term activity and a high stability, the supported Pt catalyst is now
commercialized in 2015 for the new refrigerators released by HITACHI appliance Co. Ltd., a
household appliances manufacturer. In-situ measurement of MCM-41 supported Pt catalyst
under the reaction conditions using diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT) proposed the presumable reaction pathway in this system: ethylene
can be converted to CO2 and H20 via formaldehyde (HCHO) and carbon monoxide (CO) in
the presence of molecular oxygen as an oxidant, and formic acid is recognized as a by-
product. However, a lot of concerns still remained unresolved. For example, CO as an
intermediate generally blocks active Pt surface through the formation of stable CO-Pt adduct.
As mentioned in the previous chapter, physisorption of water molecules formed by complete

ethylene oxidation also results in the decrease in original activity of Pt nanoparticles.
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In this chapter, two useful techniques were applied to the characterization of reaction
phenomenon using SBA-15 supported Pt catalyst (Pt(1.8 wt% and 10 wt%)/SBA-15). One is
kinetic modeling using a fixed-bed flow reactor. The reactions were conducted systematically
by changing Space Velocity (SV = 3000-7500 mL h g1) and reaction temperature (0-40 °C),
in order to evaluate ethylene conversion and CO: yield at the steady state. These data are
useful to estimate apparent activation energy of the overall reaction with the Kkinetics
modeling of pseudo-first order reaction. The oxidation of trace CO (100 ppm) with large SV
(7500 mL h?t g1) was also performed in a range of reaction temperatures (0-40 °C) to
compare the difference in the reaction rate between ethylene and CO oxidation. Turnover
frequency (TOF) value based on Pt loading in ethylene oxidation was compared to that in CO
oxidation, which provides us with simple prediction on whether CO oxidation is the rate-
determining step for ethylene oxidation or not. CO oxidation was also performed in the
presence of water vapor at 0 °C to understand the effect of physisorbed water on the activity
of Pt nanoparticles. Another technique is in-situ measurement of ethylene oxidation on
Pt/SBA-15 by FTIR. Reaction dynamics of the ethylene oxidation can be proposed based on
the change in band intensities of intermediates adsorbed on solid surface. A close circulation
system and a gas-flow system equipped with an IR cell were used in FTIR measurement
where the latter is a batch-type reactor. The author also observed the decomposition
phenomena of some possible intermediates such as HCHO, HCOOH, and CH3COOH on

Pt/SBA-15 in the absence and presence of oxygen.
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4.2 Experimental

4.2.1 Ethylene Oxidation on Pt/SBA-15

Ethylene oxidation was carried out with SBA-15 supported Pt catalyst (Pt (1.8 wt%)/SBA-
15) using a fixed-bed flow type reactor as shown in Figure 4.1. The gas mixture of C2Hs (50
ppm), O2 (20%), N2 (5%) and He (balance) was fed to the catalyst bed (0.40 g). Space
velocity and reaction temperature changed from 3000 to 7500 mL g* h™! and from 0 — 40 °C
°C, respectively. All reactions were performed for 8 h to obtain steady-state activities. The
values for ethylene conversion and CO: yield were estimated by the following equations
where [C2Ha]intet, [C2Ha]outiet, and [CO2]outiet are C2Ha concentration at the inlet of the reactor,

C2H4 and CO- concentrations at the outlet of the reactor, respectively.
XeaHe = ([C2Ha]in—[C2H4]out) 100/[C2H4]in

Yco. = [CO2]out X100/2[C2Ha]in

4.2.2 CO oxidation by Mesoporous Silica Supported Pt Catalyst

Similar to the ethylene oxidation, CO oxidation was carried out using a fixed-bed flow
reactor as shown in Figure 4.1. The granular catalyst (0.40 g) in the reactor was pretreated at
150 °C for 2 h under continuous flow of He (40 mL/min). Reaction gas mixture of CO (100
ppm), O2 (20%), N2 (5%) and He (balance) was fed to the catalyst bed at 0 °C using mass
flow controllers under an ambient pressure at an SV of 1500 mL h*g™2. Atan SV of 7500 mL
h* g* the oxidation was carried out at 0 — 40 °C. The reactant and products after the reaction
was also conducted by GC. The values of CO conversion and CO; yield were estimated after

8 h of the reaction where the reactions reached the steady state.
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Water vapor was added to the gas mixture using a saturator (Figure 4.1) to examine the
influence of water formed during this reaction. A gas mixture containing water vapor (0.61%)
was supplied to the catalyst-bed (Pt/SBA-15, 0.40 g) at 0 °C with an SV of 1500 mL h* g,
The values for CO conversion and CO; yield were estimated by the following equations
where [COlintet, [CO]Joutiet, and [CO2]outiet are CO concentration at the inlet of the reactor, CO

and CO. concentrations at the outlet of the reactor, respectively.

