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Chapter 1

GENERAL INTRODUCTION

This chapter comprehends recent issues about science and technology including
energy and biomass utilization, Green chemistry, nanotechnology and catalytic

oxidations of polyols. Purpose and outline of this thesis are also described.

1. Background
1.1 The world economic growth and the energy crisis

The technology progress and the economic growth cause impact not only on
the environment but also human and animal. One of the most widely discussed
environmental problems which may have a long term effect on economic growth is
global warming resulting from the greenhouse effect.'! Furthermore, the economic
growth goes together with growing energy needs on a global scale, bring about the
world energy crisis in the era of society’s almost total dependence on fossil resources
(oil, gas and coal). Since, the fossil energy is almost consumed in the industrial and
transportation (Figure 1), and there are limit and will come to an end during the

twenty-first century. To overcome the progressive depletion of fossil resources,
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the alternative energy based on renewable and sustainable resources have been

developed.PH!

= Industrial

= Transportation
= Residential

= Commercial

Figure 1 World energy consumption by sector 2012.1

1.2 The alternative energy and chemical production based on renewable

resources

For energy use, there are several options of renewable resources (Figure 2)

including wind, water, solar and nuclear as well as biomass, however, non-fossil

option is only biomass for the organic chemical production (Figure 3).1%

= Renewables
= Fossil fuels

= Nuclear

= Biomass heat
= Hydro power
= Ethanol

m others

Figure 2 Total world energy consumption by source (2010)."°!
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Biomass is biological material derived from living, or recently living
organism which is renewable overtime. The availability of diverse biomass resources,
such as agricultural lignocellulosic residues and edible and non-edible crops, has
resulted in significant advancements in the conversion of biomass into renewable
fuels and chemicals through the implementation of different technologies capable of
utilizing specific biomass feedstock constituents (Figure 3).”) In addition, the
biomasses are sustainable feedstock which low net greenhouse gas emissions despite
CO; emissions, because the carbon in the biomass is sourced from the atmosphere as

CO, during plant growth thus the carbon cycle of bioenergy is closed./ ™

Sugar crane

Lignocellulosic Non-edible Edible Industrials waste Cassava
biomass oil crops Oil crops

Treatment/Processing

Biorefinery platforms

Syngas Liquids/Oils  Sugars  Proteins  Lignin

Biochemical, Organic
Glycerol / Chemical, residues
Thermochemical
Conversion processes

Heat/Power
1amod/fieaH

Fuels Chemicals Materials

Biodicoel Ghemicals Polymers

Figure 3 Generalized schematic of material and process integration within a

biorefinery.”
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1.3 Biofuel and glycerol production

Biofuel is the biomass-derived fuels which have the potential to meet the
challenges of sustainable and green energy systems.”! Biodiesel is also one of the
biofuel which has proved its value as a fuel for diesel engines which current uses in
industrial and transportation section.”? As mentioned above that almost of the energy
is consumed in industrial and transportation. Therefore the past decade, biodiesel has
been gaining worldwide popularity and research interest in utilization in vehicle
engines and other kinds of internal combustion engines as an alternative energy
source to petro-diesel.”’ Biodiesel is produced from vegetable oils and is therefore
non-toxic and biodegradable. In order to convert the raw oils into biodiesel,
transesterification technology is used. The oil is reacted with a low molecular weight
alcohol (e.g., methanol and ethanol) in the presence of sodium or potassium
hydroxide as a base catalyst to form the fatty acid ester and glycerol (GLY) (see
Scheme 1)."PH1T One ton of biodiesel yield produces about 110 kg of crude GLY or
about 100 kg of pure GLY. In addition, GLY can be obtained from the saponification
and hydrolysis of fats and oils, including to the commercial production by the
fermentation of sugars such as glucose and fructose, either directly or as a by-
product.!""! The global estimate of GLY production and price chart of crude GLY for

Asia were shown in Figure 4.
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R,-COO—CH, R-COO—CHjs HO ——CH,
R,-COO——CH + 3CH,0H R,-COO—CH; + HO —C|)H
R3-COO——CH, R;-COO——CHjs HO ——CH,

Scheme 1. Overall reaction for production of GLY from biodiesel industry.”

LN
VAR
20 \ A\ N/\ i

100

1.2 W Global glycerol production forcast

0.8
0.4
0.
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) ‘ ‘ . ‘ . . . . 0
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>
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=

¥

Figure 4 The global projection estimates by Procter & Gamble of GLY production to
2010 (A) and price chart of crude GLY for Asia (B)."H!?]

As there is an increase in biodiesel production, the GLY from their process
has also been produced in large quantities. There are interesting from industrial point
of view to investigate the value-added products from the GLY. Since, the alternative
of an entirely new downstream process and product chain using renewable raw
materials, there will be more focused on that of oxohydrocarbons (particularly
carbohydrates) rather than hydrocarbons. Therefore, GLY which possess three
hydroxyl groups, is classified as the top sugar-derived potential intermediates on

which down-stream chemical process as shown in Figure 5.!''M1%)



Chapter 1

- HO,
OH
HO.C COH OH
¢ HO OH
o o} (o]
0

2,5-Furan dicarboxylic acid Levulinic acid Glycerol S-B-Hydroxy-y-
butyrolactone

[o]
B & O HO o
HO HO,
OH HO o
OH
o OH H
(o]
(o]

Malic acid Succinic acid Fumaric acid 3-Hydroxypropionic
acid
OH OH o]
T Jj\ NH, CH, o]
HO,
ov MO ~OH
| OH
o] OH OH o
o o
Glucaric acid Glutamic acid Itaconic acid
NH; o HO OH OH OH
HO HO ' HO OH
NOH /\OH \/‘Y\/
OH OH
2, OH
Aspartic acid Sorbitol Xylitol

Figure 5 Top sugar-derived potential key intermediate identified by the US National

Renewable Energy Laboratory.'' "]

1.4 Transformation of glycerol and glycerol-derived product to value-added

chemicals

GLY is non-toxic, biosustainable and biodegradable compound, abundant
industrial waste and low price (0.23 USD/1 kg) (see also Figure 4). The
transformation of GLY with several different reaction pathway can be produced
many useful and value-added chemicals as shown in Figure 6. For instance, the

oxidation of the primary hydroxyl groups of GLY produces glyceraldehyde, which

-6-
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can further oxidation produces carboxylic acids, like glyceric acid (GA: 6,720
USD/kg) which is high value compound. The application of GA can be used for
treatment of skin disorders, pharmaceuticals, biodegradable fabric softener and an

anionic monomer of packaging material for volatile agents, !'2-!#11¢]

OH
——>  Cosmetics
Oxidation Dlhydroxyacetone
Skin treatment,
_—>
Pharmaceuticals
Glycerlc acid
Hydrogenolysis
— Hoﬁ/ ——>  Pharmaceuticals
Hoﬁ/\OH I8
OH 1,2-Propanediol
Glycerol o
/
Dehydration NS
EEE— Acrolein ——>  Super absorber polymer, Detergents
OH
HO\)\/O R
Traneste;rlflcatlon 5 Emulsifier in pharmaceuticals,
Monoglycerides  © Cosmetics, food
Carboxylat|on >Jv
—> Membranes, Polyurethane foams

Glycerolcarbonate

Figure 6 Process of catalytic conversion of GLY into useful chemicals."”
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In addition, GLY-derived products can be further serves as a substrate for the
manufacture of high-end chemicals. For instance, 1,2-propanediol (PG) which is the
product of GLY hydrogenolysis, is a crucial starting material for the chemical
synthesis of lactic acid (2-hydroxypropanoic acid) (Figure 7). Lactic acid (LA:
15,000 USD/kg) was used in the industrial field of food, beverage, personal-care and

pharmaceutical products.!?!

o)
HO ——> Biodegradable polymer
Oxidation : . OH
Lact d
actic aci
(0]
HO ——> Skin treatment, Medicine
Pyruvic acid
O,
Carbonatation o

——> Battery electrolyte, Surfactant

Propylene carbonate

OH
1,2-Propanediol o)
P; ———> Polyurethane plastic, Solvent
Dehydration Propylene oxide
>
o}
)J\/ ——> Alkyd resin (paints)
H
Propionaldehyde

Dehydrogenation o
—

)J\/OH ——> Aroma in foods

Acetol

Figure 7 Process of catalytic conversion of PG into useful chemicals.”-!"H!®!
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1.5 Green chemistry and sustainability

Sustainability focuses on the integration of ecological integrity, societal
responsibility and economic viability.!""! The tremendous economic growth leading to
the parallel competition of chemicals manufacture. The production under the
competitive pricing results in inefficient processes which unacceptable levels of
pollution and hazardous operations. Presently, the industry effort to solves the
problem using environmentally sustainable and economically viable manufacturing
which responds to demanding of economic growth. Sustainable chemical production
for the new century can be realized through a reassessment of the entire chemical
product life-cycle from resources, to manufacturing and production, through to
product use and ultimate fate."''! An increasing use of biomass for energy, chemicals
and materials supply is one of the key issues of sustainable development because
biomass resources are renewable and CO; neutral in contrast with fossil fuels. The
molecules extracted from biomass resources already contain functional groups so that
the synthesis of chemicals generally requires a lower number of steps than from fossil

I'GSOU.I‘CC.[IQ]

Green chemistry is defined as the efficiently utilizes (preferably renewable)
raw materials, eliminates waste and avoids the use of toxic and/or hazardous reagents
and solvents in the manufacture and application of chemical products.!'"! Anastas and
Warner defined the twelve principles for guiding the designation of environmentally
benign products and processes. The 12 green chemistry principles are summarized in

Table 1.



Table 1 12 Green chemistry principles.
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[20],[21]

Green chemistry principles

Design to greener nanomaterial and

production method

1. Prevent waste

2. Atom economy

3. Less hazardous chemical synthesis

4. Designing safer chemicals

5. Safer solvents/reaction media

6. Design for energy efficiency

7. Renewable feed stocks

8. Reduce derivatives

9. Catalysis

10. Design for degradation/
design for end of life

11. Real-time monitoring

and process control

12. Inherently safer chemistry

design to prevent waste than to treat or clean up

waste after it has been created

design to maximize all of the materials use in the

synthetic process to final product

design to a little use or generate the hazardous

substance

design the desire product with minimizing their

toxicity

design to make a necessary use of substances

(e.g., solvents)
design to minimize energy using.

design to used renewable raw material or

feedstock

design to minimize or avoid the using of

unnecessary derivative (e.g., protection group)

design to use the catalytic reagent which as

selective as possible

design to gain the product which non-toxic and

environmentally benign

design to develop the real-time analysis for
prevention of the formation of hazardous

substances

design to wuse the  potential substance for

minimizing of an accident

-10 -
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1.6 Nanotechnology

1.6.1 Definition of nanotechnology

Nanotechnology is the ability to observe, measure, manipulate and
manufacture things at the nanometer scale. The definition of nanotechnology only if
it involves all of the following:

v Research and technology development at the atomic, molecular, or
macromolecular levels, in the length scale of approximately 1 to 100 nanometer
range.

v Creating and using structures, devices and systems that have novel
properties and functions because of their small and/or intermediate size.

v" Ability to control or manipulate on the atomic scale. It should be to note
that the nanotechnology is not only merely the study of small things but also the
research and development of materials, devices and systems that exhibit physical,
chemical and biological properties. These properties can be different from those

found at larger scales, those that are more than 100 nanometers."*”’

The nanotechnology has come to play an important role for the development
of nano-size of metal. Since, the metallic nanoparticles (NPs) are attractive for use,
particularly as catalysts because of their high surface-to-volume ratios which can
minimize the costs associated with their usage.”” In addition, metallic NPs also
exhibit distinct properties (optical, electronic, magnetic and so on) from those of

individual atoms or their bulk counterparts due to the quantum-size and surface

-11 -
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effects **! The properties of NPs are usually depend on size and structure, reveal the

attractive tremendous research and extensive use in various applications.

There are two methods involved in nanomaterial synthesis and fabrication of
nanostructures; top down and bottom up approaches.

Top down approach, attrition or milling, is a typical top-down method in
making NPs such as etching of thin film.

Bottom up approach, is to build material from bottom: atom by atom,

molecule, or cluster by cluster.

Both these approaches play an important role in modern industry and most
likely in nanotechnology as well, however there are advantage and disadvantages in
both type of approach. Bottom up approach offers a better chance to obtain
nanostructures with less defects and more homogeneous chemical composition. This
is because the bottom up approach is driven mainly by the reduction of Gibb free
energy, such that nanostructure and nanomaterials produced are close to
thermodynamic equilibrium. On the contrary, top down approach most likely
introduces internal stress, in addition to surface defects and contaminations.
Therefore, bottom up approach is more popular in synthesis of NPs and is synthesized
by homogeneous nucleation from liquid or vapor or by heterogeneous nucleation on

substrate.”*”

The formation mechanism of monodisperse NPs is often used the LaMer
model in which particle formation is separated into three stages: generation of atoms,

nucleation and growth (Figure 8).*) Once the concentration of atoms reaches a point

-12-
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of, the atoms start to aggregate into small clusters (i.e., nuclei, self-nucleation). These
nuclei then grow in an accelerated manner and the concentration of metal atoms in
solution drop. If the concentration of atoms drops quickly below the level of
minimum supersaturation, no additional nucleation events will occur. However, if
metal atoms continuous supply, the nanocrystals will grow and increase in size until
an equilibrium state reaching between the atoms on the surface of the nanocrystal and
the atoms in the solution. Besides growth via atomic addition, the nuclei and

nanocrystals can directly merge into larger objects via agglomeration.™*]

critical limiting supersaturation

s
)

=2

=

C_
o L.mn_ AN
| -
(o] 1 |
Q [ i
o 1 I
— I I
5§ |c. i i
2 | A—
i i solubility
[ |
| |
ol e s @
VI SL IR
o e I o, &% : & @ o
]
generation |  self- | growth
of atoms | nucleation |
Timg ——

Figure 8 Plot of atomic concentration against time, illustrating the generation of

atoms, nucleation and subsequent growth.!**!

- 13-
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1.6.2 Nanocatalysts

Heterogeneous catalysis has received a tremendous amount of interest, both
from a scientific and an industrial perspective.”* It has an enormous impact on the
world economy, since more than 90% of chemical manufacturing processes utilize

(7] The efficient, controlled and cost-effective design of catalysts is thus a

catalysts.
goal of great importance. Nanocatalysis is one area of catalysis which is developing
at a rapid pace. Novel catalytic properties including greatly enhanced reactivities and
selectivities have been reported for NPs catalysts as compared to their bulk
counterparts. Many experimental studies on nanocatalysts have focused on
correlating catalytic activity with particle size. While particle size is an important
consideration, many other factors such as geometry, composition, oxidation state and

chemical/physical environment can play a role in determining NPs reactivity.'*®!

Size effect

Haruta et al.”® found that the dramatic enhancement of the catalytic activity
and selectivity of highly dispersed Au particles (<5 nm) supported on reducible metal
oxides, considerable efforts have been dedicated to the investigation of the influence
of NP size.””"** Cuenya er al. explained that it is not a single, unique cause which
results in the enhanced catalytic activity and selectivity observed for small NPs, but
rather, several of the above mentioned factors acting in parallel.’*® For instance, with
decreasing NPs size, the surface to volume ratio increases, resulting in a larger
number of low-coordinated atoms available for interaction with chemical adsorbates.

The distinct electronic properties of such sites are also expected to play a role in

- 14 -
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chemical reactivity, for example, by facilitating the dissociation of reactants or by
stabilizing intermediate reaction species. In addition, the particle size also plays an
important role in the stability of surface oxides on clusters. This can affect the
reactivity of certain NPs, since several metal oxides (e.g., RuO,) have been proven

more active than the pure metals.**>¢!

Shape effect

Xia et al. reported that both the reactivity and selectivity of a catalyst can be

1.1 As a first approximation, shape

tailored by controlling the shape of a nanocrysta
determines which crystal facets comprise the surface of a nanocrystal. For example,
consider a tetrahedron and a cube made of an fcc metal: all the exposed facets of a
tetrahedron are {111} and all the exposed facets of a cube are {100}. Such a
difference can give rise to different catalytic activity and selectivity. For example,
from studies with single crystals, the Pt(111) surface was found to be three to seven
times more active than the Pt(100) surface for aromatization reactions.” "% Also,
shape determines the number of atoms located at the edges or corners, which can
have a profound effect on catalytic performance.” El-Sayed et al. studied the effect
shape had on the catalytic performance of Pt nanocrystals.*”) When used as catalysts,

they found that the average rate constant increased exponentially as the percentage of

surface atoms at corners and edges increased.

- 15 -
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Composition effect

Heterometallic NPs composed of more than one metal in nanostructures
which can range from bimetallic heterostructures, to core—shell structures, alloys and
intermetallic as shown in Scheme 2.1*'** Dye to the positive effects arising from the
cooperative interactions between the (two) metals which electronic and geometric
structures are tailored. For instance, bimetallic NPs, the difference in electronic
affinity between first metal (M1) and second metal (M2), and thus M1 can suffer an
electronic density increase or a decrease depending on whether M2 has a lower or
higher electronic affinity. In this case phenomena such as adsorption/desorption of
reagents/reaction intermediates/products can be strongly affected and consequently
activity and selectivity. Therefore, bimetallic NPs are widely employed in many

[421-45]

fields of catalysis. For instance, single phase bimetallic Au—Pd/AC showed

high activity attributed to the synergistic effect between Au and Pd in the selective
liquid-phase oxidation of GLY towards glycerate..*™*"! Hutchings et al. prepared

Au-Pd alloy NPs with different methods which showed synergistic effects in redox

[501-[52]

catalysis. Currently, there had been reported that Pt alloying with another

metals (such as Au, Ru, Pd, etc.) is an alternative increasing the resistance to

poisoning of polymer electrolyte membrane fuel cells.>*1*"!

eree
e -ptwgwp
-p:twgp eeeeedé
feeee

A

Core-shell Heterostructure Nano-alloy Segregation Ensembles

Scheme 2 Examples of bimetallic NPs structures.!**!

- 16 -
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Oxidation state effect

The traditionally view of the oxidation as a process leading to reduced
catalytic performance.” Recently, there has reported that the oxidation of a metal
surface subsequent role in promoting reactivity of the surface, however, their role in
catalysis is still not fully understood and likely need to be investigated on a case-by-
case basis.*® In addition, Croy er al. have observed that the size,°"! the catalyst
pretreatment,'®* the support!®®! and the secondary metal'®"! of mono- and bimetallic Pt
catalyst can influence the type of oxide formed (PtO and PtO;) as well as the stability
of the metal-oxide shell present on catalysts under realistic reaction conditions. Some
experimental evidence that metal oxides, such as RuO, is already a thorough
understanding of the nature of their enhanced reactivity, and superior catalytic
performance over their metallic counterparts is generally agreed upon but the same
cannot be said for other important catalytically active metals such as Pt, 26H60H6H6¢]
In case of Pt, there is an ongoing debate in the current literature as to whether Pt
oxides are beneficial or detrimental to the catalytic performance of Pt particles.
Gastgeier et al. have attributed the decay in the performance of fuel cell electrodes to
the formation of PtO.[”) Thus, the resistance to oxidation that can be achieved by
alloying Pt with noble metals could be of advantage for this system. Metallic Pt

[65]

species were also reported to be the most active species for C3Hg combustion™ and

NO, decomposition.[®® As an example, Dam et al. reported that Pt dissolution in fuel

cells reaches a saturation level due to the presence of a protective Pt oxide layer.!”!
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1.7 Oxidation reaction of alcohol

For the classical chemistry, the waste generated in the organic compounds
manufacture consists of inorganic salts which are a direct consequence of the use of
stoichiometric inorganic reagents in production process. Especially, fine chemicals
and pharmaceuticals industries are refractory with antiquated ‘stoichiometric’
technologies. Example of common stoichiometric reagents are stoichiometric
reductions with metals (Na, Mg, Zn, Fe) and metal hydride reagents (LiAlH4,
NaBH,), oxidations with permanganate, manganese dioxide and chromium(VI)
reagents and a wide variety of reactions, e.g., sulfonations and nitrations. To
overcome the using of classical stoichiometric methodologies, the cleaner catalytic
alternatives had been developed. For example, development of chemical production
processes based on H,, O,, H,O,, CO, CO, and NHj3 as the direct source of H, O, C
and N. Catalytic hydrogenation, oxidation and carbonylation are good examples of

highly atom efficient, low-salt processes (Figure 9).""!

Catalsyt

PhCOCH3 + Hy —>  PhCH(OH)CH,
heterogeneous 100%

Catalsyt
PhCH(OH)CH3 + 1/20, —_— PhCOCH3 + H,0

(H207) (2H,0)

homo-/heterogeneous 87% (77%)

Catalsyt
PhCH(OH)CH3 + CO —_— PhCHCH3CO,H
homogeneous 100%

Figure 9 Atom efficient catalytic processes.
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Catalysis offers advantages over stoichiometric reactions in terms of both
selectivity and energy minimization. The specificity of a catalyst for each reaction is
applied for driving the reaction to a preferred product, the amount of undesired by-
products is decreased, thereby reducing waste generated. The amount of energy
required for a given transformation is also reduced as the catalyst decreases the
activation energy of the reaction.'”"! Both of monometallic and heterometallic NPs are
essential form for catalysis. Today it is estimated that 90% of the chemicals used
catalyst at some stage in their manufacture, come into contact with a catalyst. The
range is truly broad from bulk chemicals such as acetic acid and ammonia to
consumer products, such as detergents and vitamins. Virtually all major bulk

chemical and refining processes employ catalysts."!

Selective oxidation processes represent a large class of organic reactions
where the development of clean and efficient green chemistry processes can have a
significant positive economic and environmental impact.!’*! Especially, the oxidations
of primary and secondary alcohol to the corresponding carbonyl compounds play a
center role in organic synthesis.!”>) In the classical oxidation processes, stoichiometric
reagents such as chromate (CrOs) and permanganate (KMnQO4) which large harmful

ML Hence, the modern

impacts for environment were employed as oxidant.!
oxidation process prefers using either molecular oxygen (O,) or hydrogen peroxide
(H20,) as a green stoichiometric reagents that were consumed by the reaction. In
addition, these oxidants are inexpensive and produce water as a by-product.

Nowadays, many researches tend to make environmentally-friendly method for

preparation of metal catalyst. Therefore, the simplification of the catalyst
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development in term of optimizing atom and energy efficiencies was referred to green
technology to overall process design the reaction or choose the environmental benign
reagent. In order to design the green oxidation reaction, the key design parameter for
selective oxidation catalysis was adapted from green chemistry principle as shown in

Scheme 3.7

WASTE PREVENTION

CATALYSIS RENEWABLE FEEDSTOCK

ATOMEFFICIENCY ~ / OXIDANT FEEDSTOCK . ONLINE ANALYSIS

\" ENGINEERING
PRINCIPLES .-

LESS HAZADOUS

CHEMICAL SYNTHESIS DESIGN FOR DEGRADATION

DESIGN OF SAFER

DERIVATIVE REDUCTION CHEMICALS

ACTIVATION
MECHANISM

SAFER SOLVENTS

ENERGY EFFICIENCY AND AUXILIARIES

INHERENTLY SAFER CHEMISTRY
FOR ACCIDENT PREVENTION

Scheme 3 Key design parameter for selective oxidation catalysis.”®
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1.7.1 Selective oxidation of glycerol and 1,2-propanediol

As mentioned above, the partial oxidation of GLY and PG produced value-
added products. However, GLY and PG compose of both primary and secondary
hydroxyl group in their structure, which may lead to poor selective to target product.

