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1.1. Introduction

The term ‘catalysis” was coined by Swedish chemist J. J. Berzelius for the first time in
the first half of the 19" century. He coined the term after the observing a chemical reaction in
presence of another material, i.e., catalyst, which does not participate in the reaction.!* When
chemical transformation occurs in presence of a catalyst, then the process is called catalytic.
Ostwald in 1895 has proposed that “a catalyst accelerates a chemical reaction without affecting
the position of the equilibrium”.* A catalyst is a substance that decreases the activation energy
of a reaction and facilitates the chemical reaction without being consumed in the process ”.°> The
enzymes, which are natural catalysts, are very important for biochemical conversions.

Catalysis plays vital role in everyday life and contributes significantly to the development
of society and economy. Catalysis includes processes like, hydrogenation, oxidation, hydrogen-
olysis, polymerization etc. Developing a catalytic process from laboratory scale to industrial
scale for manufacturing of various chemicals is of great challenge. Since early 20" century, nitric
acid preparation (Ostwald process, 1902),° ammonia synthesis (Haber-Bosch process, 1909),°
methanol synthesis (1923),® Fischer-Tropsch synthesis (1925), HCN synthesis,” Olefin
polymerization (Ziegler Natta polymerization, 1956),% desulfurization of petroleum fractions,®
are some of the important industrial processes. All these catalytic processes contributed to the
industrial revolution in 20" century.* 1° Thus, the catalytic processes became backbone to the
chemical industry contributing significantly to our society. Broadly catalytic processes are in-
volved in three major areas as (i) petroleum refining, (ii) fine chemical preparations and (iii) au-
tomotive emission control.

Many catalysts used in these above catalytic processes can be classified into homogene-
ous and heterogeneous catalytic processes.

1.1.1 Homogeneous catalysis

Homogeneous catalysis can be defined as ““a catalytic reaction where the catalyst is in the
same phase as the reactants and products”. These processes show better selectivity, activity at
low temperatures, but are associated with drawbacks like recyclability and solvents that are not
environmental friendly.®
1.1.2 Heterogeneous catalysis

In a reaction, if the catalyst is in a different phase than that of reactants it is called as a
heterogeneous catalyst. Generally, the catalyst is a solid and the reactants can be either gases or
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liquids. The catalysis occurs at the interface of two phases typically gas-solid or liquid-solid.t!
Since the catalyst is in different phase than reactant/product, its separation from the final reaction
mixture is quite easy. Examples of heterogeneous catalytic systems are cracking, condensation,
hydrogenation, dehydrogenation, isomerization, oxidation and alkylation.!® Hence, development
of heterogeneous catalytic processes is important and challenging.?
1.2. Sustainable chemical processes and Green chemistry

During industrial revolution, many new catalytic processes were developed. But, little ef-
forts were made towards waste minimization and ensuring sustainability of a process. As a result,
plenty of waste was produced by industries, while practicing catalytic processes.'? This led to
environmental damage and also to release of green house gases such NOy and CO; to the atmos-
phere. This motivated the transition from traditional methods to sustainable processes. Sustaina-
ble development is a process for “Meeting the needs of the present generation without compro-
mising the ability of future generations to meet their own needs”’, provided the natural resources
and ecosystem balance out on which the economy and society depend.*®

Subsequently, with time the concept of sustainability has seen greater attention in devel-
opment new processes, in which ‘Green chemistry’ became an integral part. A desired chemical
process should eliminate or reduce the hazardous substances. The term ‘Green Chemistry’ was
coined in the early 1990’s by Anastas et al.,** of the U.S. Environmental Protection Agency
(EPA). The 12 principles (Fig. 1.1) of green chemistry are given below:

1. Waste
Prevention

12.Inherently Safe 2.Atom
Chemistry Economy
11.Real-Time 3.Less Hazardous
Analysis Synthesis

4. safe Chemicals
Design

10. Design for
Degradation

5. Benign Solvents
and Auxiliaries

9. Catalysis

8.ReducedUse 6. Energy
of Derivatives Efficiency
7.Renewable
Feedstocks

Fig. 1.1 Principles of green chemistry.'*
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The academia and industry have widely recognized and accepted the principles of green
chemistry for the sustainable development. Sustainable development can be achieved either by

utilization of the renewable or non-renewable resources by using above principles.!? 4

1.3. Non-renewable raw materials

A non-renewable material is a natural resource that is utilized faster than it can be re-
generated. Fossil fuels (coal, petroleum and natural gas) and nuclear minerals (uranium) are ex-
amples of non-renewable materials. Since early 20" century, modern society started using non-
renewable sources for several applications. Most important part (84%) of primary energy sources
are the carbon based fossil fuels. During 2012, fossil fuel usage for energy production consisted
of coal (28%), petroleum (33%), and natural gas (23%).%°

Coal: It is a combustible black or brownish-black sedimentary rock which contains large
quantity of carbon along with some hydrocarbons. The coal is derived from the plants of swampy
forests that are buried millions of years ago (Fig. 1.2). The high heat and pressure caused the
plants to turned into coal.'® Coal is categorized into four main types: bituminous, anthracite, lig-
nite and sub-bituminous (Table 1.1).18 Its energy content depends on the amount of carbon it
contains as the heat is generated by its combustion. The type of a coal deposit is determined by

its conditions of formation over time.

Swamp . Water
300 million years ago 100 million years ago

Rocks and dirt

Coal

Before the dinosaurs, many Giant Over millions of years, the plants Heat and pressure turned the
plants died in swamps. were buried under water and dirt.  dead plants into coal.

Fig. 1.2 A brief illustration of coal formation.*6

Table 1.1 Types of coal.*®

S.No Type % of carbon
1 Bituminous 45-86
2 Anthracite 86-97
3 Lignite 25-35
4 Subbituminous 35-45
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Petroleum or Crude oil: a mixture of hydrocarbons formed over millions of years ago
from animals and plants. The petroleum exists within sedimentary rocks (Fig. 1.3).}” At an oil
refinery crude oil is distilled into various petroleum products. These include gasoline, diesel fuel,
jet fuel, heating oil, waxes, lubricating oils, petrochemical feedstocks and asphalt.'’

Natural gas: It consists mainly of methane, small quantities of liquid hydrocarbons and
non-hydrocarbon gases.'® The remains of animals and plants on decay form thick layers with silt
and sand over millions of years. Heat and pressure changed these organic materials into natural
gas (Fig. 1.3).

Ocean Ocean
300-400 million years ago 50-100 million years ago
A T A P 4
— <«
/ & ’ Sand and sift
\ ——————
*" Plant and animal remains 0il and gas deposits

Tiny sea plants and animals Over millions of years, the

Today, we drill down through

died and were buried on the remains were buried deeper layers of sand, slit, and rock
ocean floor. Over time, they and deeper. The enormous to reach the rock formation
were covered by layers of silt heat and pressure turned them that contain oil and gas
and sand. into oil and gas. deposits.

Fig. 1.3 A brief illustration of crude oil and natural gas formation.'®

Nuclear power: Nuclear energy can be released by nuclear fission and the heat energy
generated in the process can be used to produce electricity.*® Uranium-235 is mostly used for the
production of nuclear energy.*® Nuclear fission is a chain reaction where a neutron hits a uranium
atom and splits it to release a large amount of energy as heat and radiation (Fig. 1.4). The neu-
trons released from the uranium further hit other uranium atoms and the process repeats itself
over and over again.® These reactions are controlled in nuclear power plant reactors to produce a

desired amount of energy which can be converted to electricity.

Fission O Lighter
. elements
The atom splits

2 O Neutron
O —> + Energy
Neutron ~ ONemmn

Uranium )
235 O Lighter
elements

Fig. 1.4 Nuclear fission of uranium.®
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1.3.1 Petroleum derived chemicals

From the time of invention of combustion engines, transportation has become important.
During the 2" world war there was a huge demand for the transportation fuels and chemicals.®
Most of them were derived from crude oil. The demand for the petroleum derived chemicals in-
creased through 20" to 21% century. This huge demand for petroleum based chemicals led to the
introduction of catalysis or catalytic processes for their production.

Most of the petroleum (84%) is used to get energy-rich fuels, including gasoline, jet fuel,
diesel and liquefied petroleum gas (LPG).™ The remaining 16% of petroleum is used for the pro-
duction of many chemicals including pharmaceuticals, pesticides, fertilizers and plastics. Present

consumption of oil is 84 million barrels (13.4x10° m®) per day, at this rate oil supply will last
less than 120 years.™

1.3.2. Processes for conversion of petroleum to fuels and chemicals

Fractional distillation is the process for the separation of a mixture of components into its
individual components. Chemical components are separated in terms of their boiling range by
heating the mixture and by condensation of various vaporized fractions. Generally these compo-
nents differ by 25 °C in terms of boiling point from each other under atmosphere pressure (Fig.

1.5). If the difference in boiling points is greater than 25 °C a simple distillation is used.

Refinary Gas 20°C

Small Molecules g —— Bottled Gas

* Low boiling point - -
Petrol for
Vehicles

é Chemicals

. Jet fuel,
- M‘ Paraffin for

* Light in colour
¢ Easy to light
* Runny

Naphtha
120°C

Large Molecules

: 3 > lighting and
*High boiling point
*Dark in colour heating
*Hard to light
*Thick Diesel fuels
: _ Lubricating
Crude Qil [+] : Qils, Waxes,
vl \ Polishes
Fuel for
Ships,
. Factories
Fuel Oil and Central
Heating
Heater Bitumen Roads and
240°C Roofing

Fig. 1.5 Illustration of crude oil fractional distillation column.!
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Pictorial representation of fractional distillation is shown in Fig.1.5. Catalysis plays cru-
cial role in the development of efficient processes for upgradation of petroleum feedstock to
chemicals and fuels such as gasoline, diesel, fuel oil, jet fuel and lubricants.® Most (~60%) of
petroleum processes are catalytic.% 2° One of these processes is catalytic cracking which has great
impact on the economy as it is used to crack heavier crude oils. Fluid catalytic cracking (FCC)
process is used to shorten the large and complex molecules to useful fuels.®
1.3.2.1 Catalytic cracking

Catalytic cracking is used to downsize heavy petroleum fractions to premium middle dis-
tillates. It is one of the most significant technologies developed in 20" century with huge impact
on economy. Efficient production of larger fractions of premium fuels with high selectivity and

yield was achieved by introducing zeolite as cracking catalyst in the year 1962.°

1.3.2.2 Hydrotreating

Catalytic conversions involve the removal of oxygen, nitrogen and organic sulfur from
petroleum crudes by hydrogenation of unsaturates at high H, pressures involving minor cracking
of high molecular hydrocarbons is called as hydrotreating. Hydrotreating capacity has increased
since 1970s to get very low sulfur containing fuels to avoid SOz emissions to the atmosphere.®

1.3.2.3 Hydrocracking

In hydrocracking, polynuclear aromatics are cracked and hydrogenated simultaneously to
get low distillates. In hydrocracking, catalyst must be bifunctional, with acid sites to catalyze
cracking and metal sites to catalyze hydrogenation. It is necessary to reduce aromatic content in
the fuel to increase quality.?* The production of alkanes from the hydrogenation of the aromatics

improves the cetane number which is a measure of the combustion efficiency of diesel fuel.®

1.3.2.4. Naphtha reforming
Naphtha with a distillation range of 70-200 °C (Cs-Cao), is composed primarily of alkanes
and cycloalkanes with small fraction of aromatics. Reforming of naphtha includes conversion of

cycloalkanes and normal alkanes to branched alkanes and aromatics to improve octane number.®

1.3.2.5. Isomerization
Isomerization of normal alkanes such as butane, pentane and hexane to their branched
isomers raises their research octane number (RON). The addition of isomerized components to

gasoline results in the increased quality of the fuel.®
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1.3.2.6. Alkylation
Isobutane is combined with light alkenes, such as propylene, isobutene or butenes from
the gas mixture of a catalytic cracker to get high RON fuel components. These high-octane prod-

ucts such as isooctane are used to get high quality gasoline.