Xco = ([CO] inlet_[CO] outlet) X 100/[00] inlet

YCOZ = [COZ]out xlOO/ [CO]m

Thermocouple

i

- Ethanol Bath

Mass Flow Catalyst
Controllers —1 — 350-500 um

4 > Micro GC
Bypass Line

Figure 4.1. Schematic representation of the flow reactor used in low temperature ethylene

oxidation.

4.2.3 HPLC and 'H NMR Study

0.40 g of 1.8% Pt/SBA-15 was used in ethylene oxidation under the flow of CzHs (50

ppm), O2 (20%), N2 (5%) and He (balance) at 0 °C and the spent catalyst was stirred in 3 mL
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of water for 1.5 h to extract intermediates and spectators stabilized on catalyst surface. The
filtrate was analyzed using high performance liquid chromatography (HPLC; Prominence,
Shimadzu) with refractive index detector. The HPLC apparatus was equipped with an
Aminex HPX-87H column (Bio-Rad Laboratories) and used at 35 °C with 5 mM H2SO4 as an

eluent at a flow rate of 0.5 mL minL.

The same extraction was conducted with 2 mL of D.O under Ar bubbling. The extracted
solution was isolated by centrifugation at 3500 rpm, and then analyzed using H nuclear

magnetic resonance (NMR) (Jeol, ECX 400, 32 scans).

4.2.4 In-situ FTIR Spectroscopy Measurements

Ethylene oxidation was carried out over Pt (10 wt%)/SBA-15. 0.02 g of a catalyst in the
pellet form was put in an IR cell connected with a gas-flow system, as shown in Figure 4.2.
After heat treatment of the sample at 200 °C for 2 h under He flow, a gas-mixture of CoHa
(200 ppm), O2 (20%) and He (balance) was introduced to the catalyst at 0 °C for 60 min. The
reaction continued under He flow containing only O2 (20%). The spectra were collected
during the reaction using PerkinElmer Spectrum 100 (resolution 4 cm™, integration 64

times).
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10 wt% Pt/SBA-15
(0.02 g)

Figure 4.2. Schematic representation of the DRIFT and flow reactor used in low temperature

ethylene oxidation.

In the case of FTIR study using a batch system, the pellet of Pt (10 wt%)/SBA-15 (0.02 g)
was pretreated in an IR cell connected to batch reactor (Figure 4.3) at 200 °C for 2 h under
vacuum. Reaction gas of C2H4 700 ppm, O2 20% and He (balance) was prepared using a
pressure gauge. The purity of oxygen and helium used in this experiment was 99.9999%. The
pressure in the reactor was 30 kPa. The reaction in the IR-cell was performed at 30 °C. FTIR
spectra during the reaction were taken using Jasco FT / IR 6600 (MCT, resolution 4 cm™,

integration 64 times).
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Figure 4.3. Schematic representation of a closed circulation system connected with an IR

cell.

4.2.5 Decomposition and Oxidation of Formaldehyde, Formic acid and Acetic acid

The FTIR system in Figure 4.3 was also used as a batch reactor for the decomposition and
oxidation of HCHO, HCOOH, and CH3COOH with Pt (10 wt%)/SBA-15. The three
compounds are regarded as intermediates and/or spectator in ethylene oxidation. The catalyst
in the pellet form was placed into the IR cell and heated at 200 °C for 2 h under vacuum to
remove the physisorbed water. HCHO decomposition was performed at 30 °C with He
containing a tiny amount of HCHO (3200 ppm). HCHO oxidation was conducted at the same
temperature with the mixture of He (80%) and O2 (20%) in the presence of HCHO (3200
ppm). FTIR spectra during the reactions were taken using Jasco FT/IR 6600. HCHO was
obtained by thermal decomposition of paraformaldehyde under vacuum in both cases.
Decomposition and oxidation of HCOOH (1500 ppm) and CH3COOH (700 ppm) were also

performed under the same conditions as the case of HCHO.
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4.3 Results and Discussion

4.3.1 Reaction Kinetics Study using a Fixed-Bed Flow Reactor

Reaction kinetics of Pt (1.8 wt%)/SBA-15 in the oxidation of trace ethylene was studied
with a fixed-bed flow reactor. First the reaction was conducted at various temperatures (0, 10,
20, 25, 30, 35, 40 °C) and SV (3000, 4500, 6000 and 7500 mL h* g%). The reactions were
continued for 8 h to obtain the steady state activities. Figures 4.4(A)-(D) shows the
dependence of ethylene conversion and CO2 on reaction temperature in various SV
conditions. It is observed that the ethylene conversion and the CO. yield monotonically
increased with reaction temperature. In all reactions a large amount of O> was used with
respect to ethylene. When the values of ethylene conversion in the form of In(1-x) were
plotted against the values of contact time (W/F), a linear line can be obtained at each
temperature (Figure 4.4(E)), which means that this reaction can be assumed as a pseudo-first
order reaction. The reaction rate constants at all temperatures can be estimated from the

following equation (4.1) and they are summarized in Table 4.1.