The general oxidation scheme of GLY and PG were shown in Schemes 4 and 5.

/HO/\OH/\OH \

Glycerol (GLY)

HO/\K\O Ho/\[(\OH
0

OH
Glyceraldehyde Dihydroxyacetone
HO OH HO OH
OH
Glyceric acid (GA) 0 0 Hdroxypyruvic acid
HO OH
OH
Tartronic acid
(TA)
0] 0] 0] 0] 0]
HO
OH OH OH HO OH
0] OH (0] (0]
Glycolic acid Glyoxylic acid Oxalic aicd Mesooxalic acid acid
(HA) (OA)

Scheme 4 Oxidation product of GLY.!'*
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/)\\

1,2- Propanedlol (PG)

OH

|
@)

Lactaldehyde

OH

Monohydroxyacetone

Lactic acid (LA)

JY -

Pyruvic acid (PA) Acetic acid (AA)

Scheme 5 Oxidation product of PG.1"%!

Therefore, the metal-based catalysts such as Pt, Pd and Au had been used for
control the oxidation reaction. The high cost and scarce availability of noble metals
make industrialization very difficult.””""® The utilization of the low cost catalyst
with less noble metal or non-noble metal affords to overcome this problem. There had
been reported of heterometallic NP catalyst (e.g., bi- and tri-metallic catalyst) of

noble metal with non-noble and two non-noble metals such as PtCu, PtBi, AuCu,
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NiCu and FeNi. However, until now the noble metals (e.g., Pt, Au, Pd) are also
attractive catalysts, especially for GLY and GLY derivative oxidation. Since, Pt and
Pd catalysts have been reported as highly active for the oxidation of polyols even
under acidic and basic conditions. Au catalyst was found to be high resistance to
oxygen poisoning; however the oxidation reaction over Au catalyst never proceeds

under base-free condition.!'?

The reviews of the chemoselective oxidation at primary hydroxyl group of
GLY and PG toward GA and LA, respectively over mono- and bimetallic catalysts
were summarized in Tables 2—4. Most of publications required the basic condition,
temperature at least 333 K and pressurized oxygen for carrying out the oxidation
reaction of GLY and PG. It is hardly to compare the true rate and selectivity from
each literature according to the difference in reaction conditions and metal particle

size.
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Table 2 Selective oxidation of GLY to GA over monometallic catalysts

Size  Temp. pO, NaOH/ Conv.  Sel.  Lop

Catalysts mm)  (K) (atm) ((;115031{'/11101) ((E/I:)Y ((323 (h'l) Ref
1% Au/AC - 333 3 1 56 100 - [79]
swPuC 23 333 3 2 56 6 - [80]
1% AwC 6 303 3 4 00 92 - [81]
% AWG .33 3 4 25 81 26
[82]
1% Pd/G - 303 3 4 25 83 54
1% AwC 25 323 3 4 50 65 1000 [83]
0TS%AUC 370033 10 2 75 100 - [84]
1%Pvc 25 323 3 4 80 6 332 [85]
l%edC s6 323 3 4 90 8 28  [86]
LS%AWTiO, 4 323 3 4 90 60 203 [87]
1% AwCe0, 102 333 1 pH-12 - 3% - [s§]
1% AwC 37 0333 10 2 S as [89]
% AwC 43 333 1 pH=I2 S0 45 - [91]
Aupowder .33 100 2 s0 - 25t o2
147% AWTiO, 37 308 10 2 51 - 170 (93]
05%AWC 73 333 10 2 s o8& 1@
[94]
2.9% Pd/C 29 333 10 2 50 65 17¢
1% AWTIO, 35 37305 ol - -
[95]
1% Au/Fe,0; 3.5 373 5 0.1 - - -
S%PYMWCNTs 67 333 flow' - 70 70 087 [95]
swPuC 36 398  flow’ pH=4 20 - 238 [97]

AC = Activated carbon. C = Carbon. G = graphite. MWCNTs = Multi-wall carbon
nanotubes. “150 mL-min™. “300 mL-min™. “TOF (s™") (Calculated by Ref. [90]). “TOF (s™).
“TOF (min™).
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Table 2 (continue) Selective oxidation of GLY to GA over monometallic catalysts

Size  Temp. pO, NaOH/ Conv.  Sel.  Lop

Catalysts GLY GLY GA N Ref
(m) () @m) o imoh) ) (%) )

5% Pt/C 32 333 flow" - 50 47 223 [98]
1.6 Au/TiO, 35 333 10 2 35 58 4.1°  [99]
5% Au/C 47 333 10 2 60 63 75

[100]
5% Pd/C 6.3 333 10 2 44 65 55
0.8% Au/C 10.5 333 11 2 7 67 6.1
3% Pd/C 3 333 11 2 29 83 4.9°¢ [101]
3% Pt/C 23 333 11 2 18 70 22°¢
0.5% PY/AC 3.8 333 3 2 25 62 .
0.65% Pd/AC 2 333 3 2 25 61 - [102]
0.74% Rh/AC 1.3 333 3 2 25 61 -
0.59% Au/C 6.8 333 10 2 40 59 - [103]
5% Pt/ MWCNTs 2.1 333 flow® - 90 68 336 [104]
0.5% Pt/CS 5 343 10 0.8 66 82 645  [105]
0.6% Auw/G 7.7 333 5 2 25 63 1280

[106]
1.1 % AwAC 13.3 333 5 2 25 25 438
1% Au/C 35 323 3 4 73 68 .

[107]
5% Ru/AC 3 323 3 4 <1 - -
0.64% Pt/HT 2.1 333 flow’ - 52 46 - [108]
Au/MWCNTSs 32 333 flow® - 50 59 - [109]
Au/ALO; - 333 10 6.7¢ 5 4 7
AW/TiO, - 333 10 6.7 3 17 5

[110]
AW/ZrO, - 333 10 6.7 3 14 4
Au/NiO - 333 10 6.7 11 5 20

C = Carbon. G = Graphite. AC = Activated carbon. HT = hydrotalcite. MWCNTSs = Multi-
wall carbon nanotubes. “150 mL-min”". °10 mL-min™". “TOF (s™"). “pH.
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Table 3 Selective oxidation of GLY to GA over bimetallic catalysts

Size  Temp. pO, NaOH/ Conv.  Sel.  Lop

Catalysts GLY GLY GA N Ref
(m) ) @M ome) ) () ™)
1% Pd@AW/G - 323 3 4 90 55 505
1% Au+Pd/G - 323 3 4 90 56 675  [82]
1% Au@Pd/G - 323 3 4 90 54 528
1% Pd@Au/C 323 3 4 79 71 3261°
2.5-3 [111]
1% Pt@Au/C 323 3 4 88 61 3455¢
1% Pd@Au/C 3-4 323 3 4 90 77 6435°  [47]
1% Au-Pd/C - 353 3 - 25 48"
- [112]
1% Au-Pt/C - 353 3 - 80 60°
1% Au-Pd/C 34 323 3 4 40 77 1891¢ [113]
1% Au-Pd/TiO, 3.8 333 10 2 100 53 500  [100]
1% Pt-Cu/C - 333 flow’ - 48 62 -
3% Pt-Cu/C 3.5 333 flow’ - 82 67 - [114]
5% Pt-Cu/C 5 333 flow’ - 86 71 -
1% AuPd(1:3)/MgO 2 333 3 - 15 74 -
1%AuP(1:3)/MgO 2 333 3 - 43 72 -
[74]
1% AuPd(1:3)/MgO 2 296 3 - 43 85 -
1% AuPt(1:3)/MgO 2 296 3 - 30 67 -
1% Ru@Au/AC 43 323 3 4 99 57 -
[107]
1% Au@Ru/AC 4.2 323 3 4 26 43 -

G = Graphite. C = Carbon. AC = Activated carbon. “TOF (h™). ‘GA+TA. 150 mL-min"".
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Table 3 (continue) Selective oxidation of GLY to GA over bimetallic catalysts

NaOH/ Conv. Sel.
Size Temp.  pOs GLY  GLY GA TOF
Catalysts (m)  (K) (am)  (molmo (%) (%) () R
1)

Au/C 41 33 120° 4 i 445
10 5% i 333 120° 4 i - 809
30 sc% i 333 120° 4 i . 1582
50 sc% i 333 120° 4 i - 3036

[115]
60 sc% 42 333 120° 4 i . 4038
80 s¢% i 333 120° 4 i - 6076
100 sc% i 333 120° 4 i . 4915
150 sc% 42 333 120° 4 i . 4084
300 sc% i 333 120° 4 i . 4254
Pd/C 42 333 120° 4 i . 404
0.6%Pt0.6%Pd/ i 333 1 1.5 97 33
ALO;
1.2%Pt-1.2%Pd/ i 333 1 1.5 100 #
ALO;

[116]
2.59Pt-2.5%Pd/ i 333 1 1.5 91 41
ALO;
2.5%PYALO; i 333 I 1.5 69 49
2.5%Pd/ALO; i 333 I 1.5 74 66
Au-Pd/TiO, 2042 373 3 2 37 30 38
Pd-PYTiO, 232 3713 3 2 39 64 210

[117]
Au-PUTIO, 119 373 3 2 i -
Au-Pd-PTIO 203 373 3 2 3755 378

.1
C = Carbon. sc = surface coverages. “mL-min”".
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Table 4 Selective oxidation of PG to LA over mono- and bimetallic catalysts

Size  Temp. pO, NaOH/ Conv.  Sel.  rop

Catalysts GLY PG LA N} Ref
(m) () @M omol) () (%) )

1% Au/C - 33 1 pHSS 30 30 -
5% Pd/C . 33 1 pH=S 46 5 - [l1g]
5% PYC - 33 1 pH=S 56 18 -
1% Au/C 78 363 21 80 100 780
5% Pd/C S 2 80 90 720 [119]
5% PYC S 2 80 89 650
1% AW/G -3 6 1 2 1000 -

[79],
0.5% AWG -3 6 1 300 e -

[120]
025% AWG -3 6 1 28 65" -
1% A/BP 2-5 353 1 pH=12 100 64 .

[9]
1% Au/CeO, 25 353 1 pH=l2 98 55 .
Pd black - 368 W0, pH=LS 35 26 - [121]
1% AWTIO, 35 33 5 ol 08 72 - [95]
1% AwPd/TiO, - 333 10 2 94 96 1880

[122]
1% AuPd/TiO, - 333 H0, 2 10 9% 66
1.4% AwMg(OH), 333 2 07 84 -

[123]
2.8% AuwMg(OH), 333 2 86 53 -
0.5% PYCS 1000 343 10 08 o1 93 852  [105]
1% Au/CeO, 3713 3 0 375 -
1% AuPd/CeO,  2-7 373 3 O.I° 310 76 - [124]
1% Pd/CeO, 3713 3 0 se' 54 -
5% Pd/C .38 10 07 6 - - [125]
0.5%Au+

21 298 air 1 3 81 - [126]

0.5%PUKB-B

C = Carbon. G = Graphite. BP = Carbon black pearl. CS = Carbon spherule. KB-B = Activated
carbon. “Mono acid. “Micron. “NaOMe. “Methyl lactate.
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1.7.2 Importance parameter for the catalytic performance of glycerol and 1,2-

propanediol oxidation

Particle size Effect

Pt and Pd catalysts have been described as highly active for the oxidation of
polyols in the liquid phase while Au Au based catalysts were found highly active in

[11,[118

the oxidation of diols. I Liang et al. studied the influence of the particle size on

the catalytic performances by preparation a series of carbon-supported Pt catalysts

B8] The activity increased for

(Pt/C) with particle sizes ranging from 1.2 to 26.5 nm.
particle size of less than 6 nm while the catalytic activity dropped as the particle size
larger than 6 nm, which was ascribed to the lower metallic surface area. Dimitratos et
al. showed that increasing the particle size (2 nm to 16 nm) of Pd/C catalysts
decreases the catalytic activity (TOF), but increases the selectivity to GA.*" Porta et
al. also reported the influence of the particle size (6-20 nm) on the catalytic
performances over Au/C."*"! They found that the small particle size of 6 nm showed
an about 10 times higher catalytic activity which was ascribed to the higher surface
exposition of the metal. Whereas, the bigger particles (>15 nm) were less active but
maintained constant selectivity until full conversion of GLY. The author explain the
effect of the particle size on the selectivity to GA as a competition between the

increase in the particle size and the density of the (111) planes.'
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pH effect

It is well known that the catalysis for alcohol oxidation strongly dependent on
the basicity of the reaction medium. Pt and Pd based catalysts can also be used either
in acidic or basic conditions, whereas Au limits the reaction conditions to the basic

L

media.”"®1 Many studies have been performed using Pd/C catalysts for GLY

oxidation which generally carried out at pH = 11 in order to increase the activity of

H2LH2THIOT The main oxidation product is always GA. Garcia et al.

the catalysts. |
reported that the initial rates of GLY oxidation are pH dependent over 5%Pt/C with
GA was identified as the main product.*” Hutchings et al. demonstrated the
selective oxidation of GLY to glycerate over supported Au NPs using alkaline
condition. They proposed that the role of NaOH was essential for the initial
dehydrogenation pathway, since in the presence of base the hydrogen is readily

abstracted from one of the primary hydroxyl groups of GLY.7}31

Support Effect

Tuning the catalyst support is an important parameter to build highly active
catalysts for liquid phase GLY oxidation.!"! Demirel et al. studied the influence of the
nature of the support and chose titania and active carbon as comparative examples.**!
They found that carbon supported-Au was the best system to achieve selective GLY
oxidation. Nowadays, most of the catalysts for GLY oxidation use carbon-type
compounds as supports, and especially active carbon, which are well recognized in

industrial chemistry for being stable in acidic or basic conditions. Furthermore, they

offer the possibility of an easy recovery of Au by burning off the support.**l A
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completely different approach was recently reported by Villa et al. who used several
MgAl,O4-spinels as supports for Au catalysts in order to show that the Au-catalyzed
reaction could be tuned via the interaction of the Au NPs with the support./'H!]
Therefore, the authors propose a correlation between the Al/Mg ratio and thereby the
basicity of the support and the selectivity to glycerate and tartronate. This influence
of the Al/Mg ratio on the catalytic performances was recently confirmed by Tsuji et

al. for Pt/hydrotalcite (HT).!'"™ In addition, the latter case, the reaction can be

performed in base-free conditions.

As described above, the catalysis for alcohol oxidation strongly dependent on
the basicity of the reaction medium, consequently, salt of products were being form,
then the obtained products required the additional neutralization.”® Therefore, in
advanced research, oxidation reaction have been performed with metal species
supported on basic materials, they will permit a base-free oxidation producing the
free carboxylic acid product rather than salt form. HT (Mg—AIl-COs) is basic and
layered double hydroxide, which is frequently used as a support for Pd,!**
Ru,!PHB0 pB37 and Aul™™ species. HT model structure was shown in Figure 10.

The HT denoted by MgecAl,(OH);6CO;-nH,O (Mg—Al—COs) consists of a positively

charged two-dimensional Brucite-like layers with anionic species in the interlayer to
form a neutral material, and which possesses basicity derived from OH and/or

HCO3  on their surface.!'>*!
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OH

HO  co2 I4.8 A

O Ma* () AP Qom

Figure 10 Structure model of hydrotalcite.

1.7.3 Ligand effect on the performance of catalyst

As referred above, particle size, shape, composition and electronic state
determine the efficiency of catalyst. The selection of nanocatalysts, the stability of
NPs and the capping agents on their surfaces are also important factor.”*! In many
cases, the surface atoms of nanocatalysts are so active that their size and shape
change during the catalytic reaction.*” Such changes can drastically alter their
performance and lifetime. Additionally, capping agents might deactivate catalytic
sites, with recent work demonstrating that Pt NPs prepared with
tetradecyltrimethylammonium bromide exhibit much higher activity than poly(vinyl

4OL4) Zhang et al. reported that

pyrrolidone) (PVP)-capped Pt nanocrystals.
Au/Pt/Ag trimetallic NPs (TNPs) showed higher activity than that of Au NPs with
nearly same particle size for the aerobic glucose oxidation, since the negative charge
on the Au surface due to electron donation from Ag neighboring atoms and PVP.!"**
Borodko et al. probed the interaction between PVP and Pt nanocrystals by UV-
Raman and FT-IR, and concluded that PVP adheres to the NPs through a charge-

transfer interaction between the pyrrolidone rings and surface Pt atoms.!'** The
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reviews of the effect of stabilizer on the properties of metal NPs were summarized in
Table 5. Therefore, the selection of the suitable stabilizer has an important to improve

catalytic properties of metal nanoclusters.

Table 5 Effect of stabilizer on the properties of metal NPs

Catalysts Stabilizer/ Particle  Binding  Remark
Capping size energy
agent (nm) (eV)
Au NPs Dendrimer 2.0 - - Dendrimers stabilized-Au gain 5d

electrons (weakly interacting)

Dodecanethiol 2.1 - - Thiol stabilized-Au lose 5d

electrons (strongly interacting) **

Pt NPs PVP <7 70.6 - Charge transfer from carbonyl
group in PVP to Pt NPs

PVP >25 70.9 - Charge transfer from Pt metal to

polymer side chain of PVP %]

Au clusters PVP - - - PVP-Au;; enhances the negative

charge density on Au,; cluster

- Negatively charged surface Au,s-

PVP promote the generation of

anionic O, [*%
Au clusters PVP 11202 827 Aerobic oxidation catalysis of
PAA 14404 832 alcohol: PVP-Au clusters show
higher activity than PAA-Au
cluster 47
Au/C PVA 3.0:0.6 84/87.6 Electrocatalysis of Au NPs and
their derived Pt-on-Au (Pt*Au)
PVP 3.2+0.5  83/86.5
nanostructure depends on the nature
Citrate 10+1.2 84/87.6 [143]

of stabilizers

Dendrimer:  starburt poly(amidoamine) dendrimer. PVP: poly(vinyl pyrrolidone).
PAA: poly(allylamine). PVA: poly(vinylalcohol). Bulk Au4f 84 eV and 87.7 eV.
Bulk Pt4f: 71 eV and 74.4 eV.
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Table 5 (continue) Effect of stabilizer on the properties of metal NPs

Catalysts Stabilizer/ Particle Remark
Capping agent size (nm)

Pd NPs PVP - - PAMAM-G3-Pd NPs and PVP-Pd
PAMAM-G2 36 NPs are found to be efficient

catalysts for the Suzuki reactions
PAMAM-G3 1.4

between phenylboronic acid and
PAMAM-G4 1.4

iodobenzene
Block- 3.0
o¢ - PAMAM-G4-Pd NPs is an
1
copolymet effective stabilizer; however, strong
encapsulation of Pd NPs in the
dendrimer results in a loss of
catalytic activity ['*
Au sols PVA 2.5 The Aurppc showed a high activity
THPC 2.0 for the liquid phase oxidation of
Citrate 0.8 glycerol in comparison to Aupya
and AuCitrate 1421
Pt/Silica TTAB 1.5 Amine (OA) capping exhibited a
PVP 15 detrimental  influence on the
OA Ls catalytic properties and low activity

were observed for ethylene

hydrogenation and CO oxidation
[149]

PVP: poly(vinyl pyrrolidone). PAMAM: poly(amido-amine) (5 Pd*" ions per dendrimer (G2-
OH(Pd*")s; 10 Pd*" ions per dendrimer, Gn-OH(Pd*")o, n = 3 and 4). Block copolymer:
polystyrene-block-poly(sodium  acrylate). THPC: tetrakishydroxypropylphosphonium

chloride. OA: oleylamine. TTAB: trimethyl tetradecyl ammonium bromide.
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1.8 Soluble starch

Soluble starch is the amylose component of starch that is a linear polymer
formed by the a-(1—4) linkages between D-glucose units and adopts a left-handed
helical conformation in aqueous solution as shown in Figure 11.1°% Soluble starch
has been used for the synthesis and stabilization of NPs such as Ag,!"*”! Pt{""! and
Aul™ due to its inexpensiveness and renewability as well as with numerous
applications. The hydroxyl groups of starch possibly facilitate metal ions by
electrostatic binding in the helical structure of polysaccharide and, therefore, prevent
the metal NPs from aggregation. !'**! Furthermore, the aldehyde terminus of the starch
molecule obtained from the degradation of polysaccharides under alkaline conditions

can reduce the metal ions to its atomic state.[!>0FHI34H135]

Figure 11 Soluble starch structure.
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2. Purposes of this Thesis

2.1  Study on the development of novel green method for preparation of Pt-based
NPs heterogeneous catalysts, and utilize as catalytic oxidation of polyols.

2.2 Study on the effect of polymer stabilized-Pt NPs and the effect on the
catalytic property.

2.3 Modify the structures and properties of Pt-based NPs heterogeneous
catalysts by the synthesis of heterometallic NPs, and clarify the reaction

mechanism for the catalytic oxidation of polyols.

3. Outline of the Thesis

This thesis manipulates with studies on the development of Pt-based NPs
heterogeneous catalysts by a green method, in order to enhance selective polyols

oxidation into value-added chemicals under mild reaction conditions.

Description in Chapter 2 is the development of novel green method for the
preparation of Pt NPs heterogeneous catalysts. Pt NPs/HT catalysts were successfully
prepared by the immobilization method, in which Pt NPs were pre-generated by the
reduction of H,PtCls-6H,O precursor with soluble starch as a reducing and a
stabilizing agent under alkaline treatment, and were further immobilized on the HT
support. The method resulted in the reproducible particle size distribution which can
be controlled by the reduction times. The catalysts showed high activity and
selectivity toward GA formation for the aerobic oxidation of GLY in base-free

aqueous solution under atmospheric pressure of molecular oxygen and mild
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conditions. After the reaction, the catalyst was easily removed by hot filtration and no
Pt leaching was detected in the solution. The catalyst retained high activity in

recycling experiments.

In Chapter 3, the effect of polymer stabilized-Pt NPs/HT on catalytic
oxidation is explored. The efficiencies of different polymers, i.e., soluble starch, PVP
and PVA stabilized-Pt NPs/HT catalysts for the aerobic PG oxidation in base-free
aqueous solution under atmospheric pressure of molecular oxygen at room
temperature are discussed. The structural investigation of polymer stabilized-Pt
NPs/HT catalysts with keeping the same particle size (2.2 nm) on the same basic HT
support showed that starch has strong electron donation power to create negatively-
charged Pt surface atoms. In addition, the polymer structure also effect on the
catalytic activity by made the different wettibility of stabilized-Pt NPs/HT in the
water solution. Anionic Pt surface atoms, formed by starch ligand, may transfer
electrons to oxygen molecule to form adsorbed O, species. This step is proposed to
be a crucial in the aerobic oxidation of PG in water at room temperature. Therefore,
soluble starch is found to be suitable ligand for creating negatively-charged Pt surface
atoms with low coverage to facilitate O, activation for PG oxidation at room

temperature.