1.3.3. Value added chemicals and fuels from petroleum

Petroleum contains C1-Css hydrocarbons which can be separated and converted through
different processes. Some of the important chemicals are benzene, toluene, xylene isomers, tolu-
ene and butanes.?? Catalytic reforming of naphtha results in BTX aromatics (benzene, toluene
and the xylene isomers) separated from the catalytic reformates.® Schematic illustration of con-

version routes of petroleum derivatives is shown in scheme 1.1.2

Benzene Styrene Polystyrene |

Adipic acid Nylon €,6 ‘
Polyurethanes
Caprolactam Nylon & |
m—— Phenol-formaldehyde resins,
Petroleum Phenol Bisphenol A
Cumene
Acetone Solvents,
Pharmaceuticals
Terephthalic Polyester fibers,
Xylene P-Xylene acid e
Foam polyurethanes |
Iso-butylene | MTBE |
Butanes
Butadiene - Polybutadiene, Neoprene,
Styrene butadiene rubber
Crude ) .
Feed Platform and fine chemicals Products
Feedstock derived

Scheme 1.1 Schematic illustration of conversion routes of petroleum.?

1.3.3.1 p-Xylene

p-Xylene is obtained by separation of xylene from C8 cut of reformate. One of the most
important application of p-xylene is that it can be converted to pure terephthalic acid (PTA) by
selective oxidation. Worldwide production of PTA is approximately 39 million metric tons in
2009, with global demand growing at 7-8%/year during 1999-2009. AMOCO process which is a
modified version of Mid-Century (MC) process is widely used for the production of PTA till
date. PTA is polymerized with ethylene glycol to from polyethylene terephthalate (PET), a pol-

ymer used to make clothing and plastic bottles.
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O._OH
[O], acetic acid
15-30 bar air, T-175-225 °C

p-Xylene HO SO
Terephthalic acid

Scheme 1.2 AMOCO process for terephthalic acid production.

1.3.3.2 Benzyl alcohol

Benzyl alcohol is a platform chemical, obtained from toluene, can be used for the synthe-
sis of fine chemicals and used as starting material for the production of many useful products.
Benzyl alcohol derivatives include benzyl acetate, benzaldehyde, benzoic acid, benzyl ethers,
benzyl benzoate etc., produced through catalytic transformations (Scheme 1.3). A variety of
chemicals can be obtained using different chemical transformation like acylation, oxidation, de-
hydration, dehydrogenation, condensation, hydrogenolysis, hydrogenation, etc. Each and every
product obtained from benzyl alcohol has their importance. Among them benzaldehyde is used in
many industrial applications. It is an intermediate in the production of fine chemicals, flavors,

pharmaceuticals, foods, drinks and cosmetics.

/ COOH
é (% ES é Benzoic acid
\¢cyclohexylmethanol (VII)

S

(vii
Benzyl acetate / Benzaldehyde

(VI)

e
Beng“’ride (V M\N ©
O)LONQ ©”° @ Toluene

Benzyl benzoate Bnezylether

CH,CI

Scheme 1.3 Various products from benzyl alcohol; (i) hydrogenation, (ii) acylation, (iii)
chlorination (halogenation), (iv) esterification, (v) etherification, (vi) dehy-
dration and (vii) oxidation.
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1.4. Renewable raw materials: Their utility

Biomass is an important source to meet the energy requirements of the society for future
generations. Presently, fossil fuels such as petroleum, coal, natural gas and nuclear fuel meets
nearly 88% of the world energy demands.*® However, fossil fuel reserves are limited and there is
expected to be 1.1% per annum rise in the use of liquid transportation fuels, 1.0% raise in the
consumption of industrial sector, 1.9% per year raise in the natural gas consumption worldwide
during 2012 to 2040 (Fig.1.6).'® Further, the utilization of fossil fuels and their derivatives is as-
sociated with a net addition to CO- levels in atmosphere. It is predicted that CO, emissions will
increase from 32.3 to 35.6 and to 43.2 billion metric tons from 2012 to 2020 and by 2040.%® The
rise in CO2 emissions has a detrimental effect on environment due to global warming and climat-
ic change. These concerns have forced the society to look for alternative sources of energy and
chemicals. Renewable sources like, solar, wind, hydropower, biomass and geothermal energies
are to be meant for future generations. Hence, it is important to utilize biomass and biofuels as

renewable energy sources.

History 2012 Projections

ra
&
=

Petroleum and other liquid fuels
Share of
total energy —  33%

— o
o b=
b= k=

Quadrillion Btu

1990 2000 2010 2020 2030 2040

Year

Fig. 1.6 World market for consumption of fuels and energy, 1990-2040.1°

1.4.1. Biomass valorization
1.4.1.1. Introduction

Effective utilization of renewable resources using advanced technologies is the need of
the hour to meet the needs of future generations. Renewable resources include hydropower,
wind, solar and biomass etc. Among the renewable resources, biomass is superior as it is the only
source that possesses the energy in the form of chemical bonds. The biomass feedstock’s can be

used for the production of numerous chemicals and fuels.
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“The term biomass refers to non-fossilized and biodegradable organic materials obtained
from plants and animals on a renewable basis, that includes waste and residues of wood, agri-
cultural crop, aquatic animals and plants, municipal and other waste materials” (Fig. 1.7).2
Thus, the availability of biomass is widespread, abundant and also economical.?* These excellent
features make biomass a better and sustainable source for future requirement of chemicals and
energy. Biomass is categorized in two categories; (1) edible and (2) non-edible biomass. Edible

biomass comprises of cooking oils while non-edible biomass includes agriculture waste etc.

acipal
3 Wast,

Fig. 1.7 Different sources of biomass.?®

Among the above, lignocellulosic biomass is of our interest for the production of carbon
feed stocks like chemicals and fuels. Lignocellulosic biomass is derived mainly from forestry,
agricultural waste and residue. The CO> released during the upgradation of renewable com-
pounds is utilized for the photosynthesis process to generate biomass (Fig. 1.8).2% A successful

bio-refinery plays an important role in achieving sustainable development goals.

Fuels
-

e Chemicals
emical . R
Biological/ W & Plastics
mechanical

-
conversions ¥  Heat/Power

Food, Drugs
& Materials
Crude Extracted Processed Complex Refined
Feedstock Feed Feed Operations Products

Fig. 1.8 Overview of the processing of crude feedstocks to refined products in a sustainable biorefinery.?
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1.4.1.2. Composition of lignocellulosic biomass

Lignocellulosic biomass is one of the major promising renewable sources of carbon de-
rived from plants. The conversion of plant lignocellulosic biomass to variety of fine chemicals
and fuels in a sustainable way is a great chalange.?=° Lignocellulosic biomasses consists of

three different fractions: cellulose, hemicellulose and lignin (Fig. 1.9).

Cellulose

< NH\ FZRT NN 7T \
. Lignin

>

p-Coumarylalcohol Coniferyl alcohol Smap‘yl alcohol @
——————

. . Hemicellulose}

N

Fig. 1.9 Composition of lignocellulosic biomass.?®

1.4.1.2.1. Lignin

Major component of lignocellulosic biomass is lignin, which constitutes of 15-30% by
weight. It is rich in aromatic functional moieties and contain primarily three monomers (Fig.
1.9).286 Methoxylated phenylpropane structures such as coniferyl alcohol, sinapyl alcohol and
coumaryl alcohol are the building blocks of lignin and it is amorphous in nature.?® Hemicellulose
and cellulose are surrounded by lignin within the plant tissue. The depolymerization of lignin in
alkaline-alcohol solutions to isolate the carbohydrate results in alkali lignin (Kraft paper pulping
process).?® Being rich in oxygenated aromatic species, lignin is an ideal feedstock for the produc-

tion of oxygenated aromatics.

1.4.1.2.2. Cellulose

Cellulose is a polymer of glucose units consists of 30-40% of its weight?® and it is of B-
D-glucopyranose homopolymer linked via p-glycosidic bonds (Fig. 1.9).2 The degree of
polymerization of cellulose varies from source to source; it is approximately 10,000 to 15,000
glucopyranose monomer units for wood and cotton respectively.®! Glucose monomers are ob-
tained by simple depolymerization of celluloses. Hydrolysis of cellulose from biomass is of great
challenge. Partial acid hydrolysis of cellulose gives cellobiose (glucose dimer), cellotriose (glu-

cose trimer) and cello-tetrose (glucose tetramer), while total acid hydrolysis breaks it into glu-
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cose.®? High yields of glucose (>90%) can be achieved through enzymatic hydrolysis of cellulose

following biomass pretreatment.

1.4.1.2.3. Hemicellulose

Hemicellulose is an amorphous polymer, constitutes of 15-30% of lignocellulosic bio-
mass, it contains low degree of polymerization and is a branched polymer (branching at every
200 molecules) (Fig. 1.9).28 Additionally, the structural constituents of the hemicellulose differ
from source to source and may consist of pentoses, hexoses and uronic acids.?® The pentose sug-
ars are xylose and arabinose and hexose sugars are glucose, galactose, mannose, rhamnose, and
fucose.? 2 Hemicellulose is intercalated to lignin and cellulose strands (Fig. 1.9). Hemicellulose
extraction can be achieved through either physical or chemical methods. In general, physical
methods, such as steam explosion, hydrolysis under mild conditions using dilute acids produce

xylose monomers.?°

1.4.2. Processes for conversion of biomass to value added chemicals and fuels
1.4.2.1. From ligninocellulosic biomass

Ligninocellulosic biomass can be converted to useful energy and chemicals involving
various steps. First step is partial removal of oxygen to reduce the feedstock reactivity. In a sec-
ond step, it is upgraded to useful chemicals or fuels.?® The technologies for the transformation of
lignocellulosic biomass to generate fuels and chemicals still remain a challenge. Main reason is
the structural and chemical complexity of biomass. The lignocellulosic biomass can be directly

used for generation of energy and fuels by gasification, pyrolysis/liquefaction and hydrolysis.?

1.4.2.1.1. Gasification
Biomass can be treated at high temperatures (>800 °C) to produce synthesis gas (syngas)
by gasification. The syngas can be further converted into chemicals and liquid fuels such as

methanol, diesel and gasoline by Fischer-Tropsch (FT) synthesis (Scheme 1.4).2°

1.4.2.1.2. Pyrolysis/Liquefaction

Low-cost liquid fuel can be obtained by pyrolysis/liquefaction of biomass (Scheme 1.4).
In this method, biomass is heated in an inert atmosphere at lower temperatures (300-700 °C) to
give bio-oil, a dark organic liquid.>® But this bio-oil consists of a mixture of more than 300
chemicals like aldehydes, ketones, acids, alcohols, esters, sugars and aromatics, which are diffi-

cult to separate.?® Bio-oil contains highly oxygenated products and high content of water (up to
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50%) and hence it is considered as poor fuel.® High quality of the fuel can be achieved by deox-
ygenation-hydrogenation in presence of Hz** or its conversion to aromatic compounds using zeo-

lite based catalysts.®

| - —
p—
Li llulosi Pyrolysis / -
ignocellulosic rolysis “Blooils
ks | L, _—

| Chemicals |
e | Ethanol |

\ Lignin &
—
g | Hydrogen_|

| Chemicals |
Crude Feed Extracted Complex Products
Feedstock Process from Feed Operations derived

Scheme 1.4 Schematic illustration of conversion routes of lignocellulosic biomass to chemicals and fuels.

1.4.2.1.3. Hydrolysis

Hydrolysis methodology is more beneficial than gasification and pyrolysis. Isolation of
sugar monomers to monomers is possible by selective transformations by complex processes
from lignocellulosic feedstocks.?® Isolated sugar monomers can be converted by a variety of
catalytic technologies. These sugars can be further upgraded to fine chemicals and fuels via vari-

ous chemical transformations®® *° like fermentation and ag. phase reforming (Scheme 1.4).%°

1.4.2.2. From lignin

Lignin can be used for the production of fuels and chemicals. The treatment of isolated
lignin by different methods results in the formation of oxygenated aromatic monomers.?® Pyroly-
sis is a method in which a thermal treatment of lignin in the absence of oxygen is carried out, but
the amount of product depends on temperature and heating rate. Hydrogenolysis or hydrocrack-
ing involves thermal treatment in the presence of hydrogen. In this process cleavage of bonds is
assisted by the addition of hydrogen.?® Hydrogenolysis occurs at low temperatures; hence higher
yields of monomeric phenols can be achieved. Hydrolysis is the process in which polymer breaks

down to monomeric units by addition of water. Oxidation is the thermal treatment in presence of
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02, which generally gives aldehydes.?® Oxidation of lignin gives wide range of products like van-
illin, vanillic acid and other carboxylic acids. The chemicals obtained from all these processes

and their utilization are represented in Scheme 1.5.