In(1—x) = —k'¥ 4.1
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Figure 4.4. Conversion of ethylene and yield of CO as a function of temperature over
Pt/SBA-15 at varying space velocities: SV=3000 mL h™* g (A), SV= 4500 mL h* g1 (B),
SV=6000 mL h?* g (C) and SV=7500 mL h! g* (D). Dependence of ethylene conversion
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Table 4.1. Rate constant, k of ethylene conversion

k(Lg™s™)
Ko 4.61x10°
k1o 9.74x10°
k2o 1.80x10™
kos 5.03x10*
k3o 6.54x10™
kss 9.47x10*
Kao 1.93x1073

Chapter 4

These values in Table 4.1 can be used for the estimation of apparent activation energy of the

reaction with the Arrhenius equation (4.2),

ke = AeFalRT

4.2

where A, Ea, R, and T are the pre-exponential factor, activation energy, the gas constant, and

temperature, respectively.

The apparent activation energy was calculated to be Ea = 66 kJ/mol. In the previous paper

HCHO and CO are regarded as possible intermediates in the current reaction system. Since

the formation of ethylene oxide (epoxidation) and acetic acid from ethylene using a supported

Ag and Pt catalysts through partial oxidation gave 60.7 kJ mol* (210 — 270 °C)* and 75 kJ

mol™ (77 — 127 °C)® respectively. These activation energies are almost comparable to that the

author estimated in this study, but reaction temperature of our study is quite low. This

strongly suggests none of these two reactions taking place in the author’s system.
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4.3.2 Low Temperature Oxidation of CO and Effect of Water Vapor

In our previous study employing the in-situ DRIFT measurement of ethylene oxidation
over Pt/silica at 50 °C, it was assumed that reaction proceeds via CO oxidation as the rate
determining step of the reaction.® Hence CO oxidation was carried out under the similar

conditions at 0 — 40 °C and an SV of 7500 mL h* g%,

100 ® - <
[ ] L ] . :
®
80 A ® CO
E [ ] COZ
2
p 1
% 60
c
(1]
5
E’ 40 -
Q
>
c
8 20 1
]
0 . ; ,
0 10 20 30 40

Reaction temperature (°C)

Figure 4.5. Conversion of CO and yield of CO2as a function of temperature over Pt/SBA-15
at SV=7500 mL h! g1. Reaction condition: Pt/SBA-15 0.40 g (Pt 1.8 wt%), CO 100 ppm,
02 20%, N2 5%, He balance, SV 1500 mL ht g*.

Figure 4.5 shows CO conversion and CO- yield at 8 h at various temperatures. Pt/SBA-15
can oxidize CO at 0 °C, and its activity (CO conversion, ca. 12%) is superior to that in
ethylene conversion (see Figure 4.3(D)). CO conversion reached more than 99% at > 0 °C
(Figure 4.5) whereas ethylene conversion at 40 °C was ca. 50% (Figure 4.3(D)). Therefore,

the rate for CO oxidation to CO> is much faster than that of overall ethylene oxidation and
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CO oxidation is not the rate determining step in low-temperature oxidation of trace ethylene
using mesoporous silica-supported Pt catalyst.
CO oxidation was also carried out at a low SV of 1500 mL h* g at 0 °C in the presence

and absence of water vapor.

120

100

80

60

m ¢ Dry condition

40

m ¢ Wet condition

Conversion and yield (%)

20

O T T T
0 50 100 150 200

Time on stream (min)

Figure 4.6. Time courses for CO conversion (square) and CO: yield (diagonal) over
Pt/SBA15 in dry (black symbols) and wet condition (red symbols). Reaction conditions:
Pt/SBA-15 0.40 g (Pt 1.8 wt%), CO 100 ppm, Oz 20%, N2 5%, He balance, SV 1500 mL h?
g, T 0 °C, water vapor 0.86%.