Chapter 4 explains the modification of developed technique from Chapter 2
for the preparation of Pt-based bimetallic NPs heterogeneous catalysts (fast co-
reduction method). The aerobic oxidation of PG over Pt,M, NPs/HT (M = Ru, Ag,
Pd, Au) catalysts exhibited the selectivity toward LA. Especially, PtAu NPs/HT was

most selective in base-free aqueous solution under atmospheric pressure of molecular
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oxygen at 353 K. Further development of synthetic method (slow co-reduction
method) explored the very active PtAu NPs/HT which is able to oxidize polyols
(GLY and PG) to produce GA and LA in base-free aqueous solution under
atmospheric pressure of molecular oxygen at room temperature (298 K). The
investigations on catalyst structure by XRD, TEM and XAFS revealed that negative
charge on both Au and Pt atoms, in which starch ligand donates electrons, and the
excess charge on Au atoms can also transfer to Pt atoms. The negatively-charged Pt
atoms cause enhancement of the oxygen absorption and generate anionic O, like
superoxo or peroxo oxygen to oxidize polyols. Therefore, it is concluded that the
geometric and electronic changes of the catalytically active surface Pt sites by
adjacent Au atoms and the starch ligand lead to improvement of the activity and

selectivity to target products.

Finally, in Chapter 5, I summarize overall conclusions of the thesis. The scope

of the research is also described.
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Chapter 2

DEVELOPMENT OF NOVEL STARCH-STABILIZED
SUPPORTED PLATINUM NANOPARTICLES AS
HETEROGENEOUS AND REUSABLE CATALYST

FOR SELECTIVE GLYCEROL OXIDATION

1. Introduction

Recently, many studies have used an eco-friendly method for synthesis of
nanomaterials.'"! It is well-known that a green synthesis method based on green
chemistry principles not only involves production of environmentally friendly
materials (e.g., reducing agent, stabilizing agent and solvent) but also design of the
new reaction pathway (e.g., synthesis under atmospheric pressure).”’ > There are few
reports that use the green method for synthesis of a metal catalyst, especially platinum
(Pt)-based catalyst. For instance, Adlim et al. prepared chitosan-stabilized Pt NPs
catalyst by reduction using methanol or NaBH,” The results showed 99.99%
selectivity and conversion of cyclooctene hydrogenation to cyclooctane as prepared
by methanol reduction. Yang et al. reported a one-step preparation of Pt nanoparticles
(NPs) using amino-functionalized dextran, which acts as a reducing and a protection

agent.”) They showed good catalytic efficiency for the electron-transfer reaction
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between hexacyanoferrate(Ill) and thiosulfate ions and also reported the synthesis of
nanowire-like Pt nanostructures (NSs) in one step using dextran as a reducing agent.
The immobilized nanowire-like Pt NSs on a glassy carbon electrode exhibited an
excellent electrocatalytic activity for the reduction of oxygen, produced high specific
current in the hydrogen region from —0.2 to 0.15 V. ®! Johnson et al. synthesized carbon-
supported Pt NPs using cellulose nanocrystals as a reducing agent."”] They showed
high catalytic activity toward electrocatalysis for the oxygen reduction reaction. Upon
scanning the potential in a positive direction a series of peaks due to desorption of

hydrogen was observed between 0.0 V and 0.3 V.

Glycerol (GLY) is one of the byproducts from industries, especially from the
biodiesel industry. As there is an increase in biodiesel production, the GLY from the
process has also been produced in large quantities. Many researches have been
conducted to the innovative utilizations of GLY. Possessing three hydroxyl groups,

GLY is a potential starting material for several high-value fine chemicals, e.g., food,

(101,

cosmetics and pharmaceutical industries.'"”™"'1 It could be transformed into value-

[12]

added chemicals by employing different chemical reactions such as

13115 dehydration,[l(’] and oxidation."""¥ Because two primary

hydrogenolysis,!
hydroxyl groups in GLY have similar reactivity, they lead to poor selectivity.

Therefore, a careful designing of the catalyst is required to achieve a high selectivity

of the desired compounds. Pt-based metal has been reported to be an oxidation
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catalyst, especially for the GLY oxidation. The oxidation reaction at the primary
position of GLY can produce the carboxylic acids, such as glyceric acid (GA),
tartronic acid (TA) and oxalic acid (OA) (Scheme 1). These acids are mainly
converted into various market products, e.g., polymer and biodegradable emulsifiers,
particularly GA that can be used for treatment of skin disorders, anionic monomer of

packaging materials for volatile agent and biodegradable fabric softener.!*1?

/ﬁ/\ [O] /ﬁ/\ [O] /\)k
HO OH —= HO

OH
Glycerol Glyceraldehyde Glyceric acid (GA)

l[o]
S

Tartronic aC|d (TA)

C-C bond
cleavage

-

Glycolic acid (HA)

l [0]

o

HO
OH

(0]
Oxalic acid (OA)

Scheme 1 A reaction pathway of GLY oxidation.

Catalytic oxidation of GLY has been reported for both mono- and bimetallic
catalyst."™"**"%) Hyang et al. developed Pt/carbon spherule catalyst, which gave GA
(7.63 mmol) with 82% selectivity when 8 mmol of NaOH and 1.0 MPa oxygen

pressure were applied.””! Liang er al. studied selective oxidation of GLY with
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molecular oxygen over different functionalized MWNTs (multiwall carbon
nanotubes) supported Pt catalysts.*”) GA was formed with 68.3% selectivity (90.4%
conversion of GLY) on Pt/S-MWNTs in base-free aqueous solution under oxygen
flow (150 cm’ min"). Villa et al. reported the base-free aqueous-phase oxidation of
GLY using AuPt NPs supported on the zeolite H-mordenite.*'! It gave GA with a
selectivity of 81% at full conversion under an oxygen pressure of 3 atm and
temperature of 373 K. In the past decade, the transformation of GLY to value-added
products tends to be performed under base-free conditions to allow free products
rather than the salt form. However, pressured oxygen, large of flow rate (e.g., 150
mL-min ") and/or high reaction temperature were required for the significant activity
in the many works. Hence, the development of a highly efficient catalyst for the GLY

oxidation in base-free and mild reaction conditions has been a challenging task.

In this chapter, I developed the hydrotalcite-supported platinum nanoparticles
catalysts (Pt NPs/HT) for selective oxidation of GLY in base-free aqueous solution
with molecular oxygen as an oxidant under atmospheric pressure. Very recently, I
successfully found a Green synthesis method using soluble starch as a reducing and a
stabilizing agent for the synthesis of Pt NPs.*! In this method, metal NPs were
generated by the reduction of metal precursor with a reducing agent and then, they
were immobilized on the support material. The advantages of this methodology are
the reproducibility of particle size and control of particle size distribution. Therefore,
the developed method was employed for the preparation of Pt NPs/HT catalyst. HT is
layered double hydroxide which possesses basicity derived from OH and/or HCO;

431-[46

on their surface.! ! Hence, the oxidation reaction could occur in a base-free
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condition when HT is used as the solid base support material. The objective of this
chapter is to explore novel green synthesis of Pt-based heterogeneous catalysts, and
utilize as catalyst for selective oxidation of GLY in aqueous solution using molecular
oxygen at 333 K.

2. Experiment

2.1 Chemicals

Hexachloroplatinic acid (H,PtCls-6H,0, 99.9%; Cat. No: 089-05311) and
soluble starch (Cat. No: 195-03961) were purchased from Wako Pure Chemicals Co,
Ltd. (Japan). Sodium hydroxide (NaOH, 97%; Cat. No: 25012-31) was obtained from
Kanto Chemicals Co, Ltd. GLY (99.9%; Cat. No: 17018-25) was provided from
Nacalai Tesque. Hydrotalcite (HT, Mg/Al = 5, white powder; average particle size of
6.4 um; Cat. No: TOMITA-AD-550PF) was purchased from Tomita Pharmaceuticalm
Co, Ltd. Platinum, 1 wt% on alumina (powder, Pt/Al,Os; Cat. No: 205966-25QG) silica
(granules, Pt/SiO,; Cat. No: 52069-25G) and activated carbon (Pt/AC; Cat. No:

205923-5G) were received from Sigma-Aldrich.

2.2 Preparation of supported-Pt NPs catalysts

2.2.1 Impregnation method

Supported Pt catalysts were synthesized by the impregnation method using
soluble starch as a reducing agent. Firstly, HT (0.5 g) was dispersed in an aqueous Pt
(2.5 mM) solution which was prepared from H,PtCls-6H,O for overnight. A 4% w/v

soluble starch solution was prepared by dissolving 4 g of soluble starch in hot water
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(100 mL). After cooling, 5 mL fractions of starch solution were mixed with 5 mL of
various concentrations (0.02-0.20 M) of NaOH. The Pt solution and the starch
solution were heated at 373 K for 20 min before mixing under vigorous stirring and
refluxed at 373 K for 1 h. Finally, the solution was cooled to room temperature,
filtered and washed with deionized water. The solid catalyst was dried overnight at

373 K (see Scheme 2).

Impregnation method Immobilization method
HT 058 X NaOH NoH © % NaOH
U f (0.05M,5mL) (0.05M,5mL) ? (0.05M,5mL)
Soluble starch (4% wiv, S mL) Pt*"(pH7) Soluble starch (4% wiv, 3 mL)

Stirred or\ / ‘‘‘‘ . . “”“:(\ /‘”’?:C s
oV Armuh[ 20 min 20U min, 100 100°C, 20 min
\L 100=C,1h \l/

llf'?

5,20 min

11
\l, Cooled, Washed \l/ 0°C. 1k
Dried &
(100=C, Overnight)
— T=eme] \l/ Cooled, Washed
Dried
(100=C, Overnight)
—> ==

Scheme 2 Synthesis of Pt NPs/HT by a green synthesis method using starch as a

reducing and a stabilizing agent in water.

2.2.2 Immobilization method

For the immobilization method, Pt NPs were synthesized using soluble starch
as a reducing and a stabilizing agent.'**! First, a defined volume of 2.5 mM Pt solution

was prepared from H,PtClg-6H,0. The pH of the solution was adjusted to neutral with
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1 M NaOH. Separately, 5 mL fractions of the solution were individually pH adjusted
with 5 mL of 0.05 M NaOH. A 4% w/v soluble starch solution was prepared by
dissolving 4 g of soluble starch in hot water (100 mL). After cooling, 5 mL fractions
of starch solution were mixed with 5 mL of 0.05 M NaOH. The Pt solution and the
starch solution were heated at 373 K for 20 min before mixing under vigorous stirring.
After 20 min, supports, i.e., HT and Mg(OH), (0.5 g) was added to mixed solution
under continuously vigorous stirring and refluxed at 373 K for 1 h. Finally, the
solution was cooled to room temperature, filtered and washed with deionized water.
The solid catalyst was dried overnight at 373 K (see Scheme 2). In addition, time-
dependent studies on the generation of Pt NPs were conducted after reduction times of
3,7, 10, 15 and 20 min. During each of the reduction time intervals, HT (0.5 g) was
added to each of the mixed solutions under continuously vigorous stirring and also

refluxed at 373 K for 1 h.

2.3 Characterization

The morphology of Pt NPs was analyzed by transmission electron microscopy
(TEM; Hitachi H-7100) at 100 kV accelerating voltage. The Pt NPs/HT was dispersed
in deionized water and dropped onto a copper grid, then dried overnight in a
desiccator. Powder X-ray diffraction patterns were obtained with a Rigaku RINT2000
X-ray diffractometer using Cu Ko radiation (A = 0.154 nm) and a power of 40 kV and
20 mA. Perkin Elmer spectrum 100 FT-IR spectrometer attached with universal ATR
sampling accessory was used for infrared spectral acquisition. Inductively coupled

plasma atomic emission spectroscopy (ICP-AES) was operated by Shimadzu ICPS-
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7000 ver.2 to estimate the real concentration of Pt on the catalyst. The surface area of
HT was analyzed by the Brunauer-Emmett-Teller (BET) method using BELSORP-
max (BEL JAPAN, INC.). X-ray absorption near-edge structure (XANES) in the Pt
Ls-edge was recorded at beamline BLO1B1 of SPring-8 with the approval of the Japan
Synchrotron Radiation Research Institute (JASRI) (Proposal No. 2011A1607). The Pt
NPs/HT catalyst was grained and pressed to a pellet (¢~10 mm) for XANES analysis.
The oxidation state of Pt was estimated from the Pt L3;-edge XANES spectra with a
linear relationship in the intensities of PtO, and Pt foil assigned to be 0 and 100% Pt’,
respectively. Pattern fitting analysis of XANES spectra using Pt and PtO, was also
examined. The obtained XANES spectra were analyzed using the Rigaku REX2000

software (ver. 2.5.7).

2.4 Catalytic activity for glycerol oxidation

A catalytic test of supported Pt NPs was evaluated for GLY oxidation in base-
free aqueous solution using molecular oxygen. All were allowed to react in a 30 mL
Schlenk tube attached to a reflux condenser. The typical reaction parameters were as
follows: GLY (0.5 mmol), H,O (2 mL), supported Pt NPs catalyst (16 mg),
temperature (333 K), reaction time (6 h). In addition, the reaction was carried out
under a stirring rate of 500 rpm and an oxygen flow of 10 mL-min ' by forcing
oxygen into the Schlenk tube through a stainless-steel needle. After the reaction, the
vessel was cooled to room temperature and the catalyst was separated by a Millex
filter with 0.20 um pore size. The filtrate was analyzed by high performance liquid

chromatography (HPLC) equipped with an Aminex HPX-87H column (Bio-Rad
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Laboratories) and a refractive index (RI) detector. The analysis conditions were set as
follows: eluent (aqueous solution of H,SO4 (10 mM)), flow rate (0.5 mL-min "),

column temperature (323 K).

3. Results and Discussion
3.1 Screening of Green synthesis methods and supporting materials

There has been reported that the renewable materials such as polysaccharide
can exhibit the functional groups with reducing potential (aldehyde and B-hydroxy

7M1 My previous work reports the preparation of

ketone) under alkaline treatment.
colloidal Pt NPs using soluble starch as a reducing and a stabilizing agent. The result
indicates that the alkaline degradation of starch molecule is the key factor for the
synthesis of Pt NPs. In addition, the generated reducing species related to the alkaline
(NaOH) concentration. Under optimized conditions (NaOH (0.05 M), temperature
(373 K), time (20 min), Pt ions (5 mM)), soluble starch could be degraded while
simultaneously generating reducing species that converted Pt ions into Pt NPs without

2]

aggregation.*]  Therefore, this condition was employed for the preliminary
gereg ploy

development of Pt NPs/HT heterogeneous catalyst.

The preparation of Pt NPs/HT -catalysts by the impregnation and the
immobilization method was examined. For the impregnation method, HT was
dispersed in an aqueous Pt solution for overnight before reduction using degraded
starch as a reducing agent (Scheme 2). After refluxed, washed and dried, the solid

catalyst was employed for the oxidation of GLY in base-free aqueous solution at 333
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K under atmospheric molecular oxygen. The activity over Pt NPs/HT catalysts was

shown in Table 1, entries 1-3.

Table 1 Effect of NaOH concentrations during preparation of HT supported Pt ions “

Entry Catalysts Conc. of NaOH (M) Conversion (%) GA yield (%)
1? Pt NPs/HT 0.05 9 9

2° Pt NPs/HT 0.1 16 16

3° Pt NPs/HT 0.2 18 18

4° Pt NPs/HT 0.05 49 38

“Reaction conditions: GLY (0.5 mmol), water (5 mL), catalyst (14 mg), HT (Mg/Al = 5), oxygen
(10 mL-min'l), temperature (333 K), reaction time (6 h). Prepared by bimpregnation method and

“immobilization method, catalyst (16 mg).

Generally, the possible products from GLY oxidation at the primary hydroxyl
position are glyceraldehyde, glyceric acid (GA), tartronic acid (TA), glycolic acid
(HA), mesooxalic acid and oxalic acid (OA) (Scheme 1).'"M'"¥! The reaction was
accomplished by the oxidation of GLY molecule at the primary hydroxyl position to
yield glyceraldehyde. Then it was further oxidized to GA, TA, HA and
OA IMBTHILBOMBI A Jess activity was observed for the reduction of HT supported-Pt
ions using starch treatment with 0.05 M NaOH (Table 1, entry 1). Further increase
NaOH concentration, the activities were increased (Table 1, entries 2 and 3). As
described, the reducing potential of starch was enhanced as increased NaOH

concentration.”*”) Therefore, reduced Pt species are increased as increase NaOH

concentration, leading to increase of Pt NPs in metallic state which act as the catalytic
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active sites, GLY conversion is increased. However, it was suggested that the
reducing potential of degraded starch was not enough for reduction of Pt ions which

were expected to bind on the HT surface.

Next, Pt NPs/HT catalyst was prepared by the immobilization method using
starch as a reducing and a stabilizing agent under alkaline treatment (see Scheme 2).
Firstly, Pt NPs were generated, thereafter, Pt NPs were immobilized on HT surface.
Catalytic performance for the aerobic oxidation of GLY was also carried out under
same conditions (Table 1). The high catalytic activity (49% conversion and 38% GA
yield) was observed (Table 1, entry 4). This implies that the reduction potential of
degraded species of starch was enough for the generation of Pt NPs, and preserved the
active Pt sites for the aerobic oxidation of GLY even after immobilization on the HT
surface. This preliminary observation shows a good sign for the development of green
method using a soluble starch, which is renewable and environmentally benign
reagent as a reducing and stabilizing agent for the preparation of Pt NPs/HT
heterogeneous catalyst in aqueous media. Detailed investigations were further

discussed in next section.

To confirm the activity of Pt NPs/HT catalyst for the aerobic oxidation of
GLY in base-free aqueous solution under mild conditions, the supported Pt NPs on
various materials were also investigated as concluded in Table 2. The TEM images
and particle size distribution histograms of Pt NPs supported on various materials
were shown in Figure 1, and the average particle size was also summarized in Table 2.
Pt NPs/HT showed high activity than other supports for the catalytic oxidation of

GLY in base-free aqueous solution (Table 2, entry 3). The activity was much higher
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than those of Pt NPs/MgO, Pt/SiO,, Pt/Al,0O3 and Pt/AC (Table 2, entries 1 and 3-5).
The result showed activity is independent on Pt particles size. For instance, Pt
NPs/MgO (Table 2, entries 1 and 5) revealed identical activity to Pt/AC despite the
particle size of the former ones smaller than three times, and five times different in
activity was found over Pt/SiO, and Pt NPs/HT with similar particle size (Table 2,
entries 2 and 3). Therefore, it was assumed that different activities of catalysts were
due to the basicity of support. It is well known that the catalysis for oxidation reaction
of GLY at primary hydroxyl position strongly depend on the basicity of the reaction
medium, because the external base can enhances a proton abstraction step of GLY.”!
The results suggested that the basicity on the HT surface (Mg/Al = 5, base amount
0.16 mmol/g)”” which derived from surface OH and/or HCO; species was strong

enough for carrying out the reaction in base-free aqueous solution then exhibited the

highest activity.

Table 2 Effect of support materials for the catalytic oxidation of GLY*

A
Entry Catalysts verage Conversion (%) GA yield (%)
Particle size (nm)
1 Pt NPs/MgO 1.3 10 6
2° Pt/SiO, 1.6 12 12
3¢ Pt NPs/HT 1.9 63 43
4° Pt/ALO; 3.1 6 5
5 Pt/AC 42 13 12

“Reaction conditions: GLY (0.5 mmol), water (2 mL), catalyst (14 mg), oxygen (10 mL-min'l),
temperature (323 K), reaction time (6 h). Commercial catalysts. “‘HT (Mg/Al = 5).
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Figure 1 TEM images of Pt NPs supported on various materials: (A) MgOH, (B)
Si0,, (C) HT, (D) ALO; and (E) activated carbon and (F)-(J) their particle size

distribution histograms.
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3.2 An investigation of the immobilization time for Pt NPs/HT catalysts

As mentioned, starch-Pt NPs/HT catalyst prepared by the immobilization
method possess highest activity. The reduction profile of colloidal Pt NPs using a
starch as a reducing and a stabilizing agent indicated a sigmoidal shape with seed
nucleation in the first period followed by a rapid particle growth (as suggested by
LaMer™*"> in colloidal growth mechanism)."*? Therefore, it would expect that the
immobilization of generated Pt NPs in each time interval may play an important role
in the catalytic activity. In this section the time-dependence on the generation of Pt

NPs before supported on the HT surface was systematically studied.

3.2.1 Characterization of Catalysts

Morphology of Pt NPs/HT catalysts prepared with various reduction times was
characterized by TEM. Time-dependent studies on the generation of Pt NPs were
conducted after reduction times of 3, 7, 10, 15 and 20 min. During each of the
reduction time intervals, HT (0.5 g) was added to each of the mixed solutions under
continuously vigorous stirring. The TEM images and particle size distribution
histograms of Pt NPs/HT were shown in Figure 2. The size of Pt NPs on HT slightly
increased with increasing reduction times, the average size being 0.9, 1.4, 1.9, 1.9 and
2.1 nm for 3, 7, 10, 15 and 20 min, respectively. It was clearly seen that Pt particle
size increased as increasing the reduction time, and unchanged after 10 min. The
observed phenomena corresponds to the formation mechanism of monodisperse NPs
proposed by LaMer model. This model, the particle formation is separated into three

stages: generation of atoms, nucleation and growth (see Chapter 1, Figure 8)°2%
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Once the concentration of atoms reaches a point of supersaturation, the atoms start to
aggregate into small clusters then grow in an accelerated manner and the
concentration of metal atoms in solution drops. If metal atoms continuous supply, the
nanocrystals will grow and increase in size until an equilibrium state reaching

between the atoms on the surface of the nanocrystal and the atoms in the solution.

In addition, the oxidation state of platinum was estimated from the Pt Ls;-edge
XANES spectra as shown in Figure 3. It was observed that the intensity of the white-
line in the Pt L;-edge XANES spectra gradually decreased with increasing reducing
time of Pt NPs. It means that the Pt’ concentration increased with the increasing
reduction time (Table 3). I supposed that the surface of Pt NPs could be easily
oxidized when exposed to air, which provided Pt oxides. It was indicated that the Pt

particle size and Pt’ concentration can be controlled by the reduction time.
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Figure 2 TEM images of HT supported-Pt NPs at various reduction times: (A) 3 min,
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(B) 7 min, (C) 10 min, (D) 15 min and (E) 20 min and (F)-(J) their particle size

distribution histograms.
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Figure 3 Pt L;-edge XANES spectra of Pt NPs/HT catalysts prepared with different

reducing times

3.2.2 Oxidation of glycerol over Pt NPs/HT

The catalytic activity of Pt NPs/HT was evaluated for the selective oxidation
of GLY in a base-free aqueous solution using molecular oxygen as an oxidant. The
reaction was carried out in water at 333 K. The results are shown in Table 3 with the
average particle size, Pt loading and Pt’ concentration estimated by TEM, ICP-AES
and XANES analyses, respectively. The GA was the main product in the all Pt
NPs/HT catalysts as listed in Table 3. It was consistent with a previous report that the
GLY oxidation in base-free aqueous solution catalyzed by supported-Pt
heterogeneous catalyst, GA could be obtained as the major product.”'"** The highest
GLY conversion (80%) was achieved by Pt NPs/HT (3 min) though it exhibited a low

selectivity toward GA (40%) (Table 3, entry 1). With increasing reduction time, the
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GLY conversion decreased with increasing particle size of Pt NPs whereas the yield
of GA slightly increased with increasing Pt” concentration (Table 3, entries 1-5). It
was indicated that Pt particle size and Pt’ concentration are related to both GLY
conversion and yield of GA in the oxidation reaction of GLY. Pt NPs/HT (10 min)
(Table 3, entry 3) was found to be the best catalyst when considered in terms of the

yield and selectivity for GA with turnover number (TON) of 357.