- Syringol, Guaiacol, Xylenes, ~ Flavoring agent, platform
NN m oxygenated aromatics, etc ‘ FIvAUVEE W]

chemical intermediates, etc

| Coniferyl alcohol, Propylphenol,
Eugenol, Syringol, Aryl ethers,

vinyl syringol, etc

Syringaldehyde, Vanillin, Vanillin N— v
y - d ; Flavoring agents, perfumes,
acid, Acetovanillone, aromatic I e Tme A s eI

aldehydes and acids, etc

Crude Process Refined

Products use
Feedstock Products

Scheme 1.5 Schematic illustration of value added chemicals and fuels from lignin.??

1.4.2.3. From cellulose and hemicellulose

Cellulose and hemicellulose are highly branched polymers made up of many Cs and Ce
sugar monomers, which can be used for the production of chemical intermediates and platform
chemicals. The cellulose and hemicellulose can be converted into monomers through catalytic

processes like, hydrogenolysis, hydrolysis, oxidation and de-polymerization.?®

Succinic acid Fibers e.g
IChemical pathwa! Green

HMF/Furfural
[Chemical pathwa

Sorbitol/Xylitol
IChemical pathwa

Levulinic acid
[Chemical pathwa

tifreeze, unsaturated

{ i
Polyester resin

Hydrogenolysis,
Hydrolysis,

tes, pesticides

polycarbonate re'slns

Oxidation and
De-polymerization

3-hydroxy
Propionic acid

Lactic acid
Biotech. pathway

Ethanol I:D
— Biotech. pathway

Fuel, fuel oxygenate

Crude Process Platform  Products

: Products use
Feedstock chemicals derived

Scheme 1.6 Schematic illustration of value added chemicals and fuels from C5/C6 sugars.?
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These processes yield a wide variety of platform chemicals like, HMF, furfural, sorbitol,
xylitol, levulinic acid and lactic acid etc.?® These chemicals have applications like production of
thermoplastic fibers, resins, solvents, fuel oxygenates, pesticides, solvents, polycarbonate resins
and many more.?? All the processes, the chemicals obtained and their utilization are represented

in Scheme 1.6.

1.4.3. Value added chemicals from biomass

Glucose (CeH1206) is a hexose monomer of the cellulose and hemicellulose (Scheme 1.7).
Glucose has many applications such as in fermentation and pharmaceutical industries as direct
and indirect source.?® 2 It is one of the raw material used in the generation of high value plat-
form bio-based chemicals such as 2,5 furan dicarboxylic acid, glucaric acid and sorbitol identi-
fied by U.S. Department of for their high importance.?? Glucose is produced by simple hydroly-

sis of cellulose or oligomers of glucose (cellobiose and maltose etc.).

(Cellulose & Hexoses oo

Hemicellulose) W) (Mono, Di, Tri i) /\/krkj

and ligomers) , éuGl

Scheme 1.7 Formation of glucose from biomass-derived compounds.

1.4.3.1. Glucose as platform chemical

Glucose can be converted to many useful chemicals by different chemical transfor-
mations. According to Werpy and Peterson, glucose derivatives include gluconic acid, glucaric
acid, sorbitol, adipic acid, fructose and 5-hydroxymethy furfural, etc. These are produced
through catalytic transformations (Scheme 1.8).2% These can be obtained using different chemical
transformation like oxidation, dehydration, reforming, reduction, fermentation (biochemical
paths) etc.?® Oxidation of glucose gives gluconic acid, which is further oxidized to glucaric acid
which in turn can be selectively hydrogenated to adipic acid. Adipic acid is a monomer for the
synthesis of nylon 66 etc.?? Selective hydrogenation of glucose gives sorbitol and on dehydration
it forms isosorbide at low operating cost. The isosorbide is used as a monomer for the polymer
synthesis. The major applications of it are copolymer with PET like polymers such as polyeth-
ylene isosorbide terephthalates for the use in bottle production.?? Dehydration of glucose to HMF
followed by its hydrogenation yields dimethyl furan (DMF), a transport fuel with good fuel char-

acteristics.?
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Scheme 1.8 Synthetic routes from glucose to various chemicals through (i) dehydration,
(ii) oxidation, (iii) hydrogenation, (iv) fermentation & oxidation, (v) fermen-
tation (vi) fermentation & Krebs Pathway.3!

1.5. Selective catalytic oxidations in chemical manufacture

Catalytic oxidation reactions are among the oldest and commercially important. More
than half of the commercial chemical production involves oxidation step as part of their synthe-
sis. Most monomers used to produce fibers, plastics and other polymer products are produced via
selective oxidation of hydrocarbons. Some topics of catalytic selective organic oxidations are
included in the handbook of Heterogeneous Catalysis.!! Some industrial important oxidation
processes are also listed in Table 1.2.

Table 1.2 Some industrially important oxidation processes.!!

Entry Name of processes Reactant Product Catalyst

1 Sulfuric acid production | SO SO3 V/K sulfate on silica
2 Nitric acid production NH3 HNO3 90%Pt & 10% Rh

3 HCN production NH3 HCN 90%Pt & 10% Rh

4 Formaldehyde CH3OH HCHO Fe-Mo oxide

5 Ethylene oxide Ethylene Ethylene oxide Ag catalyst

6 Ammoxidation Propylene Acrylonitrile Bi-Mo catalyst

7 Ammoxidation propane Acrylonitrile V or Mo catalyst

8 Selective oxidation n-butane Maleic anhydride | VV-Phosphate
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1.6. Selectivity in catalytic oxidation

Selectivity is an important aspect in catalytic oxidation. It is defined as the ratio of the de-
sired amount of product formed to the sum of the total products obtained in a particular reaction.
Generally oxidation reactions are classified into three categories, viz., (i) Regioselective, (ii)
Chemoselective and (iii) Stereoselective.

Regioselectivity refers to the oxidation of one functional group in the presence of the

same functional group present at a different location in an organic molecule (Scheme 1.9).

0 OH
\
Q 99% yield

3
HO _OH & ho  _OH HO

o 0c8nCly ¢ / OH ome
o — 5| [ox &

==Ho
OHowme Disfavoured OH oMe \ B on
(0]
ogﬁ\
OH oMe

Scheme 1.9 Regioselective oxidation of carbohydrates.36

Chemoselectivity of the oxidizable functionalities has been key issue in the field of heter-
ogeneous catalysis. It is important when one functional group has to be selectively oxidized in a

molecule which contains more than one functional group (Scheme 1.10).

o
©/\/\OH [cat] ©/\)LH

Scheme 1.10 Chemoselective oxidation of alcohol to carbonyl compounds.®

Stereoselectivity is related to the formation of one stereoisomer selectively. If the stereoi-
somers are enantiomers then such transformation is known as enantioselective oxidation
(Scheme 1.11).

OH

% _o J ,OH
CPO @ Hz0 .

Scheme 1.11 Stereoselective oxidation of R-(+)-limonene in the absence of KCI.38

1.7 Oxidants used in chemical transformations

In case of an oxidation, there should be an oxygen donor for the reaction to proceed. Ox-

ygen donors are classified as organic and inorganic oxygen donor sources. Organic oxygen do-
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nors are compounds like tetrabutlyhydroperoxide (TBHP). Some of the inorganic oxygen donors
are H2SOa4, HNO3, ClO4 (perchlorate), MnO4™ (permanganate), H20., Os, O», etc. Some inorgan-
ic oxidants have been used in industrial processes. However, use of H.SO4 and HNOs is envi-
ronmentally harmful. Uses of environment friendly (green) oxidants that generate minimum
amount of waste have been given more importance in the catalytic applications. The extent of
harmfulness depends on the by-products released from the oxidant. Table 1.3 lists the most

commonly used oxidants with amount of oxygen and by-products they generate.

Table 1.3 Common oxidants used.

S.No Oxidant % of active oxygen By-product
1 Oxygen 100 Nil
2 Hydrogen peroxide 47 H.0
3 Ozone 33.3 02
4 N0 36.4 N2
5 Perchlorate (ClOys) 21.6 CI
6 (CH3)3COOH (TBHP) 17.8 (CH3)3COH
7 H>SO4 16.3 HSO3
8 HNO3 25.3 NO2
9 CeHs10 (PhIO) 7.3 CeHsl

From a sustainability point of view, an oxidative process should address the following
criteria, (i) providing highest percentage of active oxygen, leading to greater atom economy;*
(if) avoid formation of toxic and difficult to eliminate by-products; (iii) should be abundantly
available at low cost. O is the most environmental friendly due to its 100% atom economy. It
can preferably be used in industrial applications to reduce waste. Many processes employ H20a,
as water is the by-product, but the production cost of H>O: is very high compared to O».

Reactive oxygen species that are observed in commonly used oxygen and hydrogen per-
oxide (Figure 1.10) are (i) superoxide radical, (ii) peroxide anion, (iii) hydroxyl radical and (iv)
hydroxyl anion. Superoxide (O2*") is obtained by addition of electron to molecular oxygen (O2),
resulting in one unpaired electron over the molecule, making it highly reactive. When superoxide
accepts one more electron, it is reduced to peroxide (O.%). Hydrogen peroxide generates hydrox-
yl ion (OH") by accepting an electron. Thus hydroxyl radicals (OH*®) are formed by homolytic

cleavage of hydrogen peroxide.

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 19



Chapter-1: Introduction AcSIR

0:0- 0:0¢ :0:0:
Oxygen Superoxide anion Peroxide
Hi:(:)-‘:(:)-'H ‘O:H 1:(§:H

Hydrogen peroxide Hydroxy radical Hydroxy anion
Fig 1.10 Active oxygen species

1.8. Introduction to porous materials

Materials containing pores are called as porous materials. The skeletal portion of the ma-
terial is often called the "matrix" or "frame". A skeletal material is usually a solid, but structures
like foams are referred to as porous. The properties like electrical conductivity, tensile strength
and permeability can be obtained from the respective properties of its constituents. Porous mate-
rials can be classified in to three types, based on their pore size (average diameter of pore). They

are (a) microporous, (b) mesoporous and (c) macroporous.
a) Microporous: Materials that contain average pore size <2 nm.
b) Mesoporous: Materials that contain pores in the range of 2-50 nm.
c) Macroporous: Materials that contain pores in the range of >50 nm.

Mesoporous materials have a high impact with pore size in the range of 2-50 nm, as ki-
netic radii of most organic molecules fall in that range facilitating their catalytic transformations.
In catalytic processes, catalysts having properties like adsorption-desorption and diffusion corre-
sponding to the reactant molecule play a key role. The catalysts with suitable morphology having

these properties show better activity.

1.8.1. Porous Mn oxides materials

Mixed valent manganese oxides having a general formula AxMnQO; are categorized as
microporous tunnel structures. The building block of this tunnel structure is MnQOg octahedra.
The sharing of octahedral corners or edges results in chains which are cross-linked to build one-
dimensional (1D) tunnels. To maintain charge balance and to support the framework, some cati-
ons reside in these pores. Porous manganese oxide structures can be described as a components
of B and P building blocks: B (birnessite, (Nao.3Cao1Ko.1)(Mn**,Mn3**),04 1.5 H20), and P (pyro-

lusite, MnO3), where B the edge-sharing and P represents corner-sharing mode of the octahedral
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building blocks.*® The size and shape of tunnels is differentiated as ramsdellite (2 x 1), hollandite
(2 x 2), romanechite (2 x 3), todorokite (3 x 3) and synthetic Rb2;MnO; (2 x 5). RUB-7 (2 x
4).%1 42 Cations and water molecules present in the tunnels stabilize the tunnel structure, which
results in pore size distributions.*!