Pt/SBA-15 kept complete CO conversion for 180 min in both dry and wet conditions. The
difference between the conversion and yield might be due to adsorption of CO on the catalyst
surface since CO oxidation does not involve any intermediates in its reaction pathway and
total amount of CO introduced within 180 min is too small compared to Pt content in the
catalyst bed. No significant effect of water vapor was observed in terms of CO conversion
and COg yield although physisorption of water vapor on catalyst surface results in the steep

decrease in original activity in ethylene oxidation (Figure 3.10). CO oxidation is not affected
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by water vapor, which is consistent with the previous report using a supported Pt catalyst.5’
The turnover frequency (TOF) for the CO oxidation at a steady state (Figure 4.6) is calculated
to be 0.4 ht which is almost twice that of ethylene oxidation at the steady state (5 h) in
Figure 2.3 of Chapter 2 (TOF = 0.2 h™!). Metallic Pt is generally deactivated with CO;
however, the oxidation of trace CO with a supported Pt catalyst proceeds smoothly without

decrease in original activity even at low temperature.

In previous reports, ethylene epoxidation over Ag-Cs/a-Al,Oz catalyst at a range of
temperature of 210-270 °C showed an apparent activation energy of 60.7 kJ/mol.* The
apparent activation energy for ethylene oxidation over Pt/SBA-15 at a range of 0 — 40 °C was
66 kJ/mol which is in reality very low based on the reaction temperature when compared to
that of epoxidation reaction. Hence, from this it can be concluded that ethylene oxidation
does not proceed through the formation of epoxide on the catalyst surface. The possibility of
the stabilization of formate as well acetic species at lower temperature reaction is high, so the
small yield of CO- obtained during oxidation of 50 ppm of ethylene at 0 °C could be formed
via formation of formic acid which in turn converts to CO,. For increasing reaction

temperature, other pathways are also activated which would show higher catalytic activity.

4.3.3 HPLC and *H NMR Study

In Section 2.3.2 of Chapter 2, it was described that ethylene conversion is not equal to CO>
yield in ethylene oxidation at 0 °C over 1.8% Pt/SBA-15. This difference may be attributed to
the formation of intermediates species that are adsorbed on catalyst surface. The mass
balance was finally satisfied by a simple heat treatment under inert atmosphere where the
stabilized intermediate species were desorbed in the form of CO,. For clarification of the

presence of carbon species on catalyst surface, surface species of spent catalyst was extracted
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using water. The spent catalyst in water was stirred for 2 hours, centrifuged and filtered. The
filtrate was analyzed with HPLC, which revealed the presence of acetic acid. This was also

confirmed using *H NMR spectroscopy as shown in Figure 4.7.

=
c
D
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S— = H\ //O =
>
= H—C—C
7] D,0O / \
o H OH
=]
£
Extracted solvent Jl
1 1 1
10 8 6 4 2 0

Chemical Shift (ppm)

Figure 4.7. 'H NMR spectra of extracted filtrate of washed catalyst and pure acetic acid as a

reference.

The extracted filtrate was mixed with D,O used as solvent and its *H NMR spectrum was
recorded. The large peak at 4.8 ppm was assigned to that of D>O which was used as a solvent.
The a-Hs of the acetic acid gave rise to a singlet at 2.0 ppm which is similar to that of pure
acetic acid in D20.8 This showed that acetic acid was present on catalyst surface even after
the reaction and it could be a potential spectator instead of intermediates. However
quantification of amount of acetic acid collected from the catalyst surface is difficult since the
5 hour ethylene oxidation reaction gave rise to such low amount of acetic acid as spectator
that it was way below the detection limit. Hence the reaction was carried out for longer time

(24 h in this case) to collect the surface stabilized acetic acid. Hence, in-situ FTIR study is
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done in the next sections to reveal the intermediate species and further confirm the presence

of acetic acid on catalyst surface.

4.3.4 In-situ FTIR Study of Ethylene Oxidation over Pt/SBA-15 at 0 °C in an IR cell

Equipped with a Gas-flow System

In order to preliminarily study the surface species during ethylene oxidation at 0 °C, the
reaction was performed with Pt(10 wt%)/SBA-15 in an IR cell equipped with a gas-flow
system, as shown in Figures 4.2. In the flow system, a mixture of ethylene (200 ppm), O>
(20%), and He (balance) was fed to the pellet of Pt/SBA-15 placed in the IR cell at 0 °C, and
FTIR spectra were taken during the course of the reaction. After 60 min of the reaction, the
supply of ethylene gas was stopped and the catalyst was heated at elevated temperatures in O
(20%), and He (80%) flow. Figure 4.8 shows difference FTIR spectra of Pt(10 wt%)/SBA-15
during the reaction ((a)-(e)) and during the heat treatment in He(balance) and O2(20%) flow
at elevated temperatures ((f)-(h)) where bare FTIR spectrum of pretreated Pt(10 wt%)/SBA-
15 (He flow, temperature: 200 °C, time: 2 h) was used as the background of these spectra.
Two positive bands were visible for OH stretching (3500-3000 cm?) and OH bending (1600
cm™) modes, due to the formation of water molecules that were stabilized mainly on silica
surface. There are two shoulder peaks contained in the bending mode at around 1705 and
1577 cm™. Additional two broad but weak bands were observed at ca. 2050 cm™ and 1400
cm, and their intensities are gradually increased with time during the reaction ((a)-(e)).The
former band can be assigned to linear CO species on Pt surface. The latter is strongly related
to two shoulder bands mentioned above and a series of the bands is due to carbonyl or