Table 3 Effect of the reduction time of Pt NPs/HT catalyst for GLY oxidation*

Catalystsb Conv. of  Yield Sel. Pt Particle

Pt” conc.

Entry  (Reduction GLY of GA  of GA loading TON size/ o
time) /% % % % nm? /%

1 Pt NPs/HT 80 32 40 0.92 212 0.9 50 (44)
(3 min)

2 Pt NPs/HT 72 36 49 0.81 270 1.4 56 (49)
(7 min)

3 PtNPs/HT 55 41 75 0.70 357 1.9 61 (56)
(10 min)

4 Pt NPs/HT 57 40 70 0.73 334 1.9 61 (55)
(15 min)

5 PtNPs/HT 49 38 77 0.74 313 2.1 64 (58)
(20 min)

6 blank 1 trace 29 - - - -

“Reaction conditions: GLY (0.5 mmol), H,O (5 mL), catalyst (16 mg), O, flow (10 mL-min'l),
333 K, 6 h. I wt% Pt NPs supported onto HT (Mg/Al = 5). “Analysis by ICP-AES.
“Determined by TEM. “Estimated by XANES analysis by intensity (pattern fitting).
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3.2.2.1 Influence of initial concentration of glycerol

The influence of the initial concentration of GLY was evaluated using 0.7
wt % Pt NPs/HT catalyst reduced in 10 min. Table 4 shows the GLY conversion with
initial GLY concentration in the range from 0.1 to 0.75 M. The conversion was
increased to 63% with increasing GLY concentration from 0.1 to 0.25 M; however,
that was gradually decreased to 42% with a further increase of the GLY concentration
above 0.25 M. It may possibly suggest that there is a mass-transfer limitation in the
initial concentration of GLY higher than 0.25 M. At all concentrations, the same
products are being formed (i.e., GA, TA, HA and OA) and at GLY concentrations
lower than 0.25 M, the sum of product selectivity is nearly 100% in all cases. This
suggests that the overoxidation to C; products did not occur significantly over starch
stabilized Pt NPs/HT catalyst which supposes that the excess oxygen absorption was
limited with the starch coverage. However, the overoxidation can occur at GLY
concentrations higher than 0.25 M; therefore, the sum of the selectivity for the above
compounds is less than 100%. The maximum TON of 852 was obtained at 0.25 M
GLY over Pt NP/HT*! while maximum TON of 625 was found at 0.3 M GLY over

bare Pt/HT catalyst.>"!
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Table 4 Effect of initial concentration for GLY oxidation over Pt NPs/HT*

Initial concentration Conversion of Selectivity / %

GLY /M GLY /% GA TA HA OA
0.10 53 71 8 12 8
0.14° 64 65 9 16 9
0.25¢ 63 68 8 18 6
0.50° 52 72 6 12 4
0.75 42 68 4 12 2

“Reaction conditions: GLY (0.5 mmol, GLY/metal = 1000), 0.7 wt% Pt NPs/HT catalyst (14 mg),
H,0 (°5 mL, “3.5 mL, 2 mL), O, flow (10 mL-min™"), 323 K, 6 h. “‘GLY (1 mmol, GLY/metal =
2000), H,O (2 mL).’GLY (1.5 mmol, GLY/metal = 3000), H,O (2 mL).

3.2.2.2 Influence of glycerol/metal ratio

The influence of GLY/metal ratio was also examined as shown in Figure 4.
The ratios of GLY/metal were varied in the range of 571—1424 mol/mol by changing
the catalyst amount. At 571 mol/mol, the highest conversion with lowest GA
selectivity was achieved, it was supposed due to high initial reaction rate bring about
to rapid formation of the main product (i.e., GA) which can further oxidized to by-
products (e.g., TA, HA and OA). As increase GLY/metal ratio, higher GA yield (63%
selectivity) was observed. Further increase GLY/metal ratio, both GLY conversion
and GA yield gradually dropped. It had been reported that the initial reaction rate of
the GLY oxidation depends on the catalyst amount.** Then, the result suggested that
less amount of catalyst, less metal active sites resulted in low activity. The optimum

GLY/metal ratio of 715 (catalyst 14 mg) was achieved in terms of GA yield.
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Figure 4 Reaction profile of GLY oxidation catalyzed by 0.7 wt% Pt NPs/HT at
various GLY/metal ratios. GLY conversion (B: close square), glyceric acid yield (e:
close circle) and glyceric acid selectivity (¢: diamond). Reaction conditions: GLY
(0.5 mmol), H,O (5 ml), temperature (333 K), reaction time (6 h), O, flow (10

mL-min™).

3.2.2.3 Influence of oxygen flow rate

Influence of oxygen flow rate on the aerobic glycerol oxidation was also
estimated as shown in Figure 5. The oxygen flow rates were varied from 5 to 30
mL-min"'. Increasing oxygen flow rate from 5 to 10 mL-min ', GLY conversion
much increased significantly from 29% to 63% together with increased GA yield from
23% to 43%. These suggest to the limitation of gas-liquid oxygen diffusion under
atmospheric conditions, since the concentration of dissolved oxygen in the aqueous
media is known to depend on the oxygen partial pressure.””! Further increase oxygen

flow rates from 10 to 30 mL-min ', no significant change in activity was observed.
g g y
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The result indicated that the oxygen flow rate of 10 mL-min”' is adequate to the

further experiments for the glycerol oxidation.
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Figure 5 Catalytic activity of Pt NPs/HT at various oxygen flow rate. GLY
conversion (M: close square), glyceric acid yield (®: close circle) and glyceric acid
selectivity (¢: diamond). Reaction conditions: GLY (0.5 mmol), 0.7 wt% Pt NPs/HT
catalyst (14 mg, GLY/metal = 1000), H,O (2 ml), temperature (333 K), reaction time
(6 h).

3.2.2.4 Influence of reaction temperature

Table 5 shows the activity of glycerol oxidation under variation of the
reaction temperature (313-353 K). The catalytic activity increased with increase in
the temperature from 313 to 323 K, and showed no significant change even the
temperature was further increased to 353 K (Table 5). It was implied that the aerobic
GLY oxidation under atmospheric conditions was not affected by the moderate

reaction temperature (323-353 K).
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Table 5 Effect of reaction temperature on GLY oxidation catalyzed by Pt NPs/HT."

Entry Reaction temperature Conversion of Selectivity of Yield of
GLY /% GA /% GA / %

1 313 46 s ”

2 323 63 68 “

3 333 64 6 “

4 343 65 6 “

5 353 64 63 w0

“Reaction conditions: GLY (0.5 mmol), 0.7 wt% Pt NPs/HT catalyst (14 mg, GLY/metal = 1000),
H,0 (2 ml), O, flow (10 mL-min'l), reaction time (6 h).

3.2.2.5 Reaction time profile under optimum conditions

The time profile of the GLY oxidation reaction over the Pt NPs/HT reduced
in 10 min was plotted in Figure 6. The GLY was converted to GA, TA, HA and OA.
The reaction was accomplished by the oxidation of primary alcohol of GLY to
glyceraldehyde; thereafter, further oxidation of the formed glyceraldehyde to GA, TA,
HA and OA progressed. At the initial stage of the reaction time (1 h), the highest
selectivityto GA (78%) was achieved. The selectivity toward GA gradually decreased
to 70% with 61% conversion of GLY as the reaction time increased to 9 h. It clearly
indicated that the Pt NPs/HT synthesized by the green synthesis method showed high
oxidation catalysis for the GLY conversion in base-free aqueous solutions under
atmospheric molecular oxygen and moderate reaction conditions, as comparison to the

previous reports (see Chapter 1, Tables 2 and 3).POH 3> HE7HB8HE
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Figure 6 Reaction time profile of GLY oxidation catalyzed by Pt NPs/HT. GLY
conversion (M: close square), GA yield (®: close circle), TA yield (a: open up
triangle), HA yield (v: open down triangle), OA yield (x: star) and GA selectivity (¢:
diamond). Reaction conditions: GLY (0.5 mmol), H,O (2.0 mL), 0.7 wt% Pt NPs/HT
catalyst (14 mg, GLY/metal = 1000), temperature (323 K), O, flow (10 mL-min™).

3.2.3 Detection of leached Pt NPs in the solution

The leaching of Pt NPs from the support was analyzed by the hot filtration
test. Oxidation of GLY by Pt NPs/HT catalyst was performed under the optimal
reaction conditions as followed: GLY (0.5 mmol), H,O (2.0 mL), 0.7 wt% Pt NPs/HT
catalyst (14 mg, GLY/metal = 1000), temperature (323 K), O, flow (10 mL-min™).
When the reaction achieves 30—40% GLY conversion, the catalyst was filtered off by
a Millex filter with 0.20 pm pore size while keeping hot conditions. Then the clear
solution was continuously heated for further 7 h. The composition of the filtrate

solution was monitored. As shown in Figure 7, the conversion and yield did not
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change after removal of the Pt NPs/HT. It means that the active Pt NPs did not leach

into the solution under the reaction conditions and the reaction is truly heterogeneous.
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Figure 7 Time course of GLY oxidation catalyzed by Pt NPs/HT. At arrow point,
catalyst was removed. GLY conversion (®: close square), GA yield (®: close circle),
TA yield (a: open up triangle), HA yield (v: open down triangle), OA yield (*: star)
and GA selectivity (¢: diamond). Reaction conditions: GLY (0.5 mmol), H,O (2.0
mL), 0.7 wt% Pt NPs/HT catalyst (14 mg, GLY/metal = 1000), temperature (323 K),
0, flow (10 mL'min™).

3.2.4 Catalyst recycling

From the viewpoint of pH changes in the reaction mixture (Figure 8), it is
supposed that the reaction is interfered by the acidic products after 6 h. To determine
the efficiency of the Pt NPs/HT catalyst, the recycling experiments were also carried
out. After 6 h of reaction, the catalyst was centrifuged, washed with deionized water

and dried under vacuum. Then it was employed again for another GLY oxidation
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reaction under the same reaction conditions. On recycling, the catalyst could be

reused at least three times.
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Figure 8 The time-dependence of the pH of the solution during the GLY oxidation
reaction. Reaction conditions: GLY (0.5 mmol), 0.7 wt% Pt NPs/HT catalyst (14 mg,
GLY/metal = 1000), H,O (2 ml), temperature (323 K), O, flow (10 mL-min™).

Figure 9 indicates only a slightly decrease in GLY conversion (i.e., 63, 59 and
56% for first, second and third recycled, respectively) with no considerable change in
the selectivity (e.g., 68 and 71% selectivity for first and third recycled, respectively).
The morphology of recycled catalysts was investigated by XRD and TEM. The XRD
patterns of recycled catalyst were identical to that of the initial catalyst (Figure 10).
TEM images showed no change in recycled catalyst in terms of particle size and

particle size distribution (Figure 11).
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Figure 9 Recycling of Pt NPs/HT catalyst. Reaction conditions: GLY (0.5 mmol),
H,0O (2.0 mL), 0.7 wt% Pt NPs/HT catalyst (14 mg, GLY/metal = 1000), temperature
(323 K), reaction time (6 h), O, flow (10 mL-min™).

Intensty (2.0.)
)

T
10 20 a0 40 50 &0 70 ao
2 theta

Figure 10 XRD patterns of Pt NPs/HT before and after recycled: (a) pure Pt NPs/HT,
(b) Pt NPs/HT 1*recycled, (c) Pt NPs/HT 2™ recycled and (d) Pt NPs/HT 3" recycled.
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Figure 11 TEM images of recycled Pt NPs/HTs catalyst: (a) Pt NPs/HTs 1* recycled,
(b) Pt NPs/HTs 2™ recycled and (c) Pt NPs/HTs 3" recycled and (d-f) their particle

size distribution histograms.

Furthermore, the FT-IR spectra indicated the existence of the characteristic
peaks at around 1200-900 cm ™' contributed from the glycosidic linkage of the starch
bridge even after 3 uses (Figure 12). These results suggested that the Pt NPs/HT was

stable and reusable as a catalyst for the GLY oxidation reaction.
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Figure 12 FT-IR spectra of the Pt NPs/HT catalysts before and after recycling

reactions.

4. Conclusion

The research in this chapter has successfully synthesized hydrotalcite
supported Pt nanoparticle (Pt NPs/HT) catalyst using starch as a “green” reducing and
a stabilizing agent. It was found that Pt NPs/HT prepared by the immobilization
method showed higher catalytic activity for the aerobic oxidation of GLY than that of
catalyst prepared by the impregnation method. Pt particle size and the Pt°
concentration increased with the increasing reduction time. Pt NPs were partially
oxidized when exposed to air and provided the Pt oxides on their surface.
Furthermore, the preparation time was influence the catalytic activity under base-free
aqueous solution and moderate reaction conditions. The highest GLY conversion
(80%) was achieved by immobilization of Pt NPs on HT support after reduction time

of 3 min (Pt NPs/HT (3 min)). Pt NPs/HT (10 min) was found to be the best catalyst
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when considered in terms of the yield and selectivity for GA with turnover number
(TON) of 357. It was indicated that Pt particle size and Pt’ concentration are related to
both GLY conversion and yield of GA in the oxidation reaction of GLY. In addition,
at GLY concentrations lower than 0.25 M, the sum of product selectivity is nearly
100% in all cases. After the reaction, the catalyst was easily removed by hot filtration
and no Pt leaching was detected in the solution. The catalyst retained high activity in
recycling experiments. In addition, Pt NPs/HT showed high activity than Pt on other
supports (i.e., Pt NPs/MgO, Pt/C, Pt/SiO, and Pt/Al,O;) for the catalytic oxidation of

GLY in base-free aqueous solution.
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PROBING THE EFFECT OF POLYMER

STABILIZED-PLATINUM NANOPARTICLES

1. Introduction

In these decades, metal nanoparticles (NPs) stabilized by polymer have been
used as a catalyst, since polymer produces the uniform shape and prevents
aggregation of NPs for more efficient catalysis. Various kinds of stabilizers had been
used to produce metal NPs with well-defined size and shape; for instance, sodium
citrate,' poly(vinyl alcohol) (PVA),!""* and poly(vinyl pyrrolidone) (PVP)*" have
been widely attempted to prepare the fine metal NPs. Beside, the particle size and
their stability, particle shape, composition, electronic state and surrounding material
also affect the catalytic activity of metal particles.”) In many cases, the
stabilizing/capping agent might influence not only particle size but also the electronic
state of NPs as summarized in Chapter 1, Table 5, and contribute their novel catalytic
performances." "™ 1 Villa ef al. revealed that the particle size of Au sols depends on
kind of  stabilizer. Smallest  particle size was found for
tetrakishydroxypropylphosphonium chloride stabilized-Au sols follows by PVA and
citrate, which brings the highest catalytic activity for glycerol oxidation.!! Lee et al.

demonstrated that Platinum (Pt) NPs regulated with tetradecyltrimethylammonium
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bromide exhibited much higher activity than Pt NPs prepared with PVP for the

PHISE Ay/Pt/Ag trimetallic NPs were found to show higher

ethylene hydrogenation.!
activity than that of Au NPs with nearly same particle size for aerobic glucose
oxidation, because the negative charge on the Au surface atoms by electron donation
from neighboring Ag atoms and PVP ligand.!"”! Borodko et al. probed the interaction
between PVP and Pt nanocrystals by using UV-Raman and FT-IR techniques, and
concluded that PVP adheres to the NPs via a charge-transfer interaction between the

pyrrolidone rings and surface Pt atoms.!'™

Pt metal has been exclusively employed as the catalyst for many applications

THIOLZT and the electrocatalytic

such as the oxidation reactions of alcohol and polyols!
oxygen reduction reaction.”'"**! The uniform particle size distribution and their
stability are essential for the preparation of Pt catalyst."”! The immobilization method
has been widely used for the preparation of supported Pt catalyst, because the method
possesses the reproducible synthesis of particle size with controlled size
distribution.™” Pt NPs are generated by reduction of metal precursor with a reducing

agent, and in this step stabilizing/capping agent is required to prevent Pt NPs

aggregation.

Very recently, I developed green synthetic method using soluble starch as a
reducing and a stabilizing agent,* and reported for preparation of the hydrotalcite
(HT) supported starch stabilized-Pt NPs (Pt—starch/HT), which exhibited the good
catalysis for aerobic glycerol oxidation under mild reaction conditions.'”! The soluble

starch is a linear polysaccharide with a-(1—4) linkages between p-glucose units
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adopt a left-handed helical conformation in aqueous solution where hydroxyl groups
in starch might complex with metal ion into molecular matrix and prevent NPs

[24],[26

aggregation. THT is known as double-layered metal hydroxide which possesses

21H3% \which could abstract proton

basicity derived from HCO;  species on the surface,!
of hydroxyl groups of alcohols. Furthermore, we developed starch-stabilized PtAu
bimetallic NPs supported on HT surface (PtAu-starch/HT), which acted as active and
reusable solid catalysts for base-free aerobic oxidation of polyols in aqueous solution
at room temperature (RT).*" It was proposed that the PtAu NPs gained charge from
the starch ligand, which leads to improvement of the catalysis of active Pt sites for
polyol oxidation. However, roles of the starch ligand are still unclear because the

PtAu particles with different Pt/Au ratios have different particle sizes; geometric and

electronic modifications by starch ligand cannot be discussed separately in that case.

In our previous comparisons on simple monometallic catalysts between bare
Pt/HT and Pt-starch/HT, Pt-starch/HT exhibited a higher selectivity toward GA than
bare Pt/HT in aerobic glycerol oxidation. It was suggested that the some part of starch
polymer structure covered the surface of Pt NPs and limited the oxygen diffusion
leading to decrease the over-oxidation to C; products, leading the high selectivity for
GA on Pt-starch/HT.>'% For simplification to understand the roles of polymer
agents on Pt NPs/HT catalyst in aerobic oxidation in water, further investigation over
monometallic catalyst supposedly helps essential and efficient discussion. Herein, in
order to elucidate the role of starch ligand, supported Pt NPs with the same size (2.2
nm) were prepared using starch and conventional stabilizing polymers (PVP and

PVA), as shown in Figure 1, on the HT surface (Pt—polymer/HT). I investigated effect
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of the above three polymers on catalysis for the base-free aerobic oxidation of 1,2-
propanediol (PG), a simpler substrate than glycerol, in an aqueous solution at RT on
basis of electronic state and hydrophilic property of Pt—polymer/HT. The
Pt—starch/HT was found to be the most effective catalyst for the aerobic PG oxidation
among three types of Pt—polymer/HT. Pt 4f XPS and Pt L;-edge XANES analyses
suggested that Pt atoms in the Pt NPs stabilized by starch and PVA were more
negative than that stabilized by PVP. Furthermore, the measurement of water contact
angle suggested that Pt—starch/HT and Pt-PVA/HT had less hydrophilic natures than
that of Pt-PVP/HT. Based on the above results, we proposed the role of starch as a
stabilizing ligand of HT-supported Pt NPs in the PG oxidation in the aqueous

solution.

2. Experimental

2.1 Chemicals

Hexachloroplatinic acid (H,PtCle:6H,0, 99.9%; Cat. No: 089-05311), 1,2-
propanediol (99%; Cat. No: 164-04996), soluble starch (Cat. No: 195-03961),
poly(vinyl alcohol) (PVA; partially hydrolyzed, 90 mol% saponification; Cat. No:
163-16355), sodium borohydride (90%; Cat. No: 0194-01471), and magnesium nitrate
hexahydrate (Mg(NOs3),-6H,0; Cat. No: 134-00255) were purchased from Wako Pure
Chemicals. Poly(vinyl pyrrolidone) (PVP; K12; Cat. No: 276142500) was provided
from Acros Organics. Hydrotalcite (HT, Mg/Al = 5; Cat. No: TOMITA-AD-550PF)

was purchased from Tomita Pharmaceutical.
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2.2 Preparation of hydrotalcite supported-Pt NPs catalysts

Pt—polymer/HT catalysts were prepared by a chemical reduction method using
NaBH4 and polymer of soluble starch, PVP or PVA as a stabilizing agent. Thereafter,
the generated Pt particles were immobilized on the HT surface as follows:
H,PtCls-6H,0O (0.1 mmol) was dissolved in 5 mL of aqueous solutions containing
stabilizer (0.025-0.200 g) and stirring for 90 min. Then 10 mL of aqueous NaBH4
solution (50 mM NaBH,) was dropwisely added (1.5 mL-min') into the mixed
solution with continuous stirring. After 20 min, 0.5 g of HT was added to the solution
under vigorous stirring for 1 h at RT. Finally, the resultant solid was filtered and

washed with deionized water, and then the obtained solid catalyst was dried overnight

at 373 K (Scheme 1).

HOH,C
0
0 n

HO N _-© n
OH

Soluble starch (MW: 2200) PVP (MW: 3500) PVA (MW: 3500)

Figure 1 Structure of polymers used for stabilization of Pt NPs.
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P
7

N A
Stabilizers 5
(0.025-0.200 g, 5 mL) 90 min
—_—

Pt 0.1 mmol NaBH, (10 mg/10 mLH,0)
dropwise 1.5 mL-min’!

\l/ Continuous stirring, 20 min

.

\l/ HT (0.5g).1h

-

\l/ Washed

Dried
(100°C, Overnight)
—>  Taemee]

2 wt% PtNPs/HT

Scheme 1 Synthesis of polymer stabilized-Pt NPs/HT by a chemical reduction method

using NaBHj as a reducing agent in water.

2.3 Characterization

The morphology of Pt—polymer/HT was analyzed by transmission electron
microscopy (TEM; Hitachi H-7100) at 100 kV accelerating voltage. The
Pt—polymer/HT was dispersed in deionized water and dropped onto a copper grid,
then dried overnight in a desiccator. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was operated by Shimadzu ICPS-7000 ver. 2 to determine
real concentrations of Pt on the catalyst. X-ray photoelectron spectroscopy (XPS) was

measured on Shimadzu-Kuratos AXIS-ULTRA DLD spectrometer using an Al target
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at 15 kV and 10 mA. The binding energies were calibrated with the O 1s peak (531.0
eV) as the internal standard reference. X-ray absorption near edge structure (XANES)
in X-ray absorption spectra of Pt L;-edge were recorded at beamline BL-9C of KEK-
PF under the approval of the Photon Factory Program Advisory Committee (Proposal
No. 2013G586). The Pt-polymer/HT catalyst was grained and pressed to a pellet
(¢~10 mm) for XANES analysis. The obtained XANES features were analyzed using
Athena software (version. 0.8.056).