OMS"' OMS-2 OMS-5 OMS-6 OMS-7

Fig. 1.11 Tunnel sizes of various OMS materials (Mn porous materials).

1.8.2. Porosity

From the studies of size and shape of the tunnels, broad pore size distributions are ob-
served in OMS materials, as shown in Figure 1.11. For example, OMS-1 has tunnel size of ~6.9
A, with diagonal distance of the tunnel being ~9.6 A, while OMS-2 has tunnel size of ~4.6 A.*3

1.8.3. Todorokite

Todorokite (OMS-1) is one of the main Mn minerals deposited in ocean Mn nodules.
Todorokite occurs with plate type or fibrous morphologies, that support a tunnel or layer-type
structure and it is extracted as major mineral from many terrestrial Mn deposits.** For many
years the crystal structure of todorokite was a subject of considerable conjecture and controversy.
The tunnel structure of todorokite was confirmed by high resolution TEM images, which illus-
trate that tunnels are constructed of triple chains of MnOse octahedra. These synthetic materials
are octahedral molecular sieves (OMS) consisting of manganese oxide octahedra linked by edges
and vertices. A synthetic todorokite has molecular formula of Mg%*0.9s-1.35 MN?*1.89.1.04 MN**4 35.
454 0124.47-4.55 H,0 with a 3 X 3 manganese octahedral unit of pore diameter 6.9 A.*3

1.8.4. Hollandite

The hollandite structure is constructed of double chains of edge-sharing MnOe octahedra,
which are linked in such a way as to form tunnels with square cross sections, measuring two oc-
tahedra on a side (Fig. 1.11.). The tunnels are partially filled with large uni- or di-valent cations
and in some cases, water molecules. The charges on the tunnel cations are balanced by substitu-
tion of lower valence cations [e.g., Mn (I11), Fe (I11), Al (111), etc.] for some of the Mn (1V). Hol-

landite minerals can be major phases in the oxidized zones of Mn deposits and important ores.
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The different minerals in the hollandite group are defined on the basis of the predominant tunnel
cation: hollandite (Ba), cryptomelane or OMS-2 (K), coronadite (Pb), and manjiroite (Na). Natu-
ral specimens having end-member compositions are unusual and chemical analyses show a wide
range of tunnel cation compositions. Consistent with their chain structure, they typically are
found as fibrous crystals, usually in compact botroyoidal masses. Cryptomelane has a tunnel size
of 4.6 X 4.6 A%

Mixed valency of OMS type manganese makes it a semiconductor and a good oxidation
catalyst. The average manganese oxidation state is reported in the range of 3.4 to 3.9 due to the
presence of a mixture of Mn*", Mn3* and Mn?* ions. The water and cation positions in the tunnels
of todorokite were predicted by Rietveld method using powder X-ray diffraction data.*® Low va-
lence cations Ni (I11), Mn (111), and Mg (11) substitute for Mn (V) charges in the tunnel cations.*®
OMS have been used as supports as well as a catalyst for many transformations.*” The presence
of Mg?* in the tunnel imparts basicity to the material and framework substitution of OMS is of

great interest.*®

1.9. Carbon materials, nitrogen-doped carbon and carbon nitride

If we look at our surroundings, it is realized that a greater part of the material is based on
carbon. Amorphous carbon, tetrahedral carbon, diamond-like carbon, fullerenes, CNx, graphene,
carbon nanotubes; the list of new or different structures based on carbon is growing each year
due to the extensive research and discovery of new carbon based materials

1.9.1. Different structures of carbon materials

Carbon is one of the most abundant elements in nature. There are several allotropes of
carbon depending on hybridization and bonding. Some allotropes of carbon like diamond and
graphite occur naturally and are known from ancient times. Carbon nanomaterials and its allo-
tropes provide a wide range of useful properties pertaining to high tensile strength, high BET
surface area, chemical and thermal stability making them very fascinating materials to a broad
range of applications. Graphite and amorphous carbon are the two most common allotropes.

1.9.1.1. Amorphous carbon

Amorphous carbon does not have any crystalline structure (Fig. 1.12a).*® This carbon is
highly disordered with no structural integrity. The disorder permits it to have many available
bonds and because of that more complex carbon based structures can be constructed. The true
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amorphous carbon has localized n electrons and bonds formed in it are inconsistent in lengths

compared to any other allotrope of carbon.*®

1.9.1.2. Graphite

Graphite is a crystalline form of carbon and is most stable in standard conditions. Carbon
with sp? hybridization forms graphite (arranged in hexagonal sheets). Carbon atoms are arranged
in a honeycomb lattice in each layer with carbon-carbon sp? bond length of 0.142 nm and the
spacing between these carbon layers is 0.335 nm (Fig. 1.12b).>° The layers are bonded through
weak Van der Waals forces, allowing layers of graphite to be easily separated or to slide past
each other. There are two forms of graphite namely alpha and beta.>® The alpha form of graphite
possess hexagonal lattice with ABAB stacking sequence of the layers whereas beta form has
rhombohedral lattice with ABCABC stacking sequence of the layers. The beta form is unstable
and converts into alpha when heated above 1300 °C.

(b) 0120m  Covatent bonds (C) ey '<

Carbon =+ ~0:, i
atoms & 3 }
% MWCNTs [ E
Van dec > i N . = -
i € 7
i H SWCNTs
; i i BN y % /

Fig. 1.12 Structure of (a) amorphous carbon, (b) graphite and (c) carbon nanotubes.

1.9.1.3. Activated carbon

Activated carbon is a crude form of graphite which is different from graphite by contain-
ing an imperfect random structure and with high porosity and broad range of pore sizes.>? Hence,
it has large surface area, often more than 1000 m?/g, thus having strong physical adsorption forc-
es. Chemical treatment can amplify the adsorption properties. Activated carbon is a carbon syn-
thesized from carbonaceous materials like wood, peat, nutshells, coconut husk, coir, coal and pe-

troleum pitch. It can be produced via physical (steam) activation or chemical activation.

1.9.1.4. Carbon nanotubes

Carbon nanotubes (CNTSs) are the members of carbon family, CNTs can be formed by
one-atom-thick sheets of carbon, called graphene, which rolled up into a cylinder (Fig. 1.12c).%
Carbon with sp? hybridization will form carbon nanotubes (long hollow tubes of carbon). These
graphene sheets are wrapped at specific and distinct angles. CNTs can be categorized into two
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types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs).

1.9.2. Nitrogen-doped carbons

In carbon materials, it is the long- and short-range coordination and sequencing of carbon
atoms that decide the electrical properties and their potential for different chemical processes.>*
Graphitic carbon materials have been extensively employed as catalyst supports for anchoring
metal nanoparticles in various industrial applications. However, metal nanoparticles supported
on carbon materials easily leach out during catalytic processes because of weak interaction be-
tween metal nanoparticle and carbon surface. Doping carbon with hetero atoms, like phosphorus
and nitrogen as electron donors or boron as an electron acceptor, into carbon matrix strengthens
the interaction between the carbon surface and the metal nanoparticles (Fig. 1.13).%® The most
common dopant in carbon materials is nitrogen, which transforms the material significantly to
more stable form. Additionally, N-doping improves the carbon-metal nanoparticles binding in-
teraction and also amplifies the number of chemically active sites. This can be witnessed by in-
creased metal dispersion, much better resistance to metal sintering and coarsening and enhanced
catalytic performance.®® Therefore, N-doped carbon materials are considered as good supports to

stabilize and activate metal nanoparticles.
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Fig. 1.13 Schematic view of the N-doped carbon showing different types of N atoms.

1.9.3. Carbon nitride
Carbon nitrides are compounds of carbon and nitrogen as the backbone forming ele-
ments. The binary carbon nitride with the formula C3sNj is still an elusive monomer compound.

Carbon nitride exists in five different crystalline structures, which were described by Teter and
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Hemely as shown in Figure 1.14. All the carbon nitrides are derived from either triazine or hep-
tazine (tri-s-triazine) units. These exhibit different degrees of condensation, physical and chemi-
cal properties. The detailed structures of these materials have been examined and the mechanical,
electrical and optical properties were studies. Hardness value of carbon nitride (CNXx) is in 10-40

GPa range based.>">°

Fig. 1.14 Different types of CsNa(A) B-C3Ns, (B) a- C3N4, (C) graphitic-CsNa4 (D) pseudo cu-
bic-C3sN4 and (E) cubic-CsNa, viewed down the [001] axis. The carbon and nitrogen
are depicted as gray and blue spheres.

The synthesis and characterization of g-C3Ns is a challenging task and different experi-
mental attempts have been made to synthesis g-CsN4. The possible building block, tri-s-triazine
(heptazine) ring is structurally related to the hypothetical polymer melon.%%4 Recent studies
show the triazine-based monomer formation of g-CsN4 is energetically favoured, trigonal nitro-
gen atoms results in tri-s-triazine rings. However triazine building blocks further condense to
form allotrope g-CsNa. Recent work has shown that the pyrolysis of melamine dicynamide, and
cynamide yields a melon polymer built up to from melem units.%¢ The energy diagram for the

synthesis of carbon nitrides from cyanamide as starting precursor is outlined in Fig. 1.15.%
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Fig. 1.15 Calculated energy diagram for the synthesis of C3N4.5”
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Fig. 1.16 Reaction pathways for the formation of potential allotropes of g-C3N4 from cyanamide.5®

Melamine is formed from cyanamide via dicyandiamide. Further condensation can then proceed
via the triazine route (dashed-line) to CaN4 or melam can form melem and then follow the tri-s-
triazine route (dash-dot line) to form CsNs (Fig. 1.16).

1.10. Metal oxides

Bulk oxide catalysts in pure or mixed form are either amorphous or polycrystalline mate-
rials. There are two characteristics of metal oxides that distinguish them from corresponding
metals. The first one is the absence of metal-metal bonds and the second is non-zerovalent metal.
Three key concepts that describe oxides are (i) oxidation state of metal at the surface, (ii) coordi-
nation environment of surface atoms and (iii) redox properties of the oxides. Metal oxides are
widely used as catalysts as well as catalyst supports. Metal oxides generally belong to one of the
structural classes of corundum, rock salt, wurzite, spinel, perovskite and rutile structures.®® The
corundum, the rutile and the spinel structures are made up of layers of close packed oxygen ions.
When these oxide layers are stacked on top of the other in ABABAB sequence, the resulting
structure is called hexagonal close packing (hcp) and it forms the basis for the corundum and the
rutile structures. If the sequence of the layers is ABCABCABC then the resulting structure is
called cubic close packing (ccp) and it forms the basis for the spinel structure. Metal oxide sur-
faces are more complex in their structure and are highly heterogeneous. Metal oxide surfaces ex-

hibit red-ox properties and also have both basic and acidic characters based on their composition.
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These properties are important for catalytic reactions. For example, silica-alumina catalyst is
used for cracking of petroleum and bismuth molybdate for ammoxidation of propylene to give

acrylonitrile. Rhenium oxide (Re207) supported on alumina is used for olefin metathesis.

1.10.1 Red-ox properties of metal oxides

In catalytic oxidation, oxide catalysts have to undergo oxidation-reduction cycles. In se-
lective oxidation reactions, gaseous O reacts with substrate to form oxygenates or water. The
introduction of oxygen into reactant molecule can take place in two ways, (i) The electrons may
be transferred to adsorbed oxygen to form the species like O, O,% and Oz, which on incorpora-
tion of oxygen in to a product molecule and its subsequent desorption returns to the solid; (ii)
direct incorporation of lattice oxygen of the oxide into product molecule, while the site of ad-
sorped molecule on oxide and incorporated lattice oxygen into the molecule may be different.
The migration of oxide ion between these two sites would occur, which is referred to as Mars-
Van-Krevelen mechanism.