carboxylic acid group in some intermediates.
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Figure 4.8. Oxidation of ethylene at 0 °C over Pt/SBA-15 followed by flow of O, and
heating under the flow of O, at ranges of 3600-2600 cm™ (A), 2200-1800 cm™ (B) and 1800-
1250 cm™ (C). Reaction condition: Pt/SBA-15 0.02g (Pt 10%), C2H4 200 ppm, Oz 20%, He

balance.

When the catalyst was heated under the flow of O> and He at elevated temperatures, the
intensities of OH stretching and bending modes decreased due to the desorption of
physisorbed water. Focusing on the behavior of Pt-CO band (2050 cm™) with time and
temperature, the heat treatment accompanies the decrease in the band intensity of the linear
Pt-CO band and the increase in the new band for bridged CO-Pt species at 1938 cm™. The
latter band was likely formed from the pre-formed linear Pt-CO species by surface
rearrangement or through the decarbonylation of some possible intermediates such as HCHO,

HCOOH, and CH3COOH.

In order to discuss the carbonyl-related compounds stabilized on catalyst surface, the
intense and asymmetric band centered at 1600 cm™ in spectrum (e) was fitted with four bands
(Figure 4.9). The bands at 1710, and 1639 cm™ are assignable to C=0 stretching and
asymmetric COO stretching modes of acetic acid and acetate, respectively. This assignment
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can be directly supported by the previous experiment described in 4.3.3, because acetic acid
(and acetate) can be identified as an intermediate or spectator by HPLC measurement. Along
with this assignment, the band at 1410 cm™ is successfully assignable to symmetric COO
stretching mode of acetate. Aside from the OH bending mode of physisorbed water at 1629
cm?, the band at 1574 cm™ can be attributed to asymmetric COO stretching mode of formate
species, because the formation of formate species also gives another band for the symmetric
COO stretching mode that can be also obtained at 1333 cm™ in the same spectrum. HCHO
can be easily oxidized to formate or CO as shown below (see 4.3.5), so that the possibility of
HCHO formation can be excluded in these assignments. There are no information about C-H
stretching modes generally appearing at 3000-2800 cm™. Therefore, next ethylene oxidation
was performed with a concentrated gas mixture (ethylene, 700 ppm) using an IR cell

connected with a batch reactor to monitor the change in the bands in this region during the

reaction.
0.08
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Figure 4.9. Deconvolution of Spectrum (e) of Figure 4.11(B).
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4.3.5 In-Situ FTIR Study of Ethylene Oxidation over Pt/SBA-15 at 30 °C

FTIR measurement was also conducted with an IR cell connected with a close-circulating
system (Figure 4.3). This system can be regarded as a batch reactor that can be useful for
identifying the formation of the intermediates on the catalyst surface using a concentrated
ethylene gas mixture (700 ppm). Ethylene oxidation was carried out with a mixture of
ethylene (700 ppm), O2 (20%) and He (balance) over Pt/SBA-15 at 30 °C to confirm IR
bands in C-H stretching region of possible intermediates as already observed in Figure 4.10.
IR spectra were taken at 5, 15, 30, 60, 90, and 120 min where the FTIR spectrum of
pretreated Pt/SBA-15 was used as the background. Figure 4.10(A) shows difference FTIR
spectra at each temperature. As observed in Figure 4.10(B), same phenomenon was obtained
in 3800-2800 cm™ (OH-stretching band), in 2100-1950 cm™ (Pt-CO bands), and 1800-1300

cm™ (OH-bending and CO/COO stretching modes of acetate/acetic acid/formate).

Focusing on C-H stretching region, there are several weak bands at 2997, 2944, and 2888
cm. Based on the possible intermediates observed in Figure 4.9, the bands at 2997 and 2888
cm™ can be assigned to CH stretching modes of formate species.®!! These species could be
oxidized further to CO + Hz or CO2 + H>0 in the presence of O,. A very weak band at 2944
cm™ was likely due to C-H stretching mode of methyl moiety in acetic acid adsorbed on
Pt/SBA-15.12 The absence of the band in 3100-3000 cm™ region predicts that HCHO as a

highly reactive intermediate cannot be detected by FTIR measurement.
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Figure 4.10. Time-dependent IR spectra for ethylene oxidation (A) and magnified FTIR
spectra from 3000 to 2800 cm™ (B) on 10% Pt/SBA-15 at 30 °C. C2H4 700 ppm, O2 20%, He
80%.