The water wettability of Pt—polymer/HT catalysts was studied by measuring
the contact angle of a water droplet using Drop-Master DM 300 of Kyowa Interface
Science Co. Catalyst was grained and pressed to a pellet ($~10 mm) for the contact
angle measurement. A water droplet with a volume of 2 uL was dropped onto each
catalyst. Measurements were taken in three times for each catalyst to calculate

average values.
2.4 Catalytic activity for 1,2-propanediol oxidation

Catalysis of Pt—polymer/HT was evaluated in the PG oxidation in base-free
aqueous solution under atmospheric conditions. All reactions were performed in a 30
mL Schlenk tube attached to a reflux condenser. The general reaction conditions were
as follows: PG (0.5 mmol), H;O (2 mL), catalyst (32 mg), temperature (298 K),
oxygen flow (10 mL min'), stirring rate (500 rpm). After the reaction, the catalyst
was separated by filtration. The filtrate was analyzed by a high performance liquid
chromatography (HPLC) equipped with an Aminex HPX-87H column (Bio-Rad

Laboratories) and a refractive index detector. The analysis conditions were set as
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follows: eluent (aqueous solution of H,SO, (10 mM)), flow rate (0.5 mL min'),
column temperature (323 K). Turnover number (TON) was calculated by the LA yield
per mol of actual metal loading on the Pt—polymer/HT catalyst in the reaction

mixtures.

3. Results and discussion

3.1 Preparation of HT supported—Pt NPs with same diameter using three

polymers

In order to compare the influence of stabilizer onto the catalytic activity of Pt
NPs, the size of Pt NPs woud be the same using the proper amount of the polymer
stabilizer. The Pt—polymer/HTs were prepared by a chemical reduction method using
NaBH, as a reducing agent, and then immobilization on the HT surface. TEM images
and particle size distribution histograms of starch, PVP and PVA stabilized-Pt/HTs at
various polymer amounts (0.025-0.200 g) were shown in Figures 2—4. All showed the
uniform and narrow size distribution, and the mean particle size gradually became
smaller with increase of the polymer amount. Same mean particle size of Pt NPs with
2.2 nm was obtained when polymers of starch, PVP and PVA were used with 0.200 g,
0.200 g and 0.025 g for preparation, respectively (Figures 2-B4, 3-B4, and 4-B1). It is
notable that the amount of PVA to produce 2.2 nm Pt particles is one-eighth of those

of starch and PVP.
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Figure 2 TEM images of starch-Pt NPs/HT at various amount of starch: (A1) 0.025
g, (A2) 0.050 g, (A3) 0.100 g and (A3) 0.200 g and (B1-B4) their particle size

distribution histograms, respectively.
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Figure 3 TEM images of PVP-Pt NPs/HT at various amount of PVP: (A1) 0.025 g,
(A2) 0.050 g, (A3) 0.100 g and (A3) 0.200 g and (B1-B4) their particle size

distribution histograms, respectively.
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Figure 4 TEM images of PVA-Pt NPs/HT at various amount of PVA: (A1) 0.025 g,
(A2) 0.050 g, (A3) 0.100 g and (A3) 0.200 g and (B1-B4) their particle size

distribution histograms, respectively.

3.2 Oxidation of 1,2-propanediol

PG is a glycerol-derived product that is renewable and eco-friendly chemical
from the industrial waste, and can be serving as a substrate for the manufacture of
high-end chemicals such as LA.*"*3] LA has been applied to various industrial fields

34361 Supported metal particles on metal oxide

of food and pharmaceutical products.
or carbon could catalyze the PG oxidation, however, it needs pressurized O,, NaOH

and high temperatures (Chapter 1, Table 5).l2H37H41]

I found that the Pt-polymer/HTs with a mean diameter of 2.2 nm could
catalyze the aerobic oxidation of PG in base-free aqueous solution using 1 atm of O,
at RT, as shown in Table 1. Generally, the reaction was accomplished by the

oxidation of primary hydroxyl group of PG to LA which could be further oxidized to
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pyruvic acid (PA). The C-C bond cleavage affords acetic acid (AA) and C; product
(ex. COy). In this case, the Pt—polymer/HTs showed the selective catalysis at primary
hydroxyl group to form LA. Among them, the Pt—starch/HT exhibited the highest
activity (57% conversion, 43% LA vyield) with TON of 71, followed by the
Pt-PVP/HT (42% conversion, 25% LA yield) and the Pt~-PVA/HT (22% conversion,
12% LA yield) with TON of 40 and 17, respectively. It was indicated that the kind of
stabilizer had a strong influence on the catalytic activity, and starch was better
polymer than conventional polymers (PVP and PVA) for the PG oxidation reaction in

water at RT.

Table 1 Oxidation of 1,2—propanediol (PG) in water over the Pt—polymer/HT

catalysts”
OH OH o o
Catalyst
)\ —y—> o0 )J\’&O — )J\OH
298 K, H
OH 98 K, H20, O, OH OH
PG LA PA AA
Metal loadine® P ) Yield /%
Entry Catalystb e ozﬁhng G Cony - TON
/ mmol g /% LA PA AA
1 Pt—starch/HT 0.095 57 43 9 5 71
2 Pt-PVP/HT 0.099 42 25 7 5 40
3 Pt-PVA/HT 0.118 22 12 6 3 17

“Reaction conditions: PG (0.5 mmol), H,O (2 mL), catalyst (32 mg), oxygen (10 mL min—l),
298 K, 6 h. "Mean diameters of Pt NPs were 2.2 nm. “Determined by ICP-AES.
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3.3 Electronic structure of Pt—polymer NPs

XPS spectra of the Pt—polymer NPs were shown in Figure 5.1*! The binding
energy (BE) of Pt foil for Pt 4f7,, and Pt 4fs5; are 71.2 eV and 74.4 eV, respectively.
All spectra showed the asymmetric peak and the large negative shift to lower BE as
comparable to the position of Pt foil (71.2 eV for 4f;, and 74.4 eV for 4fs;). The
differences of BE between sample and Pt foil (ABE) were shown in Table 2. The
Pt—-PV A NPs exhibited the ABE of 2.1 ¢V which is identical to the Pt—starch NPs (2.0
eV) and higher than the Pt-PVP NPs (0.9 eV). Since three Pt NPs have same mean
particle size, the large negative BE shifts of Pt 4f were supposedly due to the
interaction between Pt NPs and surrounding ligand. There were shoulder peaks at
higher side in binding energy that will be attributed to the formation of PtO, species

on the surface of Pt—polymer NPs (discussed in the next paragraph).

— Pt-starch
Pt-PVP N

—— Pt-PVA /o
/\ [

Intensity (a.u.)

76 74 72 70 68
Binding energy (eV)

Figure 5 XPS spectra of the Pt—polymer NPs.
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Table 2 Binding energy and its shift of the Pt—polymer NPs

BE (ABEY)
Entry Sample
Pt4f;,/ eV Pt 4fs,/ eV
1 Pt—starch NPs 69.2 (2.0) 72.5 (1.9)
2 Pt—PVP NPs 70.3 (0.9) 73.6 (0.8)
3 Pt—PVA NPs 69.1 (2.1) 72.4 (2.0)

“ABE = BE (Pt foil) — BE (sample).

In order to further investigate the electronic state of Pt—polymer/HT, the
catalysts were analyzed by XANES features. Normalized Pt L;-edge XANES features
of the Pt—polymer/HT were shown in Figure 6. The white-lines (WLs) were observed
on Pt L;-edge XANES features (Figure 6A). As a typical feature, WL is very strong
for most transition metals with partially filled d band and intensity is related to the
unoccupied densities of d states, more number of electrons in 5d states make lower
intensity in the WL area.”"™! All Pt Ls;-edge of Pt-polymer/HT exhibit the WL
intensity between the Pt foil (electron configulation of Pt: [Xe] 6s' 4f'* 5d”) and PtO,
(Figures 6B and 7). These little higher intensities in the WL than Pt foil advocated the
presence of PtO, species which presumable due to the adsorption of some oxygens
from polymer agents on the surface of Pt-polymer NPs stabilized on HT. Though
those effects were also appeared in the WL feature, the observed differences among
three Pt—polymer/HTs could be compared because the WL intensity of Pt—starch/HT
or Pt—-PVA/HT was lower than Pt—-PVP/HT as shown in Figure 6B; if the expected

PtO, were dominant species, the former was higher than the latter considering with
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the possible structures of these Pt—polymer/HTs (as discribed in Figure 8 (vide infra)).

The WL intensity and the BE shift for each Pt—polymer NPs were plotted in Figure 7.

The Pt-starch/HT and the Pt-PVA/HT displayed the similarity of the WL intensity

which is lower than that of the Pt—-PVP/HT together with large negative BE shift.

These results indicated that Pt atoms in the Pt NPs stabilized by starch and PVA were

more negative than that stabilized by PVP. Additionally, it seemed that the

interference of HT support scarcely influenced on the differences on electronic

structure of Pt-NPs/HT estimated from XPS and XANES analysis.

A A I
PtO2
—— Pt-starch/HT

Pt-PVP/HT
——PtPVAMT

Pt foil

Normalized absorbance /a.u.

Normalized absorbance /a.u.

B ZaN ——PtO,

—— Pt-starch/HT
Pt-PVPMHT
—— PtPVAMT

Pt foil

11.54 11.56 11.58 11.60 11.62
Photon energy / keV

11.56 11.57 11.58
Photon energy /keV

Figure 6 (A) Pt L3-edge XANES features of the Pt—polymer/HT and (B) emphasize

detail near the WL region.
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Figure 7 WL intensity of Pt L;-edge XANES features and difference BE shift of
Pt—polymer/HT. Dash line represents WL intensity of Pt foil L;-edge.

3.4 Water wettability of the Pt-polymer/HT

Since the present PG oxidation was performed in water, we considered the
surface hydrophilicity/hydrophobicity played important roles in the oxidation
reaction. To get information on water wettability of the catalyst, the water contact
angles on the surface were measured. The images of a water droplet on the
Pt—polymer/HT were shown in Figure 8 and the average water contact angles were
summarized in Table 3. The water contact angles were found as following orders:

Pt-PVP/HT < Pt-starch/HT < Pt—-PVA/HT. It indicated the Pt-PVP/HT showed

higher water wettability (hydrophilicity) than the Pt—starch/HT and the Pt—-PVP/HT.

-110-



Chapter 3

1 1 i

Pt—starch/HT Pt—PVP/HT Pt—PVA/HT

Figure 8 Images of water droplet on the Pt—polymer/HT.

Table 3 Average water contact angle on the Pt—polymer/HT

Entry Catalyst Contact angle,0 (°)
1 Pt—starch/HT 36
2 Pt-PVP/HT 31
3 Pt-PVA/HT 46

4. Discussion
4.1 Effect of polymer on the Pt—polymer/HT and their catalytic activity

TEM images and their histograms revealed that the Pt particle with the same
mean diameter (2.2 nm) could be prepared by controlling the polymer amount during
the particle preparation, in which only 0.025 g of PVA was adequate to stabilized NPs
while PVP and starch loading were required up to 0.200 g. It is suggested that PVA
shows strong stabilization power to prevent metal aggregation than starch and PVP. In
general, the nonionic polymers can control particle size and prevent NPs aggregation
by anchored on their surfaces which refers to steric stabilization (van der Waals

attraction).** As polymer contains the electron donating functional atoms such as
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oxygen and nitrogen, the polymer molecules can adsorb on the surface of NPs through
the coordination (e.g., ion-dipole, dipole-dipole, and other bonds)."**! Soluble starch is
a linear polymer formed by the a—(1—4) linkages between p-glucose units and adopts
a left-handed helical conformation in aqueous solution,**! whereas PVP and PVA are
long chain polymers with a random coil structure.!''! The possible electron donations
from polymers to the Pt NPs surface were proposed in Figure 9, where starch may
stabilize the Pt NPs via Pt-O interactions as a helical coordination (Figure 9A),
nitrogen and oxygen atoms of PVP could surround Pt NPs surface (Figure 9B), and
PVA would adhere Pt NPs surface via oxygen atoms of OH groups of alkyl chain

(Figure 9C).

(A) Pt—starch/HT v

QL
) > 4
(7%
T
QL

(C) Pt-PVAHT

Figure 9 Possible electron donations from polymers to Pt NPs surface.

Three polymers could donate electrons into surface Pt atoms of NPs by
coordination to form negatively charged surface Pt atoms. There has been reported

that stabilizer such as PVP donates electron via carbonyl group to metal NPs such as
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Pt, Au, and Ag NPs, which causes negative shifts of BE.!MMBBT Brom the results by
XPS and XANES analyses, the donation ability of starch is compatible to that of
PVA, and is stronger than that of PVP (as shown Figure 7). In case of Pt—starch/HT,
the high activity of 57% conversion with 43% LA yield (TON = 71) well-explained
by the abundance of electronically charged on the Pt surface atoms; these were also
assisted by our previously worked indicating that starch ligand donated electron to the
Pt surface and facilitated the surface Pt sites to being catalytically active.”'! However,
the electronic charge phenomena are not enough for explanation of their differences in
catalytic activity for aerobic oxidation of PG in aqueous solution; i.e. the negatively
charged on Pt surface atoms estimated by XPS and XANES analyses were following
order: Pt-starch/HT = Pt-PVA/HT > Pt-PVP/HT, but these hardly elucidated the
order for catalytic activity: Pt—starch/HT > Pt-PVP/HT > Pt-PVA/HT. Therefore, we
postulated that the other factors such as the affinity of the ligand capped-Pt NPs for

the solvent had also affected on the catalytic oxidation.

Considering the water wettability of catalysts, Pt—~PVA/HT showed the highest
contact angle value (46°, Figure 8 and Table 3) which implied to the lowest water
wettability of three. Recently, some research groups have reported the importance of
hydrophilicity-hydrophobicity of the catalyst in which directly affect the adsorption
and desorption of the reactant and product in the elementary step for catalysis.[***"]
This well-related to the proposal of the structural arrangement of polymer as
illustrated in Figure 9C, in which PVA using oxygens of polymer stabilized NPs and

rotated the non-polar side chain out then limited the wettability of catalyst in aqueous

media under RT. Besides, as shown in Figure 4, even eight times less of PVA use
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than starch and PVP was adequate to stabilize Pt particle in size of 2.2 nm, suggested
the strong ability for stabilization of PVA which related to the much electron donation
to Pt NPs. Following to these results, it was indicated that Pt-PVA/HT was negatively
charged by the electron donation but showed low activity because of its low
wettability for water solvent, both phenomena were attributed to the effect of PVA

capping agent.

On the other hand, the contact angle of Pt-PVP/HT (31°, Figure 8 and Table
3) is proximately 0.7 times value of Pt-PVA/HT, it suggests that PVP facilitates the
water wettability of catalyst: Pt—-PVP/HT possessed more hydrophilic surface than
Pt-PVA/HT. Whereas, the Pt-starch/HT showed 36° in the contact angle against
water (Figure 8 and Table 3), which was between Pt-PVP/HT and Pt-PVA/HT.
These results related to the contact angle value suggested that the affinity for water
sorption of catalyst could be varied by polymer capping agent. In addition, this result
may possible to essential evidence for the explanation of moderate catalytic activity of
Pt-PVP/HT even less negatively charged presents on the Pt surface atoms.
Accordingly, we confirmed that the high activity of Pt-—starch/HT for aerobic
oxidation of PG in aqueous solution at RT was due to not only the high electron

negativity but also the suitable wettability for water solvent (hydrophilicity).

Overall, the preparation of supported metal catalyst using polymer as a
stabilizing agent, it should show strong power to stabilize particle in small size
together with exposes of the catalytic surface and facilitate the sorption-desorption of

reactant, product and solvent. Furthermore, the active atoms in the molecule of

_114-



Chapter 3

polymer may promote the highly active surface leading to high efficacy for the

catalysis under mild conditions.

4.2 Proposal mechanism for aerobic oxidation of PG over Pt—polymer/HT in

aqueous solution

As the above result, starch is a suitable ligand for preparation of catalyst, since
starch acts as a good stabilizer which produces small Pt NPs and liberates the
hydrophilic surface for catalysis in aqueous solution. The electronic charge-transfer
from starch to Pt surface atoms induces the highly active surface for catalysis at RT.
Therefore, the reaction mechanism of PG oxidation over Pt—starch/HT was proposed
in Scheme 2. First, O, is adsorbed onto the surface of negatively charged Pt atoms (1).
This step is proposed to be a crucial in the aerobic oxidation of PG in aqueous media
at RT because the previous works reported that anionic metal (e.g., Au and Pt) can
activate molecular oxygen by donating an excess electron charge to adsorbed oxygen

[SLIT1L[50]-[59

generation of anionic O, like superoxo or peroxo oxygen. I The charge on

an adsorbate like oxygen is indication of the amount of charge transfer from the
metal [’ These phenomenon has also been reported for oxidation of polyols,”"
aerobic oxidation of p-hydroxybenzyl alcohol!''"** and CO oxidation.”®! Then, the
basic support abstracts proton from PG to form the alkoxide (2). The proton in
adsorbed alkoxide carbon is transformed to the adsorbed oxygen; releasing
lactaldehyde (3) which is further oxidized to LA, and H,O to generate back anionic

O, species (4). LA can be further over-oxidized to pyruvic acid (PA) followed by C-

C bond cleavage to acetic acid (AA). The wettability for water (hydrophilicity) may
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play the crucial role in accessibility of substrate and intermediates to the catalyst
surface and/or dispensability of catalyst in water. Pt—starch/HT catalyst was hardly
dispersed in nonpolar solvent such as toluene though bare Pt/HT could be dispersed. It
suggested that affinity for the solvent strongly related to the dispersibility of the

catalyst, and these were influenced by capping agents.

Lactaldehyde LA

Scheme 2 A proposed reaction pathway for PG oxidation catalyzed by the
Pt—starch/HT.
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5. Conclusion

The research in this chapter discovered that polymers have a strong influence
on the properties of Pt—polymer catalyst by difference stabilizing power to metal NPs
and may determine the preserving or limiting the catalytically active site of NPs. PVA
shows strong electron donation to Pt surface atoms, however, it limits the wettability
of active Pt surface atoms for water solvent. PVP facilitates the affinity for water
sorption though exploits weak electron donation. Starch is found to be a suitable
ligand for creating negative charge on Pt surface atoms with better wettability for
water than PVA. Overall, the major effects on the catalytic activity of Pt NPs
stabilized by polymer are the electronic charge on the Pt atoms to facilitate O,
activation for PG oxidation in aqueous solution and wettability for water solvent.
Accordingly, the polymer stabilizing agent effects on the charge in active metal and/or

affinity for solvent, and played an important role for the catalysis.
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EVOLUTION OF STARCH STABILIZED SUPPORTED
PLATINUM-BASED BIMETALLIC CATALYSTS
FOR SELECTIVE AND AQUEOUS POLYOLS

OXIDATION USING MOLECULAR OXYGEN

1. Introduction

Biomass is biological material derived from plants, and the transformation of
biomass-derived compounds into energy sources and valuable chemicals will serve as
an alternative resource instead of fossil fuel.!'"7) Biodiesel fuel (BDF) is the one of
biomass-derived energy produced by transesterification of biomass (triglycerides)
with alcohols, and a huge amount of glycerol (GLY) is obtained as a byproduct during
the production of BDF.I"1 GLY-derived products can serve various substrates for
the manufacture of high-end chemicals. For instance, from the controlled partial
oxidation of GLY, various value-added chemicals, such as glyceric acid (GA),
dihydroxyacetone, and tartronic acid (TA), can be provided."*" " Particularly, GA is
a very important one, affording medicine and skin care treatment.!'"" ™ In addition,

0]

1,2-propanediol (PG), the product of GLY hydrogenolysis,"'” is a crucial starting

material for the chemical synthesis of lactic acid (LA) by a partial oxidation,PHM!!]
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LA is used in the industrial fields of food and pharmaceutical products.!'*"'"*! General
reaction pathways for the oxidation of GLY and PG are shown in Scheme 1. Research
on supported monometallic nanoparticle (NP) catalysts, especially Pt, Au, and Pd
catalysts, for the oxidation of polyols in the presence of base have been reported

M Many publications have detailed that the supported

during the past decade.!
bimetallic NPs also possessed a catalytic activity superior to the monometallic ones
for oxidation of polyols in the presence of base (see Chapter 1, Tables
2-4) HHI4LR07241 Bor - example, Dimitratose et al. found that alloyed AuPd/TiO,
improved activity and selectivity for PG oxidation to LA in the presence of NaOH
under pressurized oxygen (10 atm) at 333 K.['"¥ Brett et al. observed that the addition
of Pd to Au atoms significantly enhanced the activity and retained high selectivity to
methyl lactate in the presence of sodium methoxide (NaOMe) at 373 K under

pressurized oxygen (3 atm).!"!]

0 o o 0 0
Oxidation H
HO/\(\OH —» HO OH —— HO OH —>» OH ——> OH
OH OH OH OH 0

Glycerol (GLY) Glyceric acid (GA) Tartronic acid (TA) Glycolic acid (HA)  Oxalic acid (OA)

H OH
i‘ Oxidation )\KO /H\KD /ﬁ\
— — — OH
OH OH

OH
1,2-Propanediol (PG) Lactic acid (LA) Pyruvic acid (PA) Acetic acid (AA)

Hydrogenolysis

Scheme 1 General reaction pathways for the oxidation of GLY and PG.
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It is well-known that the catalysis for the oxidation reaction of polyols (e.g.,
GLY) strongly depends on the basicity of the reaction medium because the external
base can enhance a proton abstraction step from the hydroxyl group of GLY.
However, the salt of the products, such as glycerate, was formed when a
homogeneous base was used, and then the obtained products required an additional
neutralization or acidification. In advanced research, the oxidation reaction has been
performed with metal species supported on basic materials, which permitted a base-
free oxidation, producing the free carboxylic acid rather than the salt form. The
modern oxidation process prefers an atmospheric pressure of molecular oxygen (O3)
as a green oxidant because the classical oxidant, such as CrO; and KMnQy, had large

12¢] Recently, the catalytic oxidation of

harmful impacts for the environment.!'*"**!
GLY over a bimetallic catalyst in base-free aqueous solution under oxygen flow has
been reported. Hou and co-workers showed that PtCu/C and PtSb/multiwall carbon
nanotubes (MWCNTs) were more active and selective toward GA than Pt/C and
Pt/MWCNT, respectively.”” ") Tomishige et al. also found that PdAg/C showed
higher activity and selectivity to dihydroxyacetone than Pd/C for GLY oxidation with
molecular oxygen (3 atm) under neutral conditions at 373 K."*”!

Very recently, I succeeded in the synthesis of a novel hydrotalcite-supported
Pt—starch NPs (Pt—starch/HT) catalyst using soluble starch as a green reducing and a
stabilizing agent.”'! The Pt-starch/HT became an environmentally friendly and a
highly efficient catalyst which suppressed the overoxidation of GLY to C,; products in

comparison with the bare Pt/HT catalyst™? for selective oxidation of GLY in

base-free aqueous solution with molecular oxygen under atmospheric pressure. This
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achievement inspired me to further challenge for the preparation of an efficient
bimetallic NP catalyst in selective oxidation of polyols. Herein, I explore the efficient
catalytic oxidation of polyols (GLY and PQG) in base-free aqueous solution under
ambient conditions over HT-supported Pt,Au,—starch NPs (Pt,Au,—starch/HT)
catalysts. The Pt,Au,—starch/HTs were prepared by a sol immobilization method with
various Pt/Au molar ratios (x/y) using soluble starch as a green reducing and

311,

stabilizing agent."""*1 HT is well-known as a reusable basic layered double

hydroxide that is frequently used as a support for Pd, Ru, and Au species.>*]
Following the results shown below, we found that the Pt,Au,—starch/HT catalysts
exhibited high selectivities for GA and LA formation in aerobic and aqueous base-
free oxidations of GLY and PG under ambient conditions (i.e., room temperature and
an atmospheric pressure of molecular oxygen). The negative charge on Pt atoms
induced by the electron transfer from both neighbor Au atoms and starch ligand were
detected by XPS and XANES analyses. I suggested that both geometric and electronic

change of the catalytically active Pt sites by adjacent Au atoms and starch ligands

contributed to improvement of the activity and selectivity toward the target products.