Some of the important factors that influence the redox cycle during the oxidation reac-
tions are metal-oxygen bond strength, presence of cation vacancies, ability to form shear struc-
tures, optimal density of active oxygen, acid base properties, electron binding energy of lattice

oxygen and the crystallographic plane.®®

1.10.2. Acid-base properties of metal oxides

The exposed anion and cation on surfaces of oxides have been described as acid-base
pairs.”® In a metal oxide system, Brgnsted or Lewis base site is oxide ion and Lewis acid sites is
metal cation. Hydroxyl groups bound at certain oxide surfaces may exhibit considerable
Brensted acidity. Charge imbalance and/or coordination changes caused by incorporation of a
second cation results in strong Brgnsted acidity in mixed oxides rather than pure oxides. Exposed
unsaturated coordination of cations may act as acceptors for free electron pairs of adsorbed spe-
cies. The acidic strength of metal oxides depends on the charge and size of the cations, both of
which may vary with the oxidation number of the cation. In general, according to the concept of
hard and soft acids, cations of higher oxidation are harder. For cations in the same group with
same oxidation state, those in later period are softer. Harder cations are smaller and polarizable.
This will adsorb hard bases stronger than soft or polarisable bases. Surface hydroxyl groups may

act as Bransted acid sites, which may dissociate to protonate-adsorbed bases. The resultant con-
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jugate acid and bases are stabilized on the surface by electrostatic interaction with each other and

with oxide.

1.10.3. Spinel

The spinel structure is named after the mineral MgAl,O4 and the general composition is
AB>04. The O2 ions form an fcc lattice with cubic structure (Figs. 1.17 & 1.18). The cations oc-
cupy 1/2 of the octahedral sites and 1/8 of the tetrahedral sites and there are 32 O ions in the unit
cell. There are two types of cubic building units inside a big fcc lattice, with A-atom in tetrahe-
dral and B-atom in octahedral positions. The spinel structure is very flexible with respect to the
incorporated cations. In a tetrahedral site, the interstitial position is in the center of tetrahedra
formed (Fig. 1.19). In octahedral position the interstitial site is the space between 6 regular atoms
that form octahedra (Fig. 1.20)

A site 8a
Tetrahedral sites

B site 16d
Octahedral sites

Oxygen 32e Sites

Vacancy 8b
Tetrahedral sites

Vacancy 16¢
Octahedral sites

Fig.1. 17 AB;O4 spinel structure.

4 x Green cubic
4 x Blue cubic
Total: A,BgO;4

Fig. 1.18 Distribution of the primitive unit cubic in spinel.
(same color refers to the same ion-distribution.)
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Vacancy 16¢
Octahedral sites

‘ Lithium 8a

Tetrahedral A site

. Oxygen 32e sites

Fig. 1.19 Schematic illustration of lattice surrounding and nearest neighbors for the tetrahedral A sites.

A site 8a
‘ Tetrahedral A site 8a

@ Octahedral B site 164

‘ Oxygen 32e Sites

. Vacancy 8b
' Tetrahedral sites

O Vacancy 16¢
Octahedral sites

Fig. 1.20 Schematic illustration of lattice surrounding and nearest neighbors for the octahedral B sites.

1.10.3.1 Copper-manganese oxides

Hausmannite, MnsO4 exhibits a normal spinel structure in cubic form containing Mn?* in
tetrahedral site and Mn®* in octahedral site. A series of manganites of the general composition
AMn04 with A = Mg, Cd, Fe, Co, Ni or Cu were found to be spinel type. A spinel is considered
as a unit cell of 32 oxygens in ‘A’ sites with tetrahedral coordination, and 16 metal ions in ‘B’
sites with octahedral coordination with the oxygen. The structure and oxidation states of the
components of copper manganite are difficult to determine. Copper-manganese oxide catalysts
are used as oxidation catalysts, with an aim to replace precious metals.”* The amorphous
CuMn;0q4 is a powerful oxidation catalyst, that can catalyze oxidation of CO to CO2 near room
temperature and combustion of several organic compounds in a temperature range of 200-500
°C).”2 These oxides were also used for the catalytic oxidation of ammonia and other gas spe-
cies.”® Recently, oxidation of p-cresol was also reported by using copper manganese oxides sup-

ported on activated carbon.”
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1.11. Objectives and organization of the thesis

This thesis describes the preparation, characterization and catalytic activity in selective
oxidation of petroleum and biomass derived components to value added chemicals. The research
investigations are aimed at development of processes for the production of chemicals with high
selectivity and in reasonably good yields. The investigation of relationship between the structure
of the catalysts such as textural and chemical properties and their catalytic activity were studied
for all the processes undertaken during this study. The thesis is divided into six chapters. A brief

description of the contents of each chapter is given below.

Chapter 1: Introduction

This chapter provides a general introduction to catalysis, renewable and non-renewable
sources of fuels and chemicals, information on various support materials, metal oxides, etc. It
also describes uses of these materials as catalysts for the production of fine chemicals and fuels
that have potential applications. A brief introduction to the catalytic processes involved in ob-
taining chemicals and fuels from petroleum feedstock and biomass is also given in this chapter.
There is also discussion on some industrial applications of oxidation catalysis in this chapter. A
brief over view of the selective oxidation of hydrocarbons and its importance in the synthesis of
industrially important organic chemicals and intermediates is provided in addition to a brief in-
troduction to oxidants used in these processes.

Chapter 2: Synthesis of catalysts and their characterization

This chapter provides information on catalyst preparation methods and various character-
ization techniques used to evaluate these catalyst materials. The characterization studies of cata-
lyst materials was carried out using powder X-ray diffraction, BET surface area measurement,
FT-IR, MASNMR, DRS UV-Vis, temperature programmed reduction (TPR), temperature pro-
grammed desorption (TPD) of NHz and CO2, TGA, ICP-OES, XPS, etc. For each technique, the-
ory and experimental procedures have been described.

Chapter 3: Selective oxidation of p-xylene to terephthalic acid over CNNT using
molecular O2

A Dbrief literature review of oxidation of p-xylene (PX) to pure terephthalic acid (PTA) is
given in the beginning of this chapter. Subsequently, detailed characterization of CNNT catalysts

using XRD, SEM and TEM to investigate their structure and morphology is discussed. XPS has

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 30



Chapter-1: Introduction AcSIR

been utilized to investigate the environment of nitrogen present in CNNT and how this influ-
ences the selective oxidation activity. Subsequent discussion is focused on finding process condi-

tions that can provide maximum yields of PTA in the absence of an external initiator.

Chapter 4: Vapor phase oxidation of benzyl alcohol over Manganese based oxides in
presence of molecular O2

The selective oxidation of benzyl alcohol is an important reaction to get benzaldehyde,
which is an important chemical intermediate particularly in pharma industry. This chapter deals
with systematic study of selective oxidation of benzyl alcohol using copper and manganese con-
taining spinel type mixed metal oxides as catalysts. These oxides were synthesized using estab-
lished procedures and characterized for their textural and structural characteristics. They were
employed for selective oxidation of benzyl alcohol using a fixed bed reactor. Optimum condi-
tions for getting high benzaldehyde yields were established for continuous production of benzal-
dehyde. The presence of copper in the catalyst was found to play a key role by bestowing catalyt-
ic activity. Thus, this work has to led to the development of a robust catalytic process for contin-
uous manufacture of benzaldehyde.
Chapter 5: Selective oxidation of biomass-derived compounds over supported metal

catalysts using molecular O2

This chapter starts with an introduction to selective oxidation of biomass based feed-
stocks such as glucose. Further, a detailed literature review of the oxidation of glucose to glucon-
ic acid (GA) and glucaric acid (GCA) was discussed. The work in this chapter deals with the se-
lective oxidation of glucose to GA, and GA to GCA over supported metal catalysts using molec-
ular Oz. This chapter is divided into two parts. Part 5A deals with selective oxidation of glucose
to GA on supported Au catalysts. Part 5B deals with selective oxidation of GA to GCA using Pt
supported catalysts.

In Part 5A has detailed discussion on the utility of 2wt% Au on OMS-1 for selective glu-
cose oxidation to gluconic acid. High GA selectivity (95%) under mild reaction conditions (70
°C, 5 bar O2) was observed at 100% conversion of glucose. The catalysts with different precious
metals were evaluated for glucose oxidation using O, as oxidant. Our investigations show that
Au/Mg-OMS-1 catalysts does not need addition of external base for the reaction. Effect of reac-

tion conditions like temperature, catalyst weight, Au content, O pressure and duration of the re-
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action were studied. The catalyst was successfully recycled 5 times. At the end, conclusions were

drawn based on the catalytic studies and their correlation with the characterization results.

Part 5B contains discussion on highly dispersed Pt on K-OMS-2, which shows remarka-
ble catalytic activity for oxidation of GA. Among other precious metals such, Pt shows remarka-
ble activity for this reaction. Effect of reaction parameters like temperature, catalyst weight, Pt
content, O> were investigated to optimize the GCA yield. Our investigations show that Pt/K-
OMS-2 catalyst is active and selective for GCA formation in the absence of external base. The
basicity of K-OMS-2 support facilitates the adsorption of GA and thereby improves catalytic ac-

tivity. The conclusions drawn from these studies are included at the end of each section.

Chapter 6: Summary and conclusions

This chapter summarizes results of all the above chapters with a reference to conclusions
drawn from each of the investigations. The reaction results correlated with characterization data
also find mention in this chapter. This chapter also discusses salient features of results of the in-
vestigations conducted with regard to various catalysts used for selective oxidations of petroleum
and biomass-derived compounds. At the end, it includes some suggestions for further research in
the area of selective oxidation of petrochemicals and biomass derived components.

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 32



Chapter-1: Introduction AcSIR

1.12. References

1.
2.

10.

11.

12.

13.

14.

15.

16.

Green Stanley Joseph, Industrial Catalysis. Macmillan Company: New York, 1928.

Jons Jacob Berzelius, Arsberéattelse om framstegen i fysik och kemi. Royal Swedish
Academy of Sciences: 1835.

Jons Jacob Berzelius; Henrik Gustaf Soderbaum; Kungl Svenska vetenskapsakademien,
Jac. Berzelius travel notes. P.A. Norstedt & soner: Stockholm, 1903.

Davis B. H.; Ertl G.; Knozinger H.; Weitkamp J. (Eds.), Handbook of Heterogeneous
Catalysis. VCH: Weinheim, 1997; Vol. 1.

Bowker M., The Basis and Application of Heterogeneous Catalysis. Oxford Science Pub-
lications: Oxford Chemistry, Primers, 1998.

Calvin H. Bartholomew; Robert J. Farrauto, Fundamentals of Industrial catalytic pro-
cesses. 2 ed.; John wiley & Sons.

Andrussow L., Angew. Chem. 1935, 48, 593-595.

Thomas E. Nowlin; Robert I. Mink; Yury V. Kissin, Supported Magnesium/Titanium-
Based Ziegler Catalysts for Production of Polyethylene. In Handbook of Transition Metal
Polymerization Catalysts, Ray Hoff; Mathers, R. T., Eds. 2010.

Gary J. H; Handwerk G. E., Petroleum Refining Technology and Economics (2nd ed.).
Marcel Dekker, Inc.: 1984,

Hagen J., Industrial Catalysis: A Practical Approach. 2 ed.; Wilwy-VCH: Weinheim,
2006.

Ertl G.; Knozinger H.; Schuth F.; Weitkamp J., Handbook of Heterogeneous Catalysis.
Wiley-VCH: Weinheim, 2008; Vol. 1.

Gadi Rothenberg, Catalysis concepts and Green applications. Wiley-VCH Verlag GmbH
& Co. KGaA: 2008.

Brundtland C. G., Our Common Future, The World Commission on Environmental De-
velopment. Oxford University Press: Oxford, 1987.

Anastas P.; Warner J. C., Green Chemistry: Theory and Practice. Oxford University
Press: Oxford, 1998.

Doman Linda E. International Energy Outlook 2016: World energy demand and econom-
ic outlook Periodical [Online], May 11, 2016. http://www.eia.gov/forecasts/ieo/.

Ayaka Jones. International Energy Outlook 2016: Coal Periodical [Online], May 11,
2016. http://www.eia.gov/energyexplained/index.cfm?page=coal home.

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 33


http://www.eia.gov/forecasts/ieo/
http://www.eia.gov/energyexplained/index.cfm?page=coal_home

Chapter-1: Introduction AcSIR

17.

18.

19.

20.

21.

22.

23.

24,
25.

26.

27.

28.

29.

30.
31.
32.
33.
34.
35.