4.3.6 In-situ FTIR Study of Formaldehyde, Formic Acid and Acetic Acid Oxidation over
Pt/SBA-15

Formaldehyde was considered as an intermediate during ethylene oxidation. To confirm
the presence of this intermediate, both formaldehyde adsorption and oxidation were carried
out on Pt/SBA-15 surface in combination with FTIR measurement at various reaction times
(Figure 4.11). After heat treatment of Pt/SBA-15 in He at 200 °C for 2 h to remove
physisorbed water, the catalyst was contacted with the vapor of p-formaldehyde at 30 °C in
pure He or in a mixture of Oz (20%) and He (balance) under atmospheric pressure. After
formaldehyde adsorption on the catalyst in He, one intense band appeared at 2074 cm that
can be due to linear Pt-CO species on Pt surface. Despite a lot of small bands present in the
spectra, they are negligibly small, which means that HCHO is readily converted to CO even

in the presence of oxidant (O2) maybe through decarbonylation path. In the case of the
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mixture of O, and He, the Pt-CO band disappeared completely within 30 min, and only
intense band for OH bending mode was observed at 1600 cm™. Therefore, HCHO can be
smoothly oxidized to CO: via the formation of CO in the presence of O2. No specific bands

for formate species indicate that formate/formic acid formed in ethylene oxidation is formed

from HCHO.
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Figure 4.11. Time dependent FTIR spectra of formaldehyde adsorption in pure He (A) and in
a mixture of O2 (20%) and He (B) over Pt/SBA-15.

Next, same experiments were conducted using formic acid as a reactant. Figures 4.12(A)
and 4.12(B) show difference FTIR spectra of Pt/SBA-15 after adsorption of formic acid in
pure He and in a mixture of O, (20%) and He (balance). Formic acid adsorption in pure He
results in the formation of new bands for free formic acid and formate species (C-H
stretching mode of formate at 2945 cm™, two C=0 stretching modes for formic acid at 1801
and 1723 cm, and two COO stretching modes for formate at 1456 and 1358 cm™). The
presence of two intense band for Pt-CO (2071 cm™) and physisorbed water (1630 cm™)

indicates that CO can be formed from HCOOH through decarbonylation even in the absence
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of oxygen, in parallel with a simple oxidation of HCOOH to CO; and H20. The apparent
band intensity of H2O remained unchanged after 30 min, meaning that HCOOH oxidation
stopped after consumption of any oxidants (maybe O. and H20) in this system. In contrast,
most of HCOOH is immediately involved in complete oxidation to form CO2 and H2O in the
presence of Oz (Figure 4.12(B)), due to only small bands for Pt-CO at 2076 cm™. These
results indicate that formic acid formed in ethylene oxidation is not a spectator and directly

and easily converted to CO2 and H2O under the current reaction conditions.
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Figure 4.12. Time dependent FTIR spectra of formic acid adsorption (A) and oxidation (B)
over Pt/SBA-15.

Finally acetic acid adsorption was conducted with Pt/SBA-15 in a mixture of O2 (20%) and
H2. While HCHO and HCOOH are easily oxidized with Oz to form CO2 and H20, no
significant change in the intensities of all bands was observed within 120 min (Figure 4.13).
These bands are assignable to acetic acid (C-H stretching mode at 2944 cm™, C=0 stretching
at 1710 cm™ and C-O stretching at 1279 cm™) and acetate (COO stretching modes for acetate
at 1637 and 1407 cm™), as shown in Figure 4.14. A small band for Pt-CO in Figure 4.13
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suggests partial decomposition of these surface species via decarbonylation, but this reaction
is not preferable. Therefore, decomposition of acetic acid on Pt/SBA-15 is a very slow
reaction compared to other possible intermediates (CO, HCHO. And HCOOH), and acetic

acid itself can be considered as a spectator in ethylene oxidation.
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Figure 4.13. In-situ FTIR spectra of oxidation of acetic acid over Pt/SBA-15.
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Figure 4.14. Deconvolution of spectrum recorded at 120min from Figure 4.13 between range
of 2000-1200 cm™.
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4.3.7 Possible Mechanism