2. Experiment
2.1 Chemicals

Hexachloroplatinic acid (H,PtClg:6H,O, 99.9%; Cat. No: 089-05311),
tetrachloroauric acid (HAuCl4-4H,0, 99.9%; Cat. No: 073-00933), palladium chloride

(PdCly, 99%; Cat. No: 168-24713), ruthenium chloride n-hydrate (RuCls-nH;O,

-129-



Chapter 4

99.9%; Cat. No: 187-00821), 1,2-propanediol (99%; Cat. No: 164-04996) and soluble
starch (Cat. No: 195-03961) were purchased from Wako Pure Chemicals. Glycerol
(99.9%; Cat. No: 17018-25) was provided from Nacalai Tesque. Silver nitrate
(AgNO3, 99.9%; Cat. No: 204390-10G) was received from Sigma-Aldrich. Sodium
hydroxide (NaOH, 97%; Cat. No: 37184-00 JIS K 8576) was obtained from Kanto
Chemicals. Hydrotalcite (HT, Mg/Al = 5; Cat. No: TOMITA-AD-550PF) was
provided from Tomita Pharmaceutical. Chemical. 2,6-Di-tert-butyl-p-cresol (BHT);

Cat. No: D0228) was received from Tokyo Chemical Industry.

2.2 Preparation of hydrotalcite supported Pt-based bimetallic catalysts

2.2.1 Fast co-reduction method (FCR)

HT supported bimetallic Pt-based NPs catalysts (Pt-M NPs/HT, M = Pd, Ru,
Ag and Au) were synthesized by the fast co-reduced reduction method using soluble
starch as a reducing and a stabilizing agent (Scheme 1). Thereafter, they were
immobilized onto the HT surface. Various ratios of metal mixed solution (Pt/M,)

were kept at 0.1 mmol%. Different mixed metal solutions were prepared as follows:

Preparation of PtRu solution. A variety ratios of Pt,Ru, solution were
prepared by the dispersion of H,PtCle-6H>O (x mmol) and RuCl;-3H,0 (y mmol). The
pH of the solutions was adjusted to neutral with 1 M NaOH. Thereafter, the solutions

were individually pH adjusted with 5 mL of 0.05 M NaOH.
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Preparation of PtAg NPs solution. All ratios of Pt.Ag, solution were
manipulated by the dispersion of H,PtCls-6H,O (x mmol) and AgNOs (y mmol) in

water. The pH of the solutions was adjusted to neutral with 1 M NaOH.

Preparation of PtPd NPs solution. Various ratios of Pt,Pd, solution were
prepared by the dispersion of H,PtCls:6H,O (x mmol) and PdCl, (y mmol) with 0.033

g KClI in water. The pH of the solutions was adjusted to pH 6 with 1 M NaOH.

Preparation of PtAu NPs solution. The different ratios of Pt.Au, solution
were provided by the dispersion of H,PtCle:6H,O (x mmol) and HAuCl44H,O (v
mmol) in water. The pH of the solutions was adjusted to neutral with 1 M NaOH.

Each ratio of the solution was individually pH adjusted with 5 mL of 0.05 M NaOH.

Fast co-reduction method (FCR) Slow co-reduction method (SCR)
P \\\30:‘ ) Fﬁ \\\30? D Soluble starch
(0.05M,5mL) (0.05M,5mL) (4% wiv, 5 ml) 90 min
O -

Pt /M=, Soluble starch (4% wiv, 3 mL) P+, /M=,

/:cc:c. 20 min

pH adjusted to 7,
%.CJ' MNaOH (3 mL)

00°C, 20 min

@Co<(Cn
@j‘)ﬂ%@ﬂe@m

e

“ooled, Washe:
Cooled, Washed \l/ Cooled, Washed

Pt**=x mmol Pt**=x mmol
M= =y mmol Dried M=y mmol Dried
. (100=C, Overnight) . (100°C, Overnight)
Total metal loading 5 =T Total metal loading 5 =T
on HT=0.1 mmol% on HT=0.1 mmol%

Scheme 2 Synthesis of Pt,M, NPs/HT heterogeneous catalysts by immobilization.
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A 4% w/v soluble starch solution was prepared by dissolving 4 g of soluble
starch in hot water (100 mL). After cooling, 5 mL fractions of starch solution were
mixed with 5 mL of 0.05 M NaOH. The Pt,M, ions solution and the starch solution
were heated at 373 K for 20 min before mixing under vigorous stirring. After 10 min,
Pt.M, NPs were immobilized onto the HT surface by addition of 0.5 g HT to the
mixed solutions under continuously stirring and refluxed at 373 K for 1 h. Finally, the
solution was cooled, filtered and washed with water. The solid catalyst was dried

overnight at 373 K (Scheme 2).

2.2.2 Slow co-reduction method (SCR)

Pt.Au, NPs/HT catalysts were prepared by the immobilization method. Along
with the method, Pt,Au, NPs were pre-generated by the slow co-reduction using
soluble starch as a reducing and a stabilizing agent. Thereafter, they were
immobilized onto the HT surface. The reduction procedure was investigated as
follows; firstly, different ratios of H,PtCls:6H,O (x mmol) and HAuCly-4H,O (y
mmol) were mixed with 5 mL starch solution (0.2 g starch contents) and stirring for
90 min. Then, pH of the metal solution was adjusted to neutral with 1 M NaOH.
Thereafter, further 5 mL NaOH (0.05 M) was added before heating up to 373 K. After
refluxing for 20 min, 0.5 g HT was added to the solution with vigorous stirring, then
the mixture was continuously refluxed for 1 h. Finally, the solution was cooled,
filtered and washed with water. The solid catalyst was dried overnight at 373 K (see

also Scheme 2).
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2.3 Catalytic activity for polyols oxidation

Catalytic activity of Pt;M, NPs/HT was evaluated for polyols (GLY and PQ)
oxidation in base-free aqueous solution under atmospheric conditions. All reactions
were performed in a 30 mL Schlenk tube attached to a reflux condenser. The general
reaction procedures were as follows: polyol (0.5 mmol), H,O (2 mL), Pt.M, NPs/HT
catalyst, stirring speed (500 rpm). After the reaction, the catalyst was separated by
filtration. The filtrate was analyzed by a high performance liquid chromatography
(HPLC) equipped with an Aminex HPX-87H column (Bio-Rad Laboratories) and a
refractive index (RI) detector. The analysis conditions were set as follows: eluent
(aqueous solution of H,SO4 (10 mM)), flow rate (0.5 mL-min™"), column temperature

(323 K).

2.4 Characterization

The morphology of Pt,Au, NPs/HT was analyzed by transmission electron
microscopy (TEM; Hitachi H-7100) at 100 kV accelerating voltage. The Pt.Au,
NPs/HT was dispersed in deionized water and dropped onto a copper grid, then dried
overnight in a desiccator. Powder X-ray diffraction (XRD) patterns were obtained
with a Rigaku Smartlab X-ray diffractometer using Cu Ka radiation (A = 0.154 nm) at
40 kV and 20 mA. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) was operated by Shimadzu ICPS-7000 ver.2 to estimate the real concentration
of Pt on the catalyst. Ultraviolet and visible (UV/vis) spectra were measured by

Perkin-Elmer Lambda35 spectrometer at room temperature with light path length of 1
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cm. X-ray photoelectron spectroscopy (XPS) was measured on Shimadzu-Kratos
AXIS-ULTRA DLD spectrometer using Al target at 15 kV and 10 mA. The binding
energies were calibrated with the C 1s level (284.5 eV) as the internal standard
reference. X-ray absorption near-edge structure (XANES) in the Pt L3-edge and Au
Ls-edge were recorded at beamline BLOIB1 of SPring-8 with the approval of the
Japan Synchrotron Radiation Research Institute (JASRI) (Proposal No. 2011A1607).
The Pt.Au, NPs/HT catalysts were grained and pressed to a pellet (¢~10 mm) for
XANES analysis. The obtained XANES spectra were analyzed using the Athena

software (ver. 0.8.056).

3. Results and Discussion

As mentioned in Chapter 2, a green method was successfully developed using
soluble starch as a reducing and a stabilizing agent for preparation of efficient and
reusable HT supported-Pt NPs heterogeneous catalyst. In this section, the developed
method was employed for preparation of HT supported-Pt-based bimetallic
heterogeneous catalyst. The catalysis was examined for the selective polyols (GLY
and PG) oxidation in base-free aqueous solution under atmospheric pressure of

molecular oxygen at moderate reaction temperature.

3.1 Preparation of Pt-based bimetallic heterogeneous catalysts

TEM images and particle size distribution histograms of HT supported-Pt-
based bimetallic catalysts (Pt;M, NPs/HT) were shown in Figure 1. The average

particles size of Pt-based bimetallic NPs on HT being 2.4, 2.5, 5.2 and 5.5 for PtgoPd,o
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NPs/HT, PtgoRuyy NPs/HT, PtgoAgry NPs/HT and PtgoAuyg NPs/HT, respectively,
were summarized (Table 1). The average particle size of monometallic NPs of Pt, Pd,
Ru, Ag and Au have been given for comparison, which being 1.9, 2.6, 2.4, 15 and 18
nm for Ptjoo NPs/HT, Pd;o0 NPs/HT, Rujgo NPs/HT, Agioo NPs/HT and Aujg
NPs/HT, respectively (Table 1). All bimetallic catalysts reveal larger size than Pt

NPs/HT.

The catalytic aerobic oxidation of PG over various HT supported-
monometallic catalysts were shown in Table 1, entries 1-5. Pt;oo NPs/HT was the best
active catalyst which exhibited selective oxidation towards LA while Pd;o0 NPs/HT,
Rujgo NPs/HT, Agioo NPs/HT and Aujoo NPs/HT were inactive under present
condition. The PG oxidation results over bimetallic Pt,M, NPs/HT catalysts (M = Ru,
Ag, Pd, Au) were also shown in Table 1, entries 6-9. All catalysts exhibited the
selective oxidation toward LA, especially PtggAuyo NPs/HT (Table 1, entry 9) showed
the best selective (45% LA yield). PtgoPdyp NPs/HT and PtgoRuyp NPs/HT presented
the identical activity to pure Pt;o0 NPs/NPs, however, lower activity than pure Pt;g
NPs/NPs was found over PtggAgry NPs/HT. It means that no improvement or
depression in catalytic activities is obtained over Pt modified with Pd, Ru and Ag.
Base on the above results, it can be said that Pt modified with Au significantly
enhanced the selectivity toward LA formation even though particle size is 3 times
larger than pure Pt;oo NPs/HT. Therefore, I expect that PtspAuyg NPs/HT with small

particle size should show an effective improvement in catalytic activity.
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Figure 1 TEM images of (A1) Ptjoo NPs/HT, (B1) Pd;o0 NPs/HT, (C1) Rujo0 NPs/HT,
(Dl) AgIOO NPS/HT, (El) Au100 NPS/HT, (B3) Ptg()szo NPS/HT, (C3) PtgoRl,lzo
NPs/HT, (D3) PtsoAgry NPs/HT and (E3) PtgyAuyy NPs/HT, and (A2-E2) and

(B4-E4) their particle size distribution histograms.
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Table 1 Oxidation of PG over various mono- and bimetallic Pt-based heterogeneous

catalysts”

Entry Catalysts Particle size (nm) Conversion (%) LA yield (%)
1 Ptjo0o NPs/HT 1.9 69 39
2 Pdipo NPs/HT 2.6 6 4
3 Rujoo NPs/HT 24 trace trace
4 Agioo NPs/HT 15 trace trace
5 Aujgo NPs/HT 18 trace trace
6’ PtgoPdy NPS/HT 2.4 65 36
7" PtgoRuy NPS/HT 2.5 61 37
8" PtsoAgy NPs/HT 5.2 37 25
9’ PtgoAuy NPs/HT 5.5 65 45

“Reaction conditions: PG (0.5 mmol), water (2 mL), catalyst (20 mg), oxygen (10 mL-min'l),

temperature (353 K), reaction time (3 h). Pt + M (Ru, Ag, Pd, Au) = 0.1 mmol.

3.2 Improvement of the synthetic method for preparation of Pt,Au, NPs/HT

The aim of this section is to control the generation of small PtAu NPs size,

therefore, further development of the preparation method (slow co-reduction method,

SCR) was investigated (Scheme 2, right side). The catalysis was examined for the

aerobic oxidation of polyols (GLY and PG) and the activity was compared with

previous developed method (fast co-reduction method, FCR) (Scheme 2, left side).

3.2.1 Glycerol and 1,2-propanediol oxidation

Results of selective oxidation of PG over Pt,Au, NPs/HT catalysts prepared by

the FCR and SCR were shown in Table 2. The moderate selectivity improvement
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toward LA was observed over PtgoAuyy NPs/HT prepared by FCR (Table 2, entry 2)
as compare to Ptjopo NPs/HT (Table 2, entry 1) at 353 K, whereas Au;jo0 NPs/HT was
inactive (Table 2, entry 3). The aerobic oxidation over PtsoAusy NPs/HT prepared by
the SCR was found to show significant catalytic improvement for the PG and GLY
oxidation in base-free aqueous solution under atmospheric pressure of molecular
oxygen at room temperature (298 K). 74% (TON of 162, Table 3) and 39% (TON of
82, Table 3) of GLY and PG conversion were obtained over PtsoAusg NPs/HT (SCR)
(Table 2, entry 5) while lower conversion of 21% and 8% were achieved over
PteoAuyy NPs/HT (FCR) (Table 2, entry 4). These result indicated that the catalyst

prepared by the SCR were more effective than that prepared by the FCR method.

Table 2 Effect of preparation method on the catalytic oxidation of polyols (GLY and

PG)“
GLY GA PG LA
Entry  Methods Catalysts Temperature (K) Conv.  Yield Conv. Yield
(%) (%) (%) (%)
1’ FCR Ptio0 NPs/HT 353 - - 69 39
2" FCR PtgoAuz NPs/HT 353 - - 65 45
3 FCR Aujgo NPs/HT 353 - - trace trace
4 FCR PtgoAugg NPs/HT 298 21 19 8 trace
5 SCR* PtgoAuso NPs/HT 298 74 57 39 29

“Reaction conditions: GLY (0.5 mmol), water (2 mL), catalyst (20 mg), oxygen flow
(10 mL-min'l), reaction time (6 h). ’pG (0.5 mmol), oxygen flow (10 mL-min'l), reaction (3 h).

“Fast co-reduction method. “Slow co-reduction method.
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3.2.2 Characterization of catalysts

Figure 2 shows UV/vis spectra of Pt,Au, NPs prepared by FCR and SCR. The
characteristic peak of Au NPs by 520 nm was not observed in spectra of PtgAuyg
NPs. It was indicated the PtgoAusg NPs prepared by the FCR and SCR formed as alloy
rather than phase-segregation bimetallic NPs. TEM images of PtspAusg NPs/HT
prepared by the FCR and SCR were displayed in Figure 3. The mean particle size of
catalysts together with the total metal loading were listed in Table 3. PtsgpAusg NPs/HT
(FCR) had larger particle size (9.8 nm) (Table 3, entry 1) than that of prepared by the
SCR (2.2 nm) (Table 3, entry 2) together with lower metal loading. Therefore, it can
be said that the SCR is an effective method for the preparation of alloy PtAu NPs/HT
in small particle size, leading to enhancement of catalytic activity for the aerobic

polyols oxidation under atmospheric conditions.

——PtNPs
Pt Au, NPs (SCR)

AAA*PtWAu4ONPs(FCR)
Au NPs

Absorbance

400 500 600
Wavelength (nm)

Figure 2 UV/vis spectra of Pt,Au, NPs prepared by the SCR and FCR methods.
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Figure 3 TEM images of PtsoAusy NPs/HT prepared by the (A) FCR and (B) SCR

methods.

Table 3 Characterization of PtsgAuyy NPs/HT prepared by FCR and SCR*

Entry Methods Catalysts Metal loading Particle TON/
L -Nd : e
(mmol-g™) size (nm) GA LA
1 FCR’ PteoAugo NPs/HT 0.064 9.8 74 trace
2 SCR® PteoAugo NPs/HT 0.087 2.2 162 82

“Reaction conditions: GLY (0.5 mmol), water (2 mL), catalyst (20 mg), oxygen flow
(10 mLmin™), reaction time (6 h). “Fast co-reduction method. “Slow co-reduction method.
dAnalysis by ICP-AES. ‘Determined by TEM. 'TON: normalized GA or LA yield to total metal

amount in oxidation of GLY and PG, respectively.

3.3 An investigation of the immobilization Pt/Au ratio for the PtAu NPs/HT

catalysts

3.3.1 Glycerol oxidation

Results of activity over Pt,Au,—starch/HT catalysts for the aerobic GLY

oxidation under atmospheric conditions are summarized in Table 4, together with total
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metal loading and mean particle size. All catalysts except for Aujg—starch/HT
promoted the selective oxidation toward GA, and minor amounts of tartronic acid
(TA), glycolic acid (HA), and oxalic acid (OA) were also observed. The formation of
dihydroxyacetone, oxidation at the secondary hydroxyl group, was not detected in all
cases. It was consistent with previous reports that GA was obtained as the major
product, and it could be further oxidized to TA, HA, and OA in the aerobic oxidation
of GLY catalyzed by the Pt-based heterogeneous catalyst."'"32-B73%1 The highest
GLY conversion (88%) was achieved by Pt;g—starch/HT, although it exhibited a low
selectivity toward GA (48%) (Table 4, entry 1). Because the sum of GA, TA, HA, and
OA was ~78% yield (89% selectivity), another overoxidation product toward C,;
product (ex. CO;) seemed to be expected in Ptjgo—starch/HT. As the Au amounts
increased from y = 20 to 80, the GLY conversion gradually decreased with increasing
selectivity for GA and suppressed overoxidation to the formation of byproduct (Table
4, entries 2—5), when the sum of product selectivity is nearly 100%. Au;g—starch/HT
was inactive at room temperature (RT), whereas it showed a small activity at 333 K
(Table 4, entry 6), even though its exhibited particle size of 5.5 nm was similar to that
of PtyoAugo—starch/HT (5.4 nm). The aerobic oxidation over bare Au/HT with 3.2 nm
was also inactive at RT (Table 4, entry 7). Thus, the aerobic oxidation over a
supported Au catalyst cannot proceed at RT. These results suggest that the
replacement of active Pt atoms with inactive Au atoms likely has some roles for
prohibition of overoxidation, and it supports increasing the mass balance close to
100%. The PtgoAugpo—starch/HT showed the most effective catalyst with a TOF of 84.7

h™' at RT (Table 4, entry 3).
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Table 4 Results of GLY oxidation over Pt,Au,—starch NPs/HT catalysts*

0 o o 0 o
S, A w L
OH HO OH OH OH
OH - OH — oH - 0
GA TA HA OA

HO/\(\ OH PtAugstarch/HT  HO
_—

Chapter 4

OH 298K, H,0, 0,
GLY

Entry  Catalysts Conv. Sel. Yield /% Total metal Particle TOF
of GLY of GA loading size (h'h
! % ! % GA TA HA OA /rnmol-g'1 ¢ /nm

1 Ptgo-starch/HT 88 48 42 13 11 12 0.087 2.0 70.4

2 PtgoAuyg-starch/HT 80 64 51 10 8 7 0.086 2.2 81.1

3 PtgoAuyg-starch/HT 73 78 57 9 6 6 0.087 2.2 84.7

4 PtyAugo-starch/HT 74 73 54 10 4 5 0.086 3.8 69.2

5 PtyoAugg-starch/HT 50 84 42 4 2 1 0.089 5.4 34.8
t - t 0 0 0

6 Auygo-starch/HT e g b g g b 0.087 5.5 -

7 AuwHT trace - trace 0 0 0 0.096 3.2 -

“Reaction conditions: GLY (0.5 mmol), H,O (2 mL), catalyst (20 mg, GLY/metal = 287), oxygen flow (10

mL-min™), room temperature (298 K), reaction time (6 h). 333 K. “Analysis by ICP-AES.

The time profile of the GLY oxidation over PtsoAusg—starch/ HT is plotted in

Figure 4. The reaction was accomplished by the oxidation of the primary hydroxyl

group of GLY to GA, together with the formation of side products (i.e., TA, HA and

OA) via the overoxidation. At the initial stage of the reaction within 1 h, the highest

selectivity to GA (87%) was achieved. Nevertheless, the glyceraldehyde, which was

expected to be an intermediate, was not observed. The GLY conversion and yield of

GA are 68% and 52%, respectively, as the reaction time reaches 5 h. When the

reaction time was increased to 10 h, nearly 80% conversion of GLY was

obtained.There was no significant increase in the GA yield after a reaction time of 5 h.

A small amount of the overoxidation of GA to TA and further C—C bond cleavage to
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HA and OA scarcely occurred during the reaction. Although the pH values were
gradually decreased with the progressive reaction that we reported on previously,”"
the basicity of the HT support seems to be enough for further reaction because the
PtAu/HT catalyst was recyclable for 3 runs (vide infra). Previous reports on GLY
oxidation at near room temperature are summarized in Chapter 1, Tables 2 and
3 [PIE2HE792] Most reactions were carried out in the presence of NaOH under
pressurized oxygen (3—10 atm). The oxidation of GLY under pressurized oxygen (3

atm) with GLY conversions of 30% and 43% over AuPd (1:3)/MgO and

AuPt(1:3)/MgO has also been reported.””!

=
o
o
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o [ o
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Figure 4 Time course of GLY oxidation catalyzed by PtsyAuso-starch/HT. GLY
conversion (M: close square), GA yield (®: close circle), TA yield (A: open up
triangle), HA yield (V: open down triangle), OA yield (%: star) and GA selectivity
(¢: diamond). Reaction conditions: GLY (0.5 mmol), H,O (2 mL), catalyst (20 mg),

oxygen flow (10 mL-min™"), room temperature (298 K).

3.3.2 1,2-Propanediol (PG) oxidation

To confirm the highly selective catalysis at the primary hydroxyl group of C;

polyol under ambient conditions, Pt,Au,—starch/HT catalysts were further applied for
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the aerobic oxidation of PG. The selective oxidation at the primary hydroxyl group of
PG to LA as a main product was observed over Pt.Au,—starch/HT except for
Aujgo—starch/HT (Table 5). LA was also previously obtained as the main product in

1T PG conversion of 23% was found over

the PG oxidation reaction.!
Ptjpo—starch/HT (Table 5, entry 1), and it was further enhanced as the Au content was
increased, y = 20—60 (Table 5, entries 2—4). Thereafter, the conversion dropped to
27% and trace amounts at y = 80 and 100, respectively (Table 5, entries 5 and 6). The

PtsoAugo— starch/HT also showed the most effective catalysis for PG oxidation with

TOF of 62.3 h™' at RT (Table 5, entry 3).