Laura E. Singer. International Energy Outlook 2016: Oil Periodical [Online], May 11,
2016. http://www.eia.gov/energyexplained/index.cfm?page=oil_home.

Victoria Zaretskaya. International Energy Outlook 2016: Natural Gas Periodical
[Online], May 11, 2016.
http://www.eia.gov/energyexplained/index.cfm?page=natural_gas_home.

Nancy Slater-Thompson. International Energy Outlook 2016: Nuclear Periodical
[Online], May 11, 2016.
http://www.eia.gov/energyexplained/index.cfm?page=nuclear home.

National Research Council, Panel on New Directions in Catalyst Science and Technolo-
gy. In Catalysis look to future, National Academy Press: Washington, DC, 1992,

Stanislaus A; Copper B. H, Catal. Rev.-Sci. Eng. 1994, 36, 75-123.

Werpy T.; Petersen G. Top Value Added Chemicals from Biomass: Vol. 1-Results of
Screening for Potential Candidates from Sugars and Synthesis Gas; Report No.
NREL/TP-510-35523; National Renewable Energy Laboratory, CO, 2004.

Pandey A., Handbook of plant based biofuels. CRC Press/Taylor & Francis: Boca Raton,
2008.

He R. H.; Ye P.; English B. C.; Satrio J. A., Bioresour. Technol. 2009, 100, 5305.

Biomass Innovation Center: Fueling growth through clean technology.
http://www.biomassinnovation.ca/biomassandbioenergy.htmi

Juben N. Chheda; George W. Huber; James A. Dumesic, Angew. Chem. Int. Ed. 2007,
46, 7164 — 7183.

Pierre Y. Dapsens; Cecilia Mondelli; Javier Perez-Ram’ frez, ACS Catal. 2012, 2,
1487-1499.

David Martin Alonso; Stephanie G. Wettstein; James A. Dumesic, Chem. Soc. Rev. 2012,
41, 8075-8098.

David Martin Alonso; Jesse Q. Bond; James A. Dumesic, Green Chem. 2010, 12, 1493~
1513.

Michele Besson; Pierre Gallezot; Catherine Pinel, Chem. Rev. 2014, 114, 1827-1870.
O’Sullivan A. C., Cellulose 1997, 4, 173.

Hsu T. A,; Ladisch M. R.; Tsao G. T., Chem. Technol. 1980, 10, 315.

Mohan D.; Pittman C. U.; Steele P. H., Energy Fuels 2006, (20), 848.

Elliott D. C., Energy Fuels 2007, 21, 1792.

Carlson T. R.; Vispute T. P.; Huber G. W., ChemSusChem 2008, 1, 397.

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 34


http://www.eia.gov/energyexplained/index.cfm?page=oil_home
http://www.eia.gov/energyexplained/index.cfm?page=natural_gas_home
http://www.eia.gov/energyexplained/index.cfm?page=nuclear_home
http://www.biomassinnovation.ca/biomassandbioenergy.html

Chapter-1: Introduction AcSIR

36.
37.
38.

39.

40.

41.

42,
43.
44,
45.
46.
47.

48.

49.
50.

51.
52.
53.

54,

55.

56.

S57.

Wataru Muramatsu, Org. Lett. 2014, 16, 4846—4849.
Lidia De Luca; Giampaolo Giacomelli; Porcheddu, A., Org. Lett. 2001, 3, 3041-3043.

Sergio Aguila; Rafael Vazquez-Duhalt; Raunel Tinoco; Manuel Rivera; Gina Pecchia;
Joel B. Alderete, Green Chem. 2008, 10, 647—653.

Gilbert D. L., Oxygen and Living Processes. An Interdisciplinary Approach. Springer
Verla: NewYork, 1981.

Post J. E.; Bish D. L., Modern Powder Diffraction, eds. Mineral. Soc. of Am.: Washing-
ton, DC, 1989.

Stephanie L. Brock; Niangao Duan; Zheng Rong Tian; Oscar Giraldo; Hua Zhou; Steven
L. Suib, Chem. Mater. 1998, 10, 2619-2628.

Steven L. Suib, Accounts of Chemical Research 2008, 41, 479-487.

Steven L. Suib, Annu. Rev. Mater. Sci. 1996, 26, 135-51.

Burns R. G.; Burns V. M., In Marine Manganese Nodules. Elsevier, Amsterdam: 1977.
Post J. E.; Bish D. L., Am. Mineral. 1988, 73, 861.

Ostwald J., Mineral. Mag. 1986, 50, 336.

Nishita L.; Narasimha R. K.; Atul S. N.; Ganesh, K.; C., S., J. Chem. Sci. 2014, 126, 403-
413.

Nicolas-Tolentino, E.; Zheng-Rong, T.; Hua, Z.; Guanguang, X.; Steven, L. S., Chem.
Mater. 1999, 11, 1733-1741.

Robertson J., Amorphous carbon. Advance in physics 1986, 35, 317-374.

Pierre Delhaes, Graphite and Precursors. Gordon and Breach Science: The Netherlands,
2001.

Lipson H.; Stokes A. R., Nature 1942, 149, 328.
Harry Marsh; Rodriguez-Reinoso, F., Activated Carbon. Elsevier Ltd: 2006.

Mildred S. Dresselhaus; Gene Dresselhaus; Avouris, P., Carbon Nanotubes: Synthesis,
Structure, Properties, and Applications. Springer-Verlag Berlin Heidelberg: 2001; Vol.
80.

Geim A. K.; Novoselov K. S., Nat. Mater. 2007, 6, 183.

Zhou Y. K.; Neyerlin K.; Olson T. S.; Pylypenko S.; Bult J.; Dinh H. N.; Gennett T.;
Shao Z. P.; O’Hayre R., Energy Environ. Sci. 2010, 3, 1437.

Lei Z. B.; An L. Z; Dang L. Q.; Zzhao M. Y.; Shi J. Y.; Bai S. Y.; CaoY. D., Mi-
croporous Mesoporous Mater. 2009, 119, 30.

Sjostrom H.; Stafstrém S.; Boman M.; Sundgren J.-E., Phys. Rev. Lett. 1995, 75, 1336

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 35



Chapter-1: Introduction AcSIR

58.

59.

60.
61.
62.
63.
64.
65.

66.
67.

68.

69.

70.
71.
72.
73.
74.

Gago R.; Jiménez |.; Céceres D.; Agull6-Rueda F.; Sajavaara T.; Albella J.M.; Climent-
Font A.; Vergara |.; Rdisanen J.; Rauhala E., Chem. Mater. 2001, 13, 129.

Kohzaki M.; Matsumuro A.; Hayashi T.; Muramatsu M.; Yamaguchi K., Thin Sol Films
1997, 239, 308.

Franklin E. C., J. Am. Chem. Soc. 1922, 44, 486.

Gmelin L., Ann.Pharm. 1835, 15, 252.

Von Liebig J., Ann. Chem. Pharm. 1850, 50, 337.

Von Liebig J., Ann. Chem. Pharm. 1850, 72, 257.

Sehnert J.; Baerwinkel K.; Senker J., J. Phys. Chem. B. 2007, 111, 10671.

Kroke E.; Schwarz M.; Horath-Bordon E.; Kroll, B. N. P.; Norman A.D., New J. Chem.
2002, 26, 508.

Yong Wang; Xinchen Wang; Markus Antonietti, Angew. Chem. Int. Ed. 2012, 51, 68-89.

Arne Thomas; Anna Fischer; Frederic Goettmann; Markus Antonietti; Jens-Oliver Mu
“ller; Robert Schlogl; Johan M. Carlsson, J. Mater. Chem. 2008, 18, 4893-4908.

Wang Z. L.; Kang Z. C., Functional and Smart Materials: Structural Evolution and
Structure Analysis. Springer: 1998.

Sheldon R. A.; Van Santen R. A., Catalytic Oxidation: Principles and Applications.
World Scientific 1995, 53.

Burwell R. L. Jr.; Haller G. L.; Taylor K. C.; Read J. F., Adv. Synth. Catal. 1969, 29, 1.
Morales M. R.; Barbero B. P.; Cadus L. E., Appl. Catal. B: Environ. 2006, 67, 229.
Veprek S.; Cocke D. L.; Kehl S.; Oswald H. R., J. Catal. 1986, 100, 201.

Wollner A.; Lange F.; Schmelz H.; Knozinger H., Appl. Catal. A 1993, 94, 181.

Wang F.; Guan-yu Yang; Zhang W.; Wen-hai Wu; Xu J., Chem. Comm. 2003, 10, 1172.

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 36



&)

Chapter 2

Synthesis of Catalysts and their Characterization




Chapter 2: Catalyst synthesis and characterization AcSIR

2.1. Introduction

Synthesis of novel materials, their characterization and evaluation as catalysts are
important aspects in any heterogeneous catalysis investigation. The aim of characterizing any
catalyst material is to know its composition, crystalline phase and its purity, crystallinity and
crystallite size, surface structure and its textural properties. Characterization of acidity, basicity
and the nature of active (metallic) sites is essential to correlate catalytic activity with its
properties. This chapter outlines the basic theory and principles of various characterization
techniques used for catalyst materials such as X-ray diffraction (XRD), BET surface area
analyser, temperature programmed reduction (TPR), temperature programmed desorption (TPD)
of a probe molecule (NHs-TPD and CO>-TPD), NMR, FTIR, DRS UV-Vis, thermogravimetric
analysis (TGA), X-ray photoelectron spectroscopy (XPS), inductively coupled plasma-optical
emission spectroscopy (ICP-OES), scanning and transmission electron microscopy (SEM and
TEM). The structure-activity relationship can be better understood by these techniques, which

finally helps to design and improve the catalyst performance for various applications.
2.2. Catalyst preparation

2.2.1. Preparation of CNNT

CNNT was synthesized according to reported literature.! In a typical synthesis, 13.5 g of
melamine was dissolved in 600 mL of ethylene glycol in a 5 L beaker using overhead stirrer for
2 h; to get saturated solution of melamine. To it, 1800 mL of HNO3z (0.12 M) was added
dropwise for 6 h and the obtained precipitate was filtered, washed with ethanol and dried at 60
°C for 10 h. The solid is melamine fiber, which was subsequently crushed to get its powder. This
fiber was sintered in air (50 mL/min) flow at desired temperatures. The synthesis procedure is
systematically illustrated in Scheme 2.1. The samples are designated herein as CNNT@x@y,
where x denotes the sintering temperature and y denotes the sintering time. On the other hand,
the bulk g-CsN4 was prepared as per procedure reported in literature at 520 °C.2 In the synthesis
of bulk g-C3N4, melamine was heated above its sublimation temperature, while for the synthesis

of CNNT protonated melamine was heated at its sublimation temperature.
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Melamine + Dil. HNO,

Ethylene glycol =~ —> Nano fiber A Nano ribbon-

Air flow Nano tube

Nanotube

Scheme 2.1 Schemetic illustration for synthesis of CNNT.

2.2.2. Preparation of spinel type oxides by co-precipitation method

Cobalt and copper doped—manganese mixed oxides, MxMnzxOs with x = 0.25, M=Co or
Cu, were co-precipitated by KOH using dilute acetate solutions of Cu, Co and Mn as per
procedures given in earlier reports. In a typical synthesis for the preparation of 5 g of CoxMns.
xOs with x = 0.5, stoichiometric quantities of Mn (Il) and Co (Il) acetate (14.67 and 1.35 Q)
solutions (0.1 M) were precipitated using 0.2 M KOH solution.  Metal salt solutions and
precipitating agent were added simultaneously, under vigorous stirring; by maintaining a pH of
~10.5. The obtained precipitate was filtered and washed with distilled water (DW) until the pH
of filtrate is ~7.5. The solid sample obtained was dried at 100 °C for about 10 h and calcined at
500 °C with for 6 h. The elemental analysis of the oxide samples was carried out using ICP-OES.
Similar procedure was adopted for the preparation of copper containing spinel CuxMnzxO4 with x
=0.25.

For the preparation of Mn20Os, similar procedure as described above was followed. The
precipitate was dried and calcined at 600 °C for 6 h in a static furnace, while raising the

temperature @ 5 °C/min.