Based on all observations in this chapter, a possible pathway in the previous paper can be
successfully modified as shown in Scheme 4.1. Ethylene is adsorbed on metallic Pt
nanoparticles supported over meosporous SBA-15 and reacts with the atomic oxygen to form
CO2 and water via the formation of formaldehyde as a major route. Despite no direct
evidence for the formation of HCHO as an intermediate, HCHO undergoes oxidation to CO>
and H2O readily. HCOOH formation was only confirmed by FTIR measurement (Figure
4.12), but, it is also easily oxidized to CO2 and H>O. Due to smooth oxidation phenomenon,
partial oxidation or decarbonylation of HCHO to give the pair of CO and H>O are a minor
reaction path in the presence of O2. Therefore, ethylene oxidation has two pathways: the
complete ethylene oxidation to CO2 and water via the formation of HCHO, CO, and HCOOH
(major path) and the partial ethylene oxidation to acetic acid that is the spectator (minor path).
Formaldehyde, formic acid and formate could be assigned as the intermediates in ethylene
oxidation. In contrast, CH3COOH is the only compound that can be directly detected by
HPLC. Due to high stability toward aerobic oxidation with Pt/SBA-15, CH3COOH can be

regarded as a spectator in this system.
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Minor Pathway

Scheme 4.1. Possible pathways for ethylene oxidation on Pt/SBA-15.

4.4 Conclusions

Kinetic study using the flow system revealed the apparent activation energy of ethylene
over Pt/SBA-15 at a range of 0 — 40 °C was 66 kJ mol™ which was lower compared to
oxidation of ethylene to epoxide or acetic acid, showing that the current reaction is favorable
in such condition. CO oxidation over Pt/SBA-15 occurs readily compared to that of ethylene
oxidation showing that CO cannot be involved in the rate determining step during ethylene
oxidation at 0 °C. In addition to it, HPLC and *H NMR study provided evidence for existence

of acetic acid on catalyst surface. The FTIR study for ethylene oxidation at 0 °C and 30 °C
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revealed presence of formate, acetate and acetic acid which were proved by in-situ FTIR of

oxidation reaction of formaldehyde, formic acid and acetic acid as model reactions. HCHO,

HCOOH and HCOO formed in the system can be considered as possible intermediates which

oxidizes to CO2 and H20. Oxidation of CH3COOH at 30 °C proved the stabilization of the

species on the catalyst surface.
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Chapter 5: General Conclusions

In this thesis work, the author has given a detailed description on the catalytic study of
ethylene oxidation at low temperature utilizing heterogeneous catalyst. In Chapter 1, the
recent ordeals of the world with food loss and conventional ways of dealing with the problem
has been discussed in detail. The role of ethylene in food loss and the utilization of different
types of heterogeneous catalyst has been brought to light. Use of metallic Pt supported

mesoporous silica and the synthesis procedures of the catalyst has also been described.

The important finding in Chapter 2 is accounting for the carbon mass imbalance rising
during the oxidation reaction. The phenomenon of ethylene (50 ppm) oxidation at 0 °C, has
been described in detail by employing heterogeneous catalyst, Pt supported mesoporous silica,
SBA-15 (Figure 5.1) accounting for both ethylene conversion and CO; yield. Heat treatment
of the spent catalyst under He flow resulted in formation of CO, due to the thermal
decomposition of the oxygen containing carbon species stabilized on catalyst surface. The
amount stabilized on catalyst surface was almost equal to the amount of CO2 desorbed. Water
molecules produced during the course of reaction also played a role in blocking the active
sites resulting in decrease in ethylene conversion and yield. Other aerosil silicas with Pt

dispersed on its surface also exhibited high activities for ethylene oxidation.
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Figure 5.1. Ethylene oxidation over Pt/SBA-15 at 0 °C.

Owing to one of the conclusions of Chapter 2, where water molecule have shown to inhibit
catalytic activity, Chapter 3 deals with an alternative methodology of increasing the catalytic
activity up to some extent. In this chapter, the surface of the mesoporous silica was made
hydrophobic in nature by simple calcination temperature followed by Pt impregnation.
Extensive characterization followed by ethylene oxidation at same conditions showed
improvement in catalytic activity unlike the aerosil silica used as a control experiment. The Pt
supported hydrophobic SBA-15 also showed faster recovery in activity after being
deactivated by water. This enhancement is due to the smooth desorption of water molecules
from the surface of Pt nanoparticles tightly incorporated in the hydrophobic mesopores of

SBA-15 (Figure 5.2).
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Hydrophilic PYSBA-15 Hydrophobic Pt/SBA-15 (800)

Figure 5.2. Schematic structure of Pt/SBA-15 (A), Pt/SBA-15(800) (B) oxidation of trace

ethylene at 0 °C.