Table 5 Results of PG oxidation over Pt,Au,-starch/HT catalysts®

OH OH
Pt,Au,-starch/HT o o )L
—_— — —
298 K, H,0, O, OH
OH

OH OH
PG LA PA AA

Entry  Catalysts Conv. Sel. Yield /% Total metal Particle TOF

of PG of loading / size ()

/% LA LA PA AA mmolg'® /nm

/%
1 Pt;go-starch/HT 23 82 19 2 2 0.087 2.0 45.1
2 PtgoAupo-starch/HT 38 75 28 6 3 0.086 2.2 61.8
3 PloAug-starch/HT o) w2 & b 0087 2.2 023
orthorSiare 63' 75" 4 120 3 ' 77.2"

4 PtyAugo-starch/HT 38 74 28 7 1 0.086 3.8 43.6
5 PtyoAugo-starch/HT 27 75 20 4 1 0.089 54 21.6
6 Auygp-starch/HT trace - trace 0 0 0.087 5.5 -

“Reaction conditions: PG (0.5 mmol), H,O (2 mL), catalyst (20 mg, PG/metal = 287, 32 mg; PG/metal
=179), oxygen flow (10 mL-min'l), room temperature (298 K), reaction time (6 h, 16 h). “Analysis by
ICP-AES.
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Figure 5 shows the time profile of PG oxidation over the PtsoAugo—starch/HT.
Lactaldehyde, which was expected to be an intermediate, was not observed. After the
reaction was prolonged to 16 h, the high conversion of 63% was achieved with
selectivity to LA of 75%. In addition, the overoxidation of LA to pyruvic acid (PA)
followed by C—C bond cleavage to acetic acid (AA) did not occur until reaction past 4
[14]-[19]

h. Previous reports on PG oxidation are summarized in the Chapter 1, Table 4.

Most of them required basic conditions and pressurized oxygen.
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Figure 5 Time course of PG oxidation catalyzed by PteyAuso-starch/HT. PG
conversion (M: close square), LA yield (®: close circle), PA yield (A: open triangle),
AA vyield (Y: star) and LA selectivity (<¢: diamond). Reaction conditions: PG (0.5
mmol), H,0 (2 mL), catalyst amount (32 mg), oxygen flow (10 mL-min™"), room

temperature (298 K).

3.3.3 Polyols oxidation in the presence of a radical scavenger

To evaluate the reaction pathway of aerobic oxidation of polyols over
PtsoAugo—starch/HT, the reaction was operated in the presence of a radical scavenger
(BHT), as shown in Figure 6. BHT slightly influenced the initial oxidation rate of the

oxidation of the polyols; however, after prolonged reaction time, the yields of GA and
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LA in the presence and absence of BHT were the same. This result suggests that the

aerobic oxidation over PtsoAuso—starch/HT did not proceed through the free-radical

mechanism.
80 80
—MB— Absence of BHT A —M— Absence of BHT B
—O—Presence of BHT —O—Presence of BHT
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Q@ >
> < I7D
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© O
20 204
00 0
T T T T T T T T T T
0 2 4 6 8 0 4 8 12 16

Reaction time (h) Reaction time (h)
Figure 6 Time course of aerobic oxidation of (A) GLY and (B) PG over
PtsoAugo—starch/HT catalyst in the absence (close square) or presence (open square)
of BHT. Reaction conditions: H,O (2 mL), oxygen flow (10 mL-min™"), room

temperature (298 K). (A): GLY (0.5 mmol), catalyst (20 mg). (B): PG (0.5 mmol),
catalyst (32 mg). BHT/polyol = 1/10 (11 mg).

3.3.4 Catalyst recycling

To examine the stability of the PtsoAuso—starch/HT catalyst, the recycling
experiments were carried out. After 6 and 16 h of reaction for GLY and PG oxidation,
the catalyst was centrifuged, washed with deionized water, and dried under vacuum,
then it was employed for further oxidation reaction under the same reaction
conditions. Figure 7 indicates that the catalyst slightly decreased in activity but
retained high selectivity during the recycling experiment in the oxidations of GLY

and PG. The morphology of the recycled catalysts from glycerol oxidation was
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investigated by TEM. Although the particle size was slightly increased after the

reaction (Figure 8), it scarcely influenced its activity for glycerol oxidation.

80 | B GLY conversion 80 B M PG conversion
GA yield LA yield
% 0
© 60 - 60
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© ©
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Fresh 1° recycled 2" recycled Fresh 1° recycled n recycled

Figure 7 Recycling of PtspAusg—starch/HT catalyst. Reaction conditions: H,O (2
mL), oxygen flow (10 mL-min™), room temperature (298 K). (A): GLY (0.5 mmol),

catalyst (20 mg), reaction time (6 h). (B): PG (0.5 mmol), catalyst (32 mg), reaction
time (16 h).
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B2
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Figure 8 TEM images of recycled PtgAug—starch/HT catalysts from glycerol
oxidation: (A1) fresh catalyst, (B1) 1 recycled catalyst, and (C1) 2™ recycled catalyst
and (A2-C2) their particle size distribution histograms.
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3.3.5 Characterization of Pt,Au, NPs/HT catalysts

The absorption band (localized surface plasmon resonance) of Au—starch NPs
appears around 500-600 nm by UV-vis characterization.""*l This characteristic
peak of Au—starch NPs was not observed in all Pt,Au,—starch NPs spectra, indicating
PtAu alloy formation rather than phase-segregated bimetallic NPs. Figure 11A
exhibits the XRD patterns of Pt,Au,—starch NPs. All XRD patterns of Pt,Au,—starch
NPs describe the characteristic of the face-centered cubic (fcc) structure of metallic Pt
or Au, the reflection corresponding to the planes (111), (200), (220), (311), and
(222)."*! Furthermore, these five diffraction peaks shifted to higher angle with a
decrease in the Au amount in each position. For example, the (111) reflection of
Pt.Au,—starch NPs gradually shifted from 26 = 38.3, 38.5, 38.8, 39.1, 39.4, and 39.7
with changes in y = 100 to 0. According to the previous literature,"*®! 20 = 38.3 and
39.7 correspond to the (111) reflection of metallic Au and Pt, respectively. Lattice
parameters of Pt,Au,—starch NPs estimated from the XRD diffraction pattern of

(111)"*"as a function of the Au amount are plotted in Figure 11B.
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(A1) Ptjpo-starch/HT, (BI)
(D 1 ) P t40Au60—starch/HT, (E 1 )

PtyoAugo—starch/HT and (F1) Aujgo—starch/HT and (A2)-(F2) their particle size

distribution histograms.
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Figure 10 UV-vis spectra of Pt,Au,—starch NPs.
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Figure 11 (A) XRD patterns of (a) Aujgo—starch NPs, (b) PtypAugp—starch NPs, (c)
PtyoAugo—starch NPs, (d) PtgoAug—starch NPs, (e) PtgopAuyo—starch NPs, and (f)
Ptigo—starch NPs. (B) Dependence of the lattice parameters for Pt,Au,—starch NPs on

the relative composition of Au amount.

The lattice parameters of metallic Pt and Au were 3.92 and 4.07, respectively.
Increasing the concentration of Au (y) in Pt,Au,—starch NPs leads to an increase in the
lattice distance from 3.92 to 3.96, 4.0, 4.03, 4.04, and 4.07 A, and a linear relationship
between the lattice parameter and their composition was obtained. These results
indicate that the nanostructures of Pt.Au,—starch NPs are homogeneous PtAu

alloys."”! XPS spectra of Pt.Au,—starch NPs are shown in Figure 12. Peaks at 85.6
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and 82 eV in Figure 12A were assigned to Au 4fs, and Au 4f;,, respectively. All
spectra showed the large negative shift to lower binding energy (BE), as compared

with Au foil (Au 4f5,:88 eV and Au 4f7,,:84 V).

5/2

7/2

P t4f

Ptaf
Audf, Audf; ‘

5/2

Intensity (a.u.)
Intensity (a.u.)

-

| [ P | ! . 1 . 1 R
88 86 84 82 80 74 72 70 68
Binding energy (eV) Binding energy (eV)

Figure 12 XPS spectra of (A) Au4f and (B) Pt4f of Pt,Au,—starch NPs; (a)
Aujgo—starch NPs (5.5 nm), (b) PtypAugo—starch NPs (5.4 nm), (c) PtsoAugo—starch
NPs (3.8 nm), (d) PtgpAusg—starch NPs (2.2 nm), (e) PtspAuyp—starch NPs (2.2 nm),
and (f) Ptjgo—starch NPs (2.0 nm).

The same negative shifts also appeared in all peaks around 72 and 68.7 eV
attributed to Pt 4fs;, and Pt 417, respectively, as compared with Pt foil (Pt 4fs5/,:74.4
eV and Pt 4f7,:71.2 eV) in Figure 7B. These large negative shifts in both Au 4f and Pt
4f in alloy PtxAuy—starch NPs suggests that a negative charge is loaded on
PtAu—starch NPs,**! which is supposed by the interaction between PtAu— starch NPs
and starch ligand. It has been reported that the electron donated from the stabilizer

(for example, poly(vinyl pyrrolidone) (PVP)) to a metal such as Pt, Au, and Ag NPs,
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[431,[49],

results in a negative shift of the BE in XPS spectra. B In addition, hydroxyl

groups in soluble starch can facilitate the complexation of metal ions to a molecular

511,

matrix.”'"* Therefore, it is supposed that the large negative shift in both Pt 4f and

Au 4f are due to electron donation from the starch ligand to both Pt and Au atoms."
Considering the peak of Au 4f the decrease in the Au content from y = 100 to 20 leads
to a more negative shift in Figure 12A, it was supposedly attributed to decreasing the
particle size because the number of ligand capped surface sites will become larger
with the reduced particle size. Although the same phenomenon is also expected to be

encountered for Pt 4f, the enhancement of a negative shift of Pt 4f was not observed;

even their particle sizes were diminished with a decreasing Au content (Figure 12B).
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Figure 13 Normalized (A) Pt L;-edge and (B) Au Ls-edge XANES spectra of
Pt,Au,—starch/HT.

On the contrary, reductions in the negative shift in Pt 4f were found as the Au
content was reduced from y = 80 to 0. In other words, the Pt 4f peaks gradually
shifted to the lower side of the binding energy. It is postulated that the excess

electrons on Au atoms transferred to the adjacent Pt atoms. Figure 13 shows
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normalized Pt Ls;-edge and Au Ls-edge XANES spectra of Pt,Au,—starch/HT. The
white-line (WL) feature in the L;-edge XANES was related to the electron transfer
phenomena induced by an X-ray absorption from the p to d states in the element; thus,
it indicated the unoccupied densities of the d states.”*"*°! Au L;-edge XANES spectra
have no WL feature, since the 5d orbitals full in theory; however, the s—p—d
hybridization leads to electron transformation from 5d to the s—p state, leading the
small WL intensity in the Au L;-edge XANES.”>™" Lower WL intensities than Au

foil were observed for all Au L;-edges, implicating a Au gained electron (Figure 13B).
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135 \O\O —@— Au L -edge
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= Y [ —————— Qg
./
0.75 A ./
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Au content (%)
Figure 14 White-line intensity of Pt L;-edge (at 11.565 keV) and Au L;-edge (at
11.924 keV) XANES spectra of Pt,Au,—starch/HT. Dash lines represent white-line
intensity of Pt and Au foils.

Figure 14 shows plots of WL intensities in Pt and Au Ls;-edges XANES as a
function of Au content. The heights of the WL in the Ls;-edges gradually became
lower, whereas that in Au Ls-edges were higher with an increase of in the Au content.

The decreasing tendency of the Pt L3-edge WL intensity is related to the increase in
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that of the Au L;-edge as the Au content increases from y = 20 to 80. Previous works

have reported that the NPs’ size affected the WL intensity of the XANES spectra.

Small NPs reduced the number of metal-metal bonds by the s—p—d
hybridization change, resulting in a decrease in the number of d-holes density, leading
to a decrease in the WL intensity.”® As the above result, an increase in the Au
content, the size of the Pt,Au,—starch NPs increased while the WL intensity of the Pt
Ls-edge decreased. Therefore, XPS together with XANES confirmed that a negative
charge was present on both the Au and Pt atoms, in which the starch ligand donates
electrons, and the excess electrons on the Au atoms can also transfer to the Pt atoms.
There have been reports of the electron transfer from Au (EN = 2.54) to Pt (EN =
2.28) in the core—shell structure of NPs, leading to an increase in the active oxygen

[59],[60]

species on the surface. In addition, it has also been reported that a

stabilizing/capping agent can play a direct role in regulating the -electronic

[OLTLIONS2] Solyuble starch is a linear polymer formed by the a-(1 — 4)

structures.
linkages between D-glucose units and adopts a left-handed helical conformation in
aqueous solution;**! therefore, it is supposedly possible that the electrons can be

transfer via complexation of the starch ligand onto Pt and Au atoms, as illustrated in

Scheme 3.
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QD Pt Q Au

Scheme 3 The possible electron transfer from starch ligand to alloy PtAu—starch NPs

and from Au atoms to adjacent Pt atoms.

3.3.6 Oxidation Mechanism

As mentioned, the geometric (d-spacing) and electronic changes of the
catalytically active Pt sites by adjacent Au atoms and the starch ligand can lead to
improvement of the activity and selectivity to target products. The replacing of active
atoms (Pt site) with inactive atoms (Au site) changed the geometry of the Pt surface or
modified the strength of the surface adsorption then controlling oxygen
coverage.[” %! PtgyAuyo—starch/HT showed the highest yield, with a high selectivity
for catalytic oxidation of GLY and PG toward GA and LA, respectively, under an
atmospheric pressure of molecular oxygen because of both geometric and electronic
changes. The reaction mechanism of oxidation of polyols is proposed in Scheme 4.
First, O, is adsorbed onto the surface of negatively charged Pt atoms (1). It has been

reported that anionic metal can activate molecular oxygen by donating an excess
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electron charge to the antibonding orbital, resulting in the generation of anionic O,
such as superoxo or peroxo oxygen.” " Then the basic support abstracts a proton
from the polyol to form the alkoxide, which enhances the polyol’s binding to the
metal atom (2). The proton in the adsorbed alkoxide carbon is transferred to the
adsorbed oxygen; releasing aldehyde (3) and H,O to generate back the peroxo form
(4). Aldehyde, thus formed, is attracted by the adjacent metal atom with adsorbed
oxygen (Au atoms) (5). This creates a partial positive charge on the carbonyl carbon.
The nucleophilic oxygen atom of water attacks the electron-deficient carbonyl carbon

(6). The adsorbed oxygen abstracts the proton to yield carboxylic acid (7) and is

changed back to the peroxo form (8) to complete the catalytic cycle.

Aldehyde
Carboxylic acid

Scheme 4 A proposed reaction mechanism for polyols oxidation catalyzed by

PtAu—starch/HT.
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4. Conclusion

I explored the efficient and recyclable heterogeneous Pt.Au,—starch/HT
catalyst for the oxidation of polyols without additional bases under an atmospheric
pressure of molecular oxygen. Bimetallic Pt,Au,—starch/HT showed higher selectivity
for the oxidation at the primary hydroxyl groups of GLY and PG toward GA and LA,
respectively, than those of each monometallic ones. PtgoAugo—starch/HT is found to be
the most selective catalyst for oxidation of polyols. UV—vis and XRD revealed that
PtxAuy—starch formed as an alloy, and their d-spacing was changed from individual
metals. XPS and XANES showed the negative charge on both Au and Pt atoms. It was
supposed that the PtAu—starch NPs gained charge from the starch ligand. Au Ls-edge
XANES spectra revealed an increase in the white-line intensity as the amount of Au
was increased, indicating the excess electrons on the Au atoms also transfer to the Pt
atoms. The negatively charged Pt atoms may enhance the oxygen absorption and
generate anionic O, such as superoxo or peroxo oxygen to oxidize polyols. I conclude
that the geometric and electronic changes of the catalytically active Pt sites by
adjacent Au atoms and the starch ligand lead to improvement of the activity and

selectivity to target products.
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GENERAL CONCLUSION

This thesis exploits highly active platinum (Pt)-based mono- and bimetallic
nanoparticles (NPs), which is synthesized by green synthetic method using ligands.
Hydrotalcite supported-Pt based NPs (Pt NPs/HT) is used as a heterogeneous catalyst
in order to transform polyols selectivity to value-added chemicals by the aerobic
oxidation in base-free aqueous solution using atmospheric pressure of molecular

oxygen at room temperature.

Chapter 1 reviews the environmentally benign and sustainable chemistry and
methodologies for the development of Pt-based mono- and bimetallic heterogeneous
catalyst using novel green synthetic method. This research emphasizes on the
designation of synthetic method utilizing green chemicals or/and reducing toxic
chemicals in order to produce effective and reusable catalyst which can transform
abundant biomass industrial waste such as glycerol (GLY) and its derivative (1,2-
propanediol, PG) to valued-added chemicals via oxidation reaction using green
oxidant and solvent. In addition, the catalysis for the oxidation reaction of polyols
strongly depends on the basicity of the reaction medium. However, the salt of the
products was formed when a homogeneous base was used, and then the obtained

products required an additional neutralization or acidification. Hence, this research
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choices the smart material which functional groups contain the basicity on the surface
as the support for the fabrication of green catalyst. Finally, I also summarize the
recent progresses in nanotechnology which facilitates the development of nanocatalyst
by controllable the metal structures, e.g., size, shape, composition, stability and

electronic state.

Description in Chapter 2 is the development of a simple and efficient
technique for the preparation of starch stabilized-Pt NPs/HT heterogeneous catalysts
using a “Green” synthesis approach, and investigation on the catalytic activity for the
GLY oxidation in base-free aqueous solution using an atmospheric pressure of
molecular oxygen. The catalysts show the high activity for GLY conversion under
moderate reaction conditions in base-free aqueous solution leading to form salt-free
products. These findings conduct to the green process for utilization of the wasted
GLY which can be escaped from the additional neutralization or acidification process.

Furthermore, the catalysts could be reused up to three times with a high selectivity.

Chapter 3 exploits the effect of stabilizing agent on the Pt surface and
alteration of the catalytic activity of Pt NPs/HT by tuning the electronic properties
with stabilizers (i.e., soluble starch, poly (vinyl pyrrolidone) (PVP) and poly (vinyl
alcohol) (PVA)) with same particle size. Starch is found to be a suitable ligand for
creating negative charge on Pt surface atoms with better wettability of active Pt
surface atoms for water solvent leading to high catalytic activity for PG oxidation
under at under atmospheric pressure of molecular oxygen in base-free aqueous

solution. Therefore, the catalytic oxidation of PG could be enhanced. These
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exploration guides to the selection of stabilizing agent, which may influence catalysis

or determine the electronic state of NPs, and thus modify catalytic properties.

Explanation in Chapter 4 is the modification of the developed method which
brings about the exploration of the highly efficient starch-stabilized Pt/Au
heterogeneous catalyst for the selective oxidation of polyols (GLY and PG) in base-
free aqueous solution under atmospheric pressure of molecular oxygen at room
temperature. Pt,Au, NPs formed as alloy structure and their d-spacing being change
from individual metals. In addition, the electronic structure investigation of Pt.Au,
NPs/HT indicated that negative charge on both Au and Pt atoms, in which starch
ligand donates electrons, and the excess charge on Au atoms can also transfer to Pt
atoms. Therefore, the geometric and electronic changes of the catalytically active Pt
sites by adjacent Au atoms and the starch ligand lead to improvement of the activity
and selectivity to target products. The finding leads to the preparation of the effective

catalyst for utilization of the wasted GLY under atmospheric conditions.

Overall, I can conclude that this research successfully develops technique for
the improvement of catalysis of Pt NPs tuned by second metal and ligand.
Modification of electronic state of Pt NPs is crucial to improve their catalysis for
polyol oxidation. The catalysts effectively transform GLY and PG into the
corresponding value-added chemicals via the aerobic oxidation reaction in base-free
aqueous solution under an atmospheric pressure of molecular oxygen at room
temperature. This research provides a noble route to converting wasted polyols into

chemical sources through well-tuned catalytic methodology.
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Scope of the research

1. Exploration the strategy in the development of simple and high effective technique
based on green method for the preparation of heterogeneous catalyst, will provide a
change for sustainable development of catalyst. The findings may lead to the
application for the different type of mono- and heterometallic heterogeneous
catalysts including further methodology using other kinds of biomass as a green
reagent. Another notable strategy is the developed method for the fabrication of

active catalyst in water media for the aerobic oxidation of polyols.

2. The evolution of the developed technique based on green method results in
discovery of highly efficient catalyst tuning by metal and ligand. The catalytic
oxidation of polyols can proceed under atmospheric conditions in base-free
aqueous solution as mention in Chapters 2 and 3. The discovery is expected to
employ for the preparation of other metal catalysts, and cover to apply catalyst for
transformation of biomass materials by other chemical reactions to the
corresponding value-added chemicals. In addition, the results bring about
sustainable development by the enhancement of catalytic efficiency, and the

reduction of energy used and chemical waste generation.

3. Well-understanding of the crucial action of stabilizing/capping agent causes the
effective and economical way to improve the catalysis of metal nanoparticles. As
stated in Chapter 4, the stabilizing agent may play a crucial role not only control
particle formation in small size but also tune the catalytic and electronic properties

of metal. Thus, the proper consideration in the selection of stabilizing/capping
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agent for the preparation of metal catalyst may tune or avoid the reduction in

catalytic activity.
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ENHANCEMENT OF THE REDUCTION EFFICIENCY
OF SOLUBLE STARCH FOR PLATINUM

NANOPARTICLES SYNTHESIS

Student Number 1040013

Duangta Tongsakul

1. Introduction

Green chemistry involves a reduction or elimination of the use or generation
of hazardous substances. It plays an important role in nanotechnology research.!"! The
green synthesis of metal nanoparticles could take advantage of green chemistry
principles by employing green reagents (e.g., solvent, reducing agent, stabilizing
agent) under mild reaction conditions.""™™ The nanoparticles (NPs) of noble metals
such as silver (Ag), palladium (Pd), gold (Au) and platinum (Pt) synthesized using
green reagents such as a reducing/stabilizing agent have been reported. For instance,
Raveendran et al. synthesized Ag NPs using 3-D-glucose as a reducing agent and
soluble starch as a protecting agent,”) Huang and Yang'* synthesized gold
nanoparticles using chitosan as both reducing/protecting agent, Adlim et al.™ used
methanol or NaBH,; as a reducing agent and chitosan as a stabilizing agent for
synthesizing Pt NPs and Pd NPs and Mallikarjuna and Rajender used vitamin-B; as a

reducing agent for the synthesis of Pt NPs with ethylene glycol, acetic acid, N-
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methylpyrrolidinone, isopropanol and acetonitrile as solvents.” Moreover, other

green reagents such as amino-terminated ionic liquid (1-(3-aminopropyl)-

(7] (8]

methylimidazolium  bromide, IL-NH,),'®!  dextran, -D-glucose, and

Pl have been employed in the synthesis of different platinum

aminodextran
nanostructures. To produce metal nanoparticles (e.g., Ag NPs) with well-defined size
and shape, polysaccharides (i.e., starch and cellulosic material) were employed either
as a protecting agent or stabilizing agent.!"”""! Soluble starch was also used in the
synthesis of Ag NPs where the reaction was carried out in an autoclave at 15 psi and
121°C for 5 min."? Carboxymethyl cellulose obtained from the alkaline and

I and hydroxypropyl cellulose prepared by

perborate treatment of cotton,!’
etherification reaction with propylene oxide!'”! were exploited for the synthesis of
silver nanoparticles. It has been reported that functional groups with reducing
potential (aldehyde and a-hydroxy ketone) can be obtained from the degradation of
polysaccharides under alkaline conditions."” """ Soluble starch is a linear
polysaccharide with o-(1-—-4) linkages between D-glucose units. The alkaline
degradation is expected to generate more reducing end groups or reducing species.!'”
The hydroxyl group in the starch structure complexes with the metal ion and prevents
aggregation or precipitation of metal nanoparticles.”') Although soluble starch has
been employed for the synthesis of Ag NPs, the reaction was carried out in caustic
conditions. In addition, the detailed reduction mechanism has not been reported.