2.2.3. Synthesis of Todorokite (Mg-OMS-1)
Mg-OMS-1 was prepared by a double aging process, as per the literature in a four step

process with some modifications.*

(i) Preparation of Na-Birnessite
Three solutions were prepared for subsequent mixing. Solution-A was made using of
Mn(OACc)24H20 (19.6 g) and Mg(OAC)24H20 (3.4 g) in 140 mL of DW, solution-B was made
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by dissolving 50 g of NaOH in 160 mL of DW and a solution C was prepared using 4.8 g of
KMnOys in 140 mL of DW. Solution B was taken in a 1000 mL single neck round bottom flask,
to which A was added dropwise under vigorous stirring, to get slurry of Mn and Mg hydroxides.
To it, solution C was added dropwise under vigorous stirring to obtain a brownish black
suspension of MnOx. The suspension was aged with stirring for 2 days and subsequently aged
without stirring for 2 days at 40 °C. Well-crystallized solid was filtered, washed till filtrate pH

reached 9.5. The solid obtained was dried at room temperature to get Na-birnessite.

(ii) Stabilization of Na-Birnessite to Na-Buserite

The metastable Na-birnessite was transferred to a 1000 mL beaker filled with 800 mL of
distilled water (DW), aged for 2 days under mild stirring at room temperature (RT). The solid
product obtained was filtered; a part was dried at RT used for characterization studies, while the

rest of the wet solid sample was used for ion-exchange.

(iii) lon-exchange of Na-Buserite to Mg-Buserite and subsequent conversion to Mg-Todorokite

40 g of stabilized Na-buserite was ion-exchanged with a solution of MgCl,-6H20 (200
mL, 0.4 M) by stirring the mixture at room RT for 12 h. The filtered solid was dispersed in 750
mL of DW and filled in 1000 mL teflon lined autoclave and heated under autogenous pressure at
150 °C for 2 days to get Mg-OMS-1. The Autoclave was cooled to RT; solid product was filtered
and washed with DW until the pH of the filtrate is neutral, dried at 100 °C for 12 h.

2.2.3.1. Loading of metal on the Mg-OMS-1 support
The metal containing catalyst was prepared by deposition-precipitation method.

Deposition-precipitation

4 Deposition-precipitation )

0.2 M NaHCO, pH 8 Oxycarbonates | 200 °c
'

' of Auon Au®/Support
Support &GP (Aq__ . Support ﬁ

.HAuCI  RT, 1h,
\_ _ J

Scheme 2.2 Schemetic illustration for synthesis of Au supported catalyst by deposition-precipitation

method.
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2.2.3.1.1. Preparation of 2wt% Au/Mg-OMS-1 and other precious metal catalysts

The Au metal was loaded on to Mg-OMS-1 by deposition-precipitation method. In a
typical synthesis, the desired amount of metal solution (HAuCl4, Au content is 7.5 mg/mL) was
taken in 20 mL of DW, to this required amount of support was added and stirred for 30 min. To
this, 0.2 M NaHCOs solution was added drop wise under stirring to reach pH of 8.5 and the
dispersed solid was stirred for 60 min at RT, filtered, washed, dried at 60 °C for 6 h and calcined
at 200 °C for 3 h. The resulting catalyst is named as 2wt% Au/Mg-OMS-1.

Other precious metals (Ru, Pd, Pt) were deposited on to Mg-OMS-1 by adopting the above
procedure by using appropriate precious metal salts and metal deposited were reduced using Aqg.
NaBHs. The resulting catalyst are named as 2wt% Ru/Mg-OMS-1, 2wt% Pd/Mg-OMS-1 and
2wt% Pt/Mg-OMS-1 respectively.

2.2.4. Preparation of 2wt% Au catalysts on other supports

2wt% of Au metal containing catalysts supported on oxides like Al,O3, MnOg,
hydrotalcite (3:1) (HT) and MgO were prepared by simple deposition-precipitation method by
adopting the procedure given in section 2.2.3.1.1. The resulting catalysts are named as 2wt%
AU/Al>O3, 2wt% Au/MnO., 2wt% AU/HT (3:1) and 2wt% Au/MgO respectively depending on
the support.

2.2.5. Synthesis of K-OMS-2 (Hollandite)

Hollandite octahedral molecular sieve (K-OMS-2) was prepared as per the literature
reported.® In a typical synthesis, solution A was prepared using MnSO4-H20 (8.8 g) in 30 mL of
water and 3 mL concentrated HNOs, solution B was prepared using KMnOj4 (5.89 g) in 100 mL
of water. Solution “B” was added to solution “A” slowly under stirring conditions and refluxed

at 100 °C for 24 h. The product obtained was filtered, washed, and dried at 100 °C.

2.2.5.1. Preparation of 2wt% Pt/K-OMS-2

2wt% of Pt containing K-OMS-2 was prepared by wet impregnation method. In a typical
synthesis, the desired amount of metal solution (Ag. H2PtCle) was taken in 20 mL of DW, to
which requried amount of the support was added and stirred for 2 h at 70 °C. Subsequently, it
was cooled to RT and metal was reduced using Ag. NaBHs (5 eq to metal). After stirring the
dispersed solid for 30 min, it was filtered, washed and dried at 60 °C for 6 h. The resulting
catalyst is named as 2wt% Pt/K-OMS-2.
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2.2.5.2. Preparation of 2wt% Au /K-OMS-2 and 2wt% Au /H-OMS-2

For the preparation of 2wt% Au containing H-OMS-2, we have prepared H-OMS-2
initially. One gram of K-OMS-2 was added to 60 mL 1 M solution of HNO3 and this mixture
was stirred for 3 h at 70 °C. After cooling to RT, the solution was filtered and dried at 100 °C.

2wt% of Au metal was loaded onto K-OMS-2 and H-OMS-2, by adopting the privous
described procedure in section 2.2.3.1.1 The resulting catalysts are named as 2wt% Au/K-OMS-
2 and 2wt% Au/H-OMS-2.

2.3. Techniques used for characterization of catalysts

Characterization of the above synthesized materials would help to understand the
physico-chemical properties of the catalysts in a better way, so that materials can be designed to
meet the requirements. The following write-up gives a brief account of the theory and principles
of various characterization techniques applied for the current study. The detailed procedure used

for each experimental technique is also described.

2.3.1. Powder X-ray diffraction (XRD)

X-ray powder diffraction is used as the main characterization technique for any material.
The detailed information about the theory of X-ray diffraction of powder materials can be found
in books by Azaroff and Burger.® ’ X-rays are electrically neutral, the frequency of range lies in
the range of 0.04 to 1000 A. An atomic distance lies in the range of ~1.5 A, hence X-rays with
only shorter wavelengths (from few A to 0.1 A) are used for diffraction applications. The
diffraction involves the interaction of the incident monochromatic X-rays (like Cu Ka) with the
atoms of a periodic lattice in the materials. The ordered interfere constructive scattering is

observed by atoms according to Bragg’s law (Fig. 2.1).8

nk=2dsinf;n=1, 2, 3, (2.1)
\\ Incident .,
ptane wave _ N
- /" . KJ
I i L0 e T e
— \ U B{ [ [ ] Constructive interference
d sin B when
e o o o o o nA=2dsin @
Bragg’s Law

Fig. 2.1 Principle of Bragg’s law.
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Where, n is integer called order of reflection, A is wavelength of the X-rays, d is distance
between two lattice planes in the crystal and 6 is the angle between the incoming X-rays and the
reflecting lattice plane. The lattice spacing (d) can be obtained from Bragg’s equation, which is
characteristic of a particular material. This law relates the wavelength (A) of electromagnetic
radiation to the lattice spacing (d) and the diffraction angle (0) in a crystalline material.

Width of the diffraction peaks indicate the dimension of the reflecting planes. It is well-
known that the width of a diffraction peak increases when the crystallite size is reduced. Hence,
XRD patterns can be used for the estimation of an average crystallite size of small crystallites

using XRD line broadening technique with the help of Scherrer formula (Equation 2.2).°

t=0.90/B Cos0 (2.2)

Where, t is the thickness of the crystallites (A), B is the full width at half maxima of the
diffraction peak, A is the wavelength of X-rays, and 0 is the diffraction angle. XRD patterns of all
the samples reported in this thesis were collected using Rigaku Miniflex diffractometer operating
at 15 mA and 40 kV. The spectra were scanned in the 20 range of 5-90° in 0.02° steps using
CuKo ( = 1.5406 A) radiation, with a scintillator counter at a scanning rate of 4° min™.

High temperature XRD measurements were made using PANalytical X’pert Pro dual
goniometer operating at 30 mA and 40 kV. The spectra were scanned using Cu Ka (A= 1.5406
A) radiation and a Ni filter. Data was recorded in the 26 range of 5-90° in 0.02° steps using a flat

holder in Bragg-Brentano geometry.

2.3.2. N2 Physisorption studies
BET Surface area measurement

Surface area and porosity are important characteristic of a catalyst that influence its
activity. In 1938, Brunauer, Emmett and Teller'® developed most common accepted technique
for measuring the surface area of materials by considering the multilayer adsorption of adsorbate
molecules on the surface. The most commonly used technique for determining surface area is the
so-called BET method, which has some limitations. Its assumptions are (i) adsorption energy
remains constant from zero coverage to full coverage for the primary layer of the adsorbate and
each of the layers above; (ii) there are no inter molecular interactions, though they attract and
retain molecules striking them from the gas phase (iii) enthalpy of adsorption is the same for any
layer other than the first (iv) a new layer can be initiated before the one under formation is
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completed. Multilayer adsorption isotherm points are transformed using the linear version of the
BET equation (Equation 2.3):
p/V(p°-p) = 1/cVm + [(c-1)/cVm] (p/p°) (2.3)

Where p° is saturation vapor pressure of the adsorbate at the experimental temperature, p
is adsorption equilibrium pressure, Vm is volume of adsorbate required for monolayer coverage,
V is volume of gas adsorbed at pressure p, and c, a constant that is related to the heat of
adsorption and liquefaction. A linear relationship between p/V(p°/p) and p/p° is required to
obtain the quantity of N> adsorbed. This linear portion is restricted to a limited portion of the
isotherm, generally between 0.05-0.3. The monolayer volume, Vm is given by 1/(S+1), where S is
the slope and is equal to (c-1)/cVm and I is the intercept and is equal to 1/cVm. The surface area
of the catalyst (SBET) is related to Vm by Equation 2.4.

SBET = (Vm/22414) Na ¢ (2.4)

Where Na is Avogadro number and ¢ is mean cross sectional area covered by one
adsorbate molecule. The ¢ value generally accepted for N2 is 0.162 nm?2. The BET surface area
of the catalysts was determined by N. physisorption at liquid nitrogen temperature (-196 °C)
using a Quantachrome Autosorb iQ surface area analyzer employing the standard multi-point
BET analysis method.

Fig. 2.2 Quantachrome Autosorb 1Q instrument used for N, physisorption.

Pore size distribution and pore volume measurement
Pore size distribution and pore volume were obtained by measuring the volume adsorbed
at different p/p°® values and by applying different methods. The pore size distributions are

calculated by the BJH model, while the pore volume was estimated by measuring the volume of
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gas adsorbed at p/p° of 0.998. The BJH method was developed by Barrer, Joyner and Halenda to
describe the adsorption-capillary condensation process in the mesopores of materials. This
method!! gives the distribution of pore volume against the pore size. In the capillary
condensation region (p/ps > 0.4), a pressure increase causes an increase in the thickness of the
adsorbed layer on the pore walls and capillary condensation in pores having a core size rc

defined by Kelvin Equation 2.5:

In (p/ps) = -(2ywmcosB)/(RTrc) (2.5)

Where, rcrepresents the radius of the cylindrical pores; the distance between walls for slit
shaped pores; vy, the surface tension; Wm, the molar volume and 0, the contact angle. This
equation allows the contribution of the thickness of the adsorbed film to the total adsorption to be
calculated and then the core volume. The core volume can be converted into the pore volume and

the core size into the pore size.

2.3.3. Temperature programmed methods

Temperature programmed desorption (TPD), temperature programmed reduction (TPR),
and temperature programmed oxidation (TPO) are called as temperature programmed methods.
They typically involve monitoring surface or bulk processes when temperature is increased at a
programmed rate. Continuous analysis of the gases after interaction with the solid as a function
of temperature is done. Instrumentation for temperature-programmed investigations consists of a
reactor charged with the catalyst in a furnace that can be temperature programmed and change in
concentration of gas passed through the sample is measured by thermal conductivity detector
(TCD) (Fig. 2.3). The detailed information about the theory and experimental procedure of these
programs can be found in ‘Handbook of heterogeneous Catalysis’.*?

|

‘| .
Fig. 2.3 Micromeritics Autochem 2920 used for TPD and TPR studies.
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2.3.3.1. Temperature programmed reduction (TPR)

The TPR is a technique used for the characterization of supported metals/metal oxide
catalysts. This technique gives quantitative and qualitative information about the number of
reducible species present in the catalyst and reveals the temperature at which the reduction
occurs.’® TPR profiles were obtained using a Micromeritics Autochem 2920 equipped with a
TCD detector. The samples were pretreated in high-purity (99.98%) argon (20 mL.min%) at 300
°C for 3 h. After cooling to ambient, argon was replaced with a 5% H> in argon mixture, and the
catalyst was heated up to 800 °C at a heating rate of 5 °C/min. The flow rate of H>-Ar mixture
used for this purpose was 30 mL.min. The water produced during the reduction step was
condensed and collected in a cold trap immersed in a slurry of isopropanol-liquid nitrogen
mixture. The change in H2 concentration at the outlet was monitored quantitatively by a thermal
conductivity detector (TCD) that was calibrated before the study.

2.3.3.2. Temperature programmed desorption (TPD) of CO2 and NH3

Temperature programmed desorption is a simple technique used for estimation of the
acidity and basicity of solids, in terms of their strength and concentration. TPD of NHz is used
for characterization of the acid sites while TPD of CO> is used for characterization of the basic
sites of the catalyst. By measuring the quantity and strength of the acidic/basic sites, the catalyst
performance can be correlated. The catalyst surface is contacted with the probe molecule
(NHs/COz), which is adsorbed onto the surface either by chemisorption, physisorption or by the
formation of chemical bonds, that minimizes the energy of the species. Desorption is carried out
by raising the temperature linearly with time in presence of a steady stream of inert carrier gas.
When the thermal energy overcomes the activation energy, the bond between the adsorbate and
adsorbent breaks and the adsorbed species is desorbed. If sites with different strengths of
acidity/basicity are present, desorption of adsorbate species takes place at different temperatures.
The amount of desorbed species at different temperatures is proportional to the number and
strength of active sites. The common probe molecules for determination of acidity are ammonia,
methylamine, pyridine, trimethyl amine, dimethyl amine, n-butyl amine etc. The common probe
molecules that are used to study basicity are carbon dioxide and sulfur dioxide which are acidic

in nature.
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The basicity and acidity of the catalysts was investigated by temperature-programmed
desorption of CO2 and NH3 (CO2/NHs-TPD) using a Micromeritics Autochem-2920 instrument.
For TPD run, around ~100 mg of sample was activated at 400 °C under He flow (30 mL.min™)
for 30 min. Subsequently, the temperature was brought down to 50 °C and CO- was adsorbed by
exposing the samples to a stream of 10% CO; in He (30 mL.min) for 30 min. The temperature
was then raised to 100 °C and flushed with He (30 mL.min*) for 30 min at 100 °C to remove the
physisorbed CO,. The desorption of CO, was carried out in He flow (30 mL.min™) by increasing
the temperature to 500 °C at 5 °C.min, while the amount of CO. desorbed was estimated
quantitatively by TCD, which was calibrated before the TPD study. Similar procedure was
adopted for NHz-TPD and the amount of NH3 desorbed were monitored quantitatively by TCD,
which was calibrated before the TPD study.

The temperature-programmed desorption of O, was investigated by using a Micromeritics
Autochem-2920 instrument. Before TPD run, around ~100 mg of sample was activated at 400
°C under He flow (30 mL.min) for 30 min. Subsequently, the temperature was brought down to
300 °C and O, was adsorbed by exposing the samples to a stream of 10% O in He (30 mL.min™?)
for 30 min. The temperature was then brought down to 100 °C and flushed with He (30 mL.min
1y for 30 min at 100 °C. The desorption of O, was carried out in He flow (30 mL.min) by
increasing the temperature to 500 °C at 5 °C.min, while the amount of O2 desorbed was

estimated quantitatively by TCD.

2.3.4. IR spectroscopy

Infrared spectroscopy is the most important of the modern spectroscopic techniques that
has found profound applications in the field of catalysis. The basic principle of this technique is
the fundamental vibrations and associated rotational-vibrations of a sample. The mid-infrared
region of 4000-400 cm™! is mostly used for these studies. The change in vibrational energy in
molecules or in solid lattices by the absorption of photons, results in change in dipole moment.
The intensity of the infrared band is proportional to the change in dipole moment. A variety of IR
techniques have been used to get information on the surface chemistry of different solid
materials. With respect to the characterization of solid catalysts, two techniques i.e., the
transmission/absorption and the diffuse reflection techniques (DRIFT) are mostly used.'**® It is

therefore a useful tool to identify phases that are present in the catalyst or its precursor stages, the
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adsorbed species, adsorption sites and the way in which the adsorbed species are chemisorbed on

the surface of the catalyst.*® 20

FTIR procedure

Spectra can be measured in the transmission/absorption mode. The sample consists
typically of 10-100 mg of catalyst, pressed into a disc of approximately 1 cm? and a few tenths of
a millimeter thickness. The Fourier transform-infrared spectra of the catalysts reported here were
recorded on Bruker Tensor 27 FT-IR spectrometer at ambient conditions. The spectra were

recorded using thin discs made by pressing the mixture of catalyst sample (~1 mg) and KBr (~99
mg).

DRIFT procedure
In diffuse reflectance mode, samples can be measured by simply loading the sample in
the sample holder. The principle of this technique is diffuse reflectance or absorbance by a solid
sample. The infrared absorption spectrum is described by Kubelka Munk function (Equation
2.6).2L 22
F(Roo) = (1-R0)2/2Re0 = K/S (2.6)

Where, K is the absorption coefficient, which is a function of the frequency v, while S is
the scattering coefficient and R is the reflectivity of a sample of infinite thickness, measured as
a function of v. The DRIFT spectra of the catalysts reported here were recorded on Bruker

Tensor 27 FT-IR spectrometer at with Harrick DRIFT mode.
2.3.5. UV-visible diffuse reflectance spectroscopy (UV-Vis DRS)

UV-Vis DRS is a suitable technique for studying solid catalysts.}* Diffusion reflectance
spectroscopy is a technique based on the interaction of light in the ultraviolet (UV), and visible
(Vis) regions with the sample. This interaction of light results in excitation in the electron from
ground state to its high energy state (Fig. 2.4). The difference in the energy between molecular
bonding, non-bonding and anti-bonding orbitals ranges from 125-650 kJ/mole. DRS is
particularly a suitable technique for studying the transition metal ions because it measures both
their d-d transitions and charge transfer bands. Good reviews are available to give a background
of DRS technique.'* %
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Fig. 2.4 Observed electronic transitions: graphical representation.

In a DRS spectrum the ratio of the light scattered from infinitely thick layer and the
scattered light from an ideal non-absorbing reference sample is measured as a function of the
wavelength A. The illumination of powdered samples by incident radiation leads to diffuse
illumination. The incident radiation can undergo partial absorption and scattering. The diffuse

reflectance can be calculated using Equation 2.7.%

-dUkp dS = I- (j/k) 2.7)

Where | is the incident light intensity of a given wavelength, dI/dS is the change of the
intensity with the path length dS, p is the density of the medium, K is attenuation coefficient
corresponding with the total radiation loss due to absorption and scattering, j is the scattering
function. For this study, DRS UV-visible spectra were recorded on Shimadzu UV-2700

spectrophotometer in diffuse reflectance mode in the 200-800 nm range at room temperature.
2.3.6. Nuclear Magnetic Resonance spectroscopy (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy gives information on the interaction
of a nucleus having a nuclear spin quantum number, I, greater than zero with an external
magnetic field. This is used to obtain physical, chemical and structural information about
molecules due to the chemical shift of the nuclei present in the sample. The chemical shift gives
information on the local environment of a nucleus. The chemical shift is measured relative to that
of a reference compound and is expressed in ppm with respect to the resonance frequency of the
reference compound.?* %

The interaction of nuclear spin with an externally applied magnetic field of strength Bo
occurs in only 21+1 ways, either with or against the applied field Bo. For a single nucleus with

I=1/2 and positive y, only one transition is possible between the two energy levels. The
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energetically preferred orientation has the magnetic moment aligned parallel with the applied
field (spin m = +1/2) and is often given the notation o, whereas the higher energy anti-parallel
orientation (spin m = -1/2) is referred to as p.
The angular velocity of the spinning nucleus is given by the expression:
o= YBo (2.8)

Where o is the precession rate which is also called the Larmor frequency. The
magnetogyric ratio (y) relates the magnetic moment p and the spin number I for a specific
nucleus.

In magic angle spinning nuclear magnetic resonance (MASNMR), the angle 6 with
respect to the external magnetic field is considered, as at this angle aniosotropy of interactions is
minimal. At this angle 3cos20-1 = 0, i.e. 6 = 54.74°. Hence this technique is known as magic
angle spinning (MAS).? In case of CPMAS NMR, cross polarization (CP) is involved between
protons and the carbons in the molecule, in addition to MAS.

13C and N CPMAS NMR spectra of melamine and catalysts were recorded at room
temperature using JEOL (JNME-ECX Series) spectrometer operating at 400 MHz. For recording
the *C and ®™N MAS NMR spectra, the samples were filled into zirconia rotors with 4mm
diameter and mounted in a standard double-resonance MAS probe. The signals were referenced
to adamantane (**C) and glycine (**N), respectively. Rotation frequencies of 8 kHz were chosen.
A ramped cross-polarization sequence was employed to excite both 3C and ®N nuclei via the

proton bath where the power of the 1H radiation was linearly varied about 70%.

2.3.7. Thermogravimetric analysis (TGA)

Thermogravimetry (TG) is a technique which measures the change in mass of a material
as a function of temperature and time in a controlled manner.?® 27 (i) The variation in mass can
either be a loss or gain of mass by the materials as a function of temperature at subjected
atmosphere. It is ideally used to assess volatile content, degradation characteristics, and thermal
stability. (i1) Differential thermal analysis measures temperature difference (AT) between a
sample and reference material during heating (iii) Differential scanning calorimetry (DSC),
measures the differential heat flow between a sample and reference material during heating.?®

In the present work, thermogravimetry measurements of the samples were performed

with a Mettler Toledo TGA/SDTA 851 apparatus. The analyses were carried out in air (40
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mL.min?) at a heating rate of 5 °C min™* from 30 °C to 800 °C or 1000 °C using about 10-15 mg

of sample in an alumina crucible. Calcium oxalate was used to calibrate the instrument.
2.3.8. Inductively coupled plasma-optical emission spectrometry (ICP-OES)

ICP-OES is one of the most powerful and popular analytical tools for the determination
of trace elements. It was developed by Fassal at lowa state university in US and by Greenfield at
Albright & Wilson, in the UK Ltd in the mid 1960s.2° This technique uses the inductively
coupled plasma to generate excited atoms and ions, which emits radiation at characteristic
wavelength of the element involved (Fig. 2.5).2° The concentration of the element within the
sample is indicated by the intensity of emitted radiation. The liquid and gas samples may be
injected directly into the instrument, while solid samples require extraction or acid digestion so
that the analytes will be present in a solution. The sample solution is converted in to an aerosol
and directed into the central channel of the plasma. At its core, the inductively coupled plasma
(ICP) sustains a temperature of approximately 10,000 K, so the aerosol is quickly vaporized.

Sufficient energy is normally available in order to convert the atoms to ions and
subsequently promote the ions to excited states. Both the atomic and ionic excited state species
may then relax to the ground state via emission of photons. Thus the wavelength of the photons
can be used to identify the elements from which they originated. The total