In Chapter 4, using the concept of kinetics study, activation energy of the oxidation
reaction over Pt/SBA-15 was calculated to be 66 kJ mol™ which is less compared to
epoxidation reaction over Ag-Cs/a-Al203 showing that the author’s reaction does not proceed
through epoxide formation. One of the carbon species speculated to be remaining on catalyst
surface in Chapter 2, was confirmed to be acetic acid by *H NMR and HPLC study. Increased
rate of CO oxidation compared to that of ethylene oxidation proved CO not to be involved in
the rate determining step. In-situ FTIR study confirmed the presence of formate, acetate and
acetic acid species on the catalyst surface. It is assumed oxidation of ethylene results in the
complete oxidation to CO2 and H2O via the formation of HCHO, CO and HCOOQOH, which is
considered to be the major pathway. Acetic acid is the only species proved to have been

stabilized on catalyst surface even after its oxidation at 30 °C.
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Appendix

In this study, the compete oxidation reaction of ethylene is expressed as follows:
C,H, +30, - 2C0O, +2H,0

The rate of reaction in case of this reaction is based on the decrease in the ethylene

concentration as shown in the equation below:

_d[C,H,]
dt

In general, the rate equation of oxidation of ethylene is:
r=—K[C,H,]"[O,]"

If the stoichiometry of the complete oxidation of ethylene is followed, theoretically the values
of mis 1 and n is 3. However, presence of a number of elementary steps results in variation
of the order of the reaction. Also, the presence of catalyst, concentration of reactants, and
temperature will also bring about a change in the order of the reaction. If the concentration of

the catalyst is included, the rate equation is
r =—k[Cat]'[C,H,]"[0,]"

However, since the concentration of the catalyst remains the same, the term can be excluded

from the above equation.
r, =—k[C,H,1"[0,]" (5.1)

In gas phase reaction, the partial pressure of the reactants is equal to the concentration of the

gas. Therefore, equation (1) can be written as,
Ta = _kPCZH:nPOZn (52)
Due to presence of excess oxygen in the reaction, equation (5.2) is expressed as:

1, = —k'Pc,y" (5.3) [Py, = constant]

112



Chapter 5

In a fixed-bed reactor (Figure 2.1), the partial pressure of the reactant material will vary
continuously from point to point along the flow path. Consequently, in order to account for
material balance, a minute space needs to be assumed in the catalyst layer, which is made for
differential element of volume, dV. Thus for the reactant, ethylene,

Partial pressure of ethylene at the inlet = Pc_j,,
Partial pressure of ethylene at the oulet, Pc,,, — dPc,n,
Disappearance of ethylene by reaction = (—r,) dV = (—r4) AdL

Also denoting flow rate as F, flow rate at the outlet as F + dF, cross-sectional area of the

differential area as A and differential length as dL.

Figure 5.3. Notation for a fixed-bed flow reactor.
For ethylene, the material balance is established as such:
Input — Output — Disappearance by reaction=0 (5.4)

Introducing the terms mentioned above in Eq (5.4)

FPc,u, — (F + dF)(Pc,u, — dPc,p,) —14dV =0
Assuming no change in flow rate of the reactants at the entrance and exit of the catalyst.
Therefore, dF=0

FdP¢,y, —1,dV =0

—F
r av

Considering the dimensions of F/dV is the reciprocal of that of T
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Since dV is proportional to the weight of the catalyst, W and density, p, the above equation of

rate is espressed on the basis of weight as follows:

ro=FTEh (55)

Substituting Eq (5.3) in Eq (5.5)

. d
_kpCZH:n: F P;VZVHzL
1 1 dP,
Law = - Le
F k PC2H4

Integrating the above equation (mass balance made over a differential element of volume)

across the whole reactor:

L[ = L[
FJ, K

m
PcaHy, PC2H4

m=+1

w

— - 1-
T Tra—-m (Pepu, ™ = Peyuy, ™)

1 _ . W
oy Pl ™ = Pen k™) =K 5 69)

If a good linearity is obtained by substituting an arbitrary order of reaction in the above
equation and plotting space time, W/F and the ethylene concentration based on
experimental data, then the order of reaction and rate constant can be determined. The
following equation is used only when the reaction is considered to be a pseudo-first order

reaction

w_ _1, Ffor
F CHy

W
In(1-x)= —k 7 (5.7)

According to Eq (5.5), a graph of In(1-x) versus W/F shows a linear relationship and rate

constant can be determined from its slope.
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Experimentally, it is found experimentally, that plot of log of rate constant versus 1/T gives a

straight line with an intercept, which is depicted by the formula:

Ink=1InA Eq 5.8
nk =In RT (5.8)

Where slope of the line gives — Fa where Eais the activation energy and In A is the intercept

where A is the pre-exponential factor.

The above equation can be interpreted as: k = AeFa/RT
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