Platinum metal has been widely used in many applications, for example, catalysts,!”

[20]

U1 fuel cells,!' '™ electro-optical devices,”” and magnetic devices.”*'! The

properties of Pt NPs depend strongly on the particle size, shape, composition and
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structure.[w][2 1123

I There are numerous reports concerning the synthesis of shape-
controlled Pt NPs. However, they require extreme conditions (e.g., high pressure and
high temperature) and extra reducing agents. In this paper, we reveal a green approach
for a ‘one pot’ synthesis of Pt NPs using soluble starch as an efficient reducing and
protecting agent. Our results indicated that the alkaline degradation of starch molecule
is the key for the synthesis of Pt NPs without aggregation. Under an optimized
condition, soluble starch could be degraded while simultaneously generating reducing

species that convert Pt ions into Pt NPs. The partially degraded starch molecule could

also stabilize the generated metal nanoparticles.

2. Experimental

2.1 Chemicals and materials
Soluble starch, sodium hydroxide (NaOH) and hydrochloric acid (HCL, 37%
w/v) were purchased from Merck (Thailand). All chemicals were analytical grade and
were used without any additional purification. De-ionized water was used as a
solvent. All glassware and magnetic bars were cleaned with detergent and rinsed with
de-ionized water followed by aqua regia and finally rinsed again with de-ionized

water before using.

2.2 Synthesis of platinum nanoparticles (Pt NPs)
Pt NPs were synthesized by chemical reduction using soluble starch as both
stabilizer and reducing agent. Briefly, a 20 mM platinum salt solution was prepared

from hexachloroplatinic acid. The pH of the solution was adjusted to neutral with 1 M
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NaOH. Separately, 5 mL fractions of the solution was again individually pH adjusted
to acidic, neutral and alkaline conditions, respectively, with an equal volume of 2x10°
>_2 M HCI, water and 2x10°-2 M NaOH. A 4% w/v soluble starch solution was
prepared by dissolving 4 g of soluble starch in hot water (100 mL). After cooling
down, 5 mL fractions of starch solution were mixed with an equal volume of
2x10°-2 M HCI, water and 2x10°~2 M NaOH. The platinum solutions and the starch
solutions with the same acidic/alkaline treatment were heated at 100°C for 20 min
before mixing under a vigorous stirring. The mixed solution was kept at the controlled
temperature for another 20 min before cooling down to room temperature. The total
volume was kept constant at 20 mL by an addition of de-ionized water at the same
temperature. In addition, time-dependent studies on the generation of Pt NPs were

conducted at 1, 3, 5, 10, 15, 30 and 40 min incubation time.

2.3 Characterization

2.3.1 UV/vis spectroscopy (UV/vis)

The product with 5 mM Pt NPs was investigated by UV/vis spectroscopy to
confirm the formation of Pt NPs. The absorption spectra of Pt ion and the colloidal Pt
NPs were measured with a portable fiber optics UV/vis spectrometer (USB4000
Ocean Optics) equipped with a deuterium/halogen lamp light source (DH-2000,
Micropack). The solutions of platinum salt and colloidal Pt NPs were diluted to 0.05

mM with deionized water before analysis.
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2.3.2 Attenuated Total Reflection Fourier Transform Infrared

spectroscopy (ATR FT-IR)

A Nicolet 6700 FT-IR spectrometer attached to the ‘Continupm infrared
microscope’ equipped with a mercury—cadmium—telluride (MCT) detector and a built-
in 15X Schwarzschild-Cassegrain infrared objective was used for all infrared spectral
acquisitions. A slide-on Ge uATR accessory with a cone shaped Ge ulRE was
employed as the sampling probe.””! To acquire an infrared spectrum, starch solution
and starch-stabilized Pt NPs colloid were dropped onto a glass slide and dried under
an ambient condition. The dried film on the glass slide was mounted onto the sample
stage beneath the infrared objective. The spectral acquisition at a defined position was
conducted by raising the sample stage until the film on the glass slide comes in
contact with the tip of Ge uIRE. The degree of contact was monitored and controlled
by a built-in pressure sensor. All ATR spectra were collected at 4 cm™ with 128

co-addition scans.

2.3.3 Transmission electron microscopy (TEM)

The colloidal Pt NPs were diluted to 0.25 mM and dropped onto a carbon-
coated copper grid. The excess liquid was removed by a lint-free paper. The specimen
was dried overnight in a desiccator. The morphology of Pt NPs was captured by a
transmission electron microscope (H-7650, Hitachi High-Technologies Corporation)

operated at 100 kV accelerating voltage.
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3 Result and discussion
3.1 Synthesis of platinum nanoparticles (Pt NPs)

Platinum solution (hexachloroplatinic acid, H,PtCle) has an orange-yellow color
with a strong absorption in UV/vis region at 263 nm, as shown in Figure 1.!”! Figures
1A and 1B show digital images of platinum salt in the presence of 1% w/v starch
under various acid/alkaline treatments. The absorption at 263 nm shows a significant
decrease with an increase of alkalinity. The change is more pronounced than that
observed in the system without starch. The decrease of peak intensity is expected to
be due to the changes of Pt complex ion. Pt salt is known to undergo hydrolysis from
[PtCl]* to [PtCls(H,0)]” and [PtClLy(H,0),] with a gradual increase in alkalinity.”*”!
An indication of the reduction of platinum ions platinum ionsto Pt NPs was observed
as the color of the solution changed from yellow to black colloid at 0.01 M NaOH.
The existence of Pt NPs was confirmed by the baseline shift of UV/vis spectra
(Figures 1C) and TEM images, as shown in Figures 1D—1E. However, under stronger
alkaline treatments (0.1 and 1 M), the Pt NPs aggregated and precipitated within a few
minutes. This observed phenomenon suggests that the platinum ion could be reduced

by in situ generated reducing species under an alkaline degradation of starch.

-182-



Minor Research Theme

A
1M 10'M 102M 103M 10“4M 10°M
HCI HCI HCI HCI HCI HCI  Water

B
106M 10°M 10*M 103M 102M 10'M 1M
NaOH NaOH NaOH NaOH NaOH NaOH NaOH

C RN

Absorbance
ZIZIZIZIZIZIZ 222
z
Q
(@]
I

[ N N N N S N N N
000000 ©O0O0oo_,
=N wWwhHr OO

0.0 . ! L
300 400 500 600 700
Wavelength (nm)

FJ00'nm » . T,
e b U WG
S 3 TR

Figure 1 (A) Digital image of platinum solution in acidic condition adjusted by
addition of HCI (1-10° M) and water, (B) digital image of platinum solution in
alkaline condition, (C) UV/vis spectra of platinum solution at various acidic-alkaline
conditions after reduction, (D) TEM image of platinum solution at 10* M and (E)

TEM image of platinum solution at 10 M.
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3.2 Influence of acidic-alkaline treatment for platinum complex

In order to gain an insight understanding on the influence of acidic-alkaline
treatment for platinum complex, the platinum salt (H,PtCls) adjusted at different
alkalinity were performed. In our work, the initial H,PtCls (20 mM, pH ~1) was pH
adjusted with NaOH until the solution became neutral (pH 7) and used as a stock
solution. The UV/vis absorption at 260 nm, presenting to [PtCls(H,O0)'] or
[PtCl4(H,0),] was observed.”!?*) Under acidic treatment, the stock solution was
adjusted to the difference pH by using HCI solution (10°~1 M). The UV/vis spectra
reveal the peak maxima blue shift to 263 nm as the HCI concentration increased to 1
M. These phenomena represented to the aquo ligand exchange chloride to form

H,PtCle.

Similarly with alkaline treatment, the platinum stock solutions were pH adjusted
by using NaOH solution (10°~1 M). The UV/vis spectra showed the peak maxima red
shift. These phenomena explained by the hydroxide ion ligand exchange of chloride
and aquo ligand leading to the formation platinum hydroxo complex (i.e.,
[PtCL,(OH),]?). However, result in Figure 2 shows the peak maxima shift to nearly
263 nm while the peak intensity lowers than the initial solution instead of the
appearance of the platinum aquo complex. It is due to the initial hydrolysis reaction of
aquo ligand exchange (eq. 1) of chloride and aquo are fast and reversible (eq. 2-3)
while the hydroxide ion ligand exchange of chloride and aquo ligand are relatively
slow.* Spieker et al.* reports that H,PtClg is a strong acid which undergoes rapid

and extensive hydrolysis. The set of reactions are as follows:
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[PtCl]? + xH,0 <> [PtCle(H,0)]>™ + xCI (eq. 1)
[PtCls.(H0)]*™ + yOH <> [PtCls(OH)y(H20,.,)]**Y+yH,0  (eq.2)

[PtClox(H20)] ™+ zOH <> [PtCloy(OH)(H20)(] > %+ zCl (eq. 3)

In our work, platinum nanoparticles were formed in the alkaline treatment when
platinum ions and starch solution were adjusted with NaOH over 0.01 M. However,
the precipitated Pt NPS were found when those solutions over 0.05 M NaOH. Hence,
the proper alkaline condition for the formation of platinum nanoparticles in the range
of 10 M to 10" M NaOH was investigated. Although, the UV/vis result in Figure 2
confirmed that the alkalinity had an influence on the platinum complex and Yu et al.
reported that the product of H,O/Cl ligand exchange could be more easily reduced

than PtCls> for the synthesis of platinum nanocrystals by reduction with H,.””!
Y p y M

However, under the window of the observation (in the range of 10> M to 10" M
NaOH) the UV/vis spectra no significantly changed both of peak maximum and
intensity. It means that the initial platinum complex adjusted with above alkaline

concentrations seem to be the same.
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Figure 2 (A) UV/vis spectra of platinum at various acidic-alkaline conditions after

reduction, (B) digital image of platinum solution in acidic condition adjusted by

addition of HCI (110~ M) and water and (C) digital image of platinum solution in

alkaline condition.
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3.3 Investigation of starch degradation under an alkaline treatment

It is well-known that starch molecules are degraded and broken down to small
organic acid (e.g., formic acid, acetic acid, glycolic acid and lactic acid) under an
alkaline treatment.*® Since, the organic acid possesses no reducing potential, the
degraded intermediates are expected to be responsible for the reduction of platinum

1ons to Pt NPs.

NaOH
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Figure 3 Normalized ATR FT-IR stack spectra of soluble starch at various acidic-

alkaline conditions adjusted by HCI, water and NaOH solutions.
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Aldehyde and a-hydroxy ketone in alkaline media are well-known function as
efficient reducing species. There are reports indicating that the degraded species of
glucose and cellulose under alkaline condition contain aldehyde, ketone and acid
moiety.'*®! Figure 3 shows attenuated total reflection Fourier transform infrared
(ATR FT-IR) spectra of products obtained after the acidic/alkaline treatments of

soluble starch.

Water * 860 A
4102 M NaOH ——
100" M NaOH ——
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(O = 1 1
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Wavenumber (cm-")
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0 1 1
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Figure 4 Normalized ATR FT-IR stack spectra of soluble starch at 10°~1 M NaOH in
the region of (A) 1200-750 cm™'and (B) 1800—1200 cm™.
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The spectra show a significant break down of glycosidic linkage of starch bridge
B C'-O-C* in the region 1200-900 cm(i.e., C-O, C-C stretching (1163 cm™), C-O-H
bending (1094 cm™), C'-H bending (1067 cm™) and skeleton mode vibration of a-1,4
glycosidic linkage, C-O-C (930 cm™)) under alkalinity greater than 0.01 M as the
absorption was significantly decreased.””” " In fact at 0.01 M a slight degradation
was observed. At a greater alkalinity (0.1 M), an indication for the generation of the

carboxylate group is observed at 1587 cm™.

At an extremely high alkaline condition (1 M), the extensive destruction of
starch molecule and evolution of collective carbonyl group (e.g., carboxylic acid and
aldehyde) were indicated by a development of a broad absorption band at 1770-1550
cm™, as shown in Figure 4. The observed infrared spectra demonstrate the
formation of carbonyl species after an alkaline treatment. These species are expected

to be responsible for the formation of Pt NPs observed in Figure 1D-1E. The detail

infrared band assignment is shown in Table 1.1
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Table 1 Infrared bands assignment of starch.

Infrared band (cm™")

Infrared band assignment

860 CH, deformation

930 Skeleton mode vibration of a-1,4 glycosidic linkage (C-O-C)
1200 - 900 Bridge p C'-O-C* stretching
1500 - 1300 Vibration band related to the carbon and hydrogen atoms

1610 — 1550/1420-1300

COO- stretching vibration (carboxylic acid salt)

1642 Water adsorbed in the amorphous region of starch
1765 C=0 stretching vibration of carboxylic acid

3000 - 2800 C-H stretching

3600 - 3100 O-H stretching

H\/OH o
c HC=0 Hﬁ—OH HC—0 HG=0 He=0 GOOH
HE—OH  |p-elimination HC—OH (1) —OH () ¢—on v O @ CS=0 (v CHOH)
HO—GH —> HO—CH —— Ho—¢H =— HO—CH — CH —/—= CH, —/—= CH,
HC—O(Gl), HC—O(Gl), H?— O(Gl), HﬁZ—O(GI)n Hﬁ)— O(Gl), H?— O(Gl), H?— O(Gl),
né—o HC—OH HG—OH HG—OH HG—OH HG—OH HC—OH
CH,0H CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH
() (2) (3) (4) (5) (6) (7
(I) keto-enol tautomerism ﬂ (W
(Il) enediol deprotonation H(f—OH CH,OH CH,OH
(ll1) anion isomerization é_éa (V) (S () =0 (vi) CHOH
HO—#H —» C—OH ——— ¢= O === C(OH)(COOH)
(IV) B-hydroxycarbonyl elimination H?— O(Gl), —H H, (ITHz
o HC— OH HE—OH HE— OH HC— OH
(V) p-alkoxycarbonyl elimination CH,OH CH,OH CH,OH CH,OH
(VI) benzilic acid rearrangement (8) (9) (10) (11)

Scheme 1 The possible process of starch under alkaline degradation to generate

reducing end groups adapted from Nef-Isbell mechanism.
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The observed infrared spectral changes are in good agreement with the alkaline

1511 this work,

degradation of polysaccharide given by the Nef-Isbell mechanism.
soluble starch, a linear polymer of glucose units, was used as both the reducing and
the stabilizing agent. The degradation of starch under alkaline treatment involves a -
elimination reaction followed by a series of rearrangement before liberation of a
glucose unit. A simplified mechanism of starch degradation is shown in

Scheme 1 .[15][16][28],[33]7[35

I'The glucose unit undergoes further degradations before
breaking down to smaller organic species containing carbonyl moiety. Previous works
show that the final products of starch/polysaccharide degradation are small organic
acid.**) However, the intermediates involve the formation of organic species with
reducing potential containing carbonyl species (i.e., aldehyde and a-hydroxy ketone).
A simplification of starch degradation products with different carbon number are

shown in Scheme 2 H>N1OI28LI331I35

I'Some of the intermediates have aldehyde or a-
hydroxy ketone moiety which can function as powerful reducing species under an
alkaline condition. There are at least 17 reported reducing species of different carbon
number (as shown in Table 2). Aldehyde and o-hydroxy ketone can be efficient

reducing specie under the employed alkaline condition (Scheme 3A). As a result,

platinum ions could be reduced to Pt NPs as indicated by Scheme 3B.
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Scheme 2 The reaction pathways of monosaccharide under alkaline degradation.

Classification of the degraded products based on carbon number was simplified

[15],[16],[28],[33]-[35]). Some of the degradation

(adapted from references

intermediates contain functional groups with reduction potential (i.e., aldehyde and a-

hydroxy ketone moieties).
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Scheme-'.;; (A) Example of reducing species (C¢) from starch degraded intermediates

and (B) reduction of platinum ions into Pt NPs.
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Table 2 The possible degradation products of starch in alkaline solution those act as

reducing species.

[15][16][28],[33] [35]

Numbers of Carbon

Structure

Product name

4,5,6-trihydroxy-2-oxohexanal

1,5,6-trihydroxyhexane-2,3-dione

4,5,6-trihydroxyhexane-2,3-dione

4,5-dihydroxy-2-oxopentanal

4,5-dihydroxypentane-2,3-dione

1,5-dihydroxypentane-2,3-dione

3,4,5-trihydroxypentanal
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Table 2 (continue) The possible degradation products of starch in alkaline

solution those act as reducing species.

[15][16][28],[33] [35]

Numbers of

Structure Product name
Carbon
HC=0
=0
4 &y 4-hydroxy-2-oxobutanal
2
H,OH
CHj,
¢=0 .
4 iz o 1-hydroxybutane-2,3-dione
H,OH
H§=O
H, .
4 ud ol 3,4-dihydroxybutanal
H,OH
Hcé:=o
HC-OH .
4 HE_OH 2,3,4-trihydroxybutanal
H,OH
Hi=0
3 HC-OH 2,3-dihydroxypropanal
J:HZOH
HC=0
3 EH, 3-hydroxypropanal
H,OH
HC=0
3 &=0 2-oxopropanal
CH,
HC=0
2 &Hon 2-hydroxyacetaldehyde
HC=0
2 bH3 Acetaldehyde
1 H,C=0 formaldehyde
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3.4 Investigation of stabilization power of starch

According to the observed phenomena in Figure 1, an onset of efficient
reduction was observed at an alkaline concentration greater than 0.01 M. It is
imperative to gain an in-depth understanding of the influences of alkalinity on the
formation of reducing species and Pt NPs with NaOH concentration in the range of
0.01-0.1 M. The obtained Pt NPs were investigated by TEM and the results are shown
in Figure 5. Spherical Pt NPs with an average size of 2—4 nm were generated under all
examined conditions. The particle size does not significantly change with increased
NaOH concentration (Figure 5A-5E). However, when NaOH solution with a
concentration greater than 0.05 M was used, large aggregations of primary particles
were observed. Those aggregated particles with a domain size of 20-80 nm could be
disaggregated into primary particles by ultrasonic treatment (Figure 5D2 and 5E2).
The observed phenomena suggest that small Pt NPs were formed and stabilized at the
early stage of the reduction process. Those primary particles do not grow bigger due
to starch stabilization. The complete reduction of Pt ions to Pt NPs occurs before the
aggregation. The aggregation of Pt NPs at a higher alkaline concentration (Figure
5C2-5E2) results in precipitation within a few minutes. The prolonged reaction
breaks down glycosidic linkages and diminishes the stabilization potential of starch at
stronger alkaline conditions. The breakdown of glycosidic linkages shortens the starch

chain and triggers precipitation.
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Figure 5 TEM images and their particle size distribution of synthesized Pt NPs at
various concentrations of NaOH solution (A) 0.01, (B) 0.025, (C) 0.05, (D) 0.075 and
(E) 0.1 M. The particle size distribution was measured from the non-aggregate

particles.
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Based on the observed phenomena, the reducing and stabilizing potential of
starch was investigated by the ATR FT-IR spectroscopy. Figure 6 shows overall
changes associated with starch degradation under 0.01-0.1 M NaOH treatment.
Increase of the carbonyl absorption at 17701550 cm™ indicates the extensive
decomposition of glucose unit which imply the increasing of reducing species. A
rapid reduction was observed at high alkaline concentration. At the same time, a
decrease in the absorption of glycosidic linkage (bridge p C'-O-C* stretching) in the
region 1200-900 cm™ indicates the progressive break down of the starch skeleton. As
a result, stabilization via steric hindrance was drastically decreased after the
glycosidic linkage breakdown. The observed phenomena are in good agreement with
previously reported works that the extensive number of hydroxyl groups present in
soluble starch can facilitate the complexation of metal ion to molecular matrix.”!'
Platinum ions were reduced on the starch chain and were stabilized. Steric hindrance
imposed by starch molecules prevents Pt NPs aggregation and result in a small size
(24 nm) and narrow size distribution. However, when starch chain was later
damaged, the shorter chain cannot provide an adequate stabilization of Pt NPs.
Particles aggregate without further fusion or particles grow as platinum ions were

completely consumed.

3.5 Efficiency of the in situ reducing species

In order to investigate the reducing efficiency of the in situ generated species, a
time dependent UV/vis experiment was conducted and the results are shown in

Figure 7. Since, the quantitative analysis of generated Pt NPs is commonly monitored

-198-



Minor Research Theme

through the baseline shift at 500 nm, a plot of time dependent baseline shift is shown
in Figure 8.°% The reduction profile show sigmoidal shape. An increasing absorbance
in the first period corresponded to the seed nucleation, followed by a rapid particle
growth (as suggested by LaMer”” in colloidal growth mechanism). In our case, due to
the high efficiency of the in situ generated species, the nucleation is very fast and the
reaction was completed within 5 min. As a result, very small particles with narrow

size distribution (2—4 nm) were obtained.
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Figure 6 Normalized ATR FT-IR (A) stack spectra, (B) overlay spectra in the region
of 1800-1200 cm™, and (C) overlay spectra in the region of 1200-750 cm™ of soluble
starch after a 20 min incubation with 0.01-0.1 M NaOH.
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Figure 7 Time-resolved UV/vis spectra of synthesized platinum nanoparticles with
(A) 0.01 M NaOH, (B) 0.025 M NaOH, (C) 0.50 M NaOH, (D) 0.075 NaOH and (B)
0.10 NaOH.
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The synthesized Pt NPs using appropriate (0.025 M) NaOH concentration can
be stabilized in the solution for 3 months without any sign of aggregation. The
complete reduction was confirmed by a NaBHy test, results are shown in Figure 9. A
complete reduction of platinum ions is signified by an insignificant spectral change

after an addition of NaBH..
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Figure 8 Time-dependent baseline shift at 500 nm of colloidal platinum nanoparticles

after treatment under various alkaline conditions.
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Figure 9 UV/vis spectra of colloidal Pt NPs at (A) 0.01 M NaOH, (B) 0.025 M
NaOH, (C) 0.05 M NaOH, (D) 0.075 M NaOH and (E) 0.10 M NaOH before and after
checking the completely of the reduction with NaBH,.
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4. Conclusion

I have successfully synthesized Pt NPs via a “Green” synthesis approach using
starch as the reducing and stabilizing agent. Uniform spherical Pt NPs (2—4 nm) were
obtained. The reduction efficiency of the soluble starch was enhanced by an alkaline
treatment. The active reducing species were expected to be the degraded intermediates
containing aldehyde and o-hydroxy ketone moiety. The system is rapid and very
efficient as all platinum ions (20 mM) were completely reduced to Pt NPs within 5
min. The obtained Pt NPs are expected to have a good catalytic activity. The ongoing

glycerol oxidation by this green Pt NPs is being investigated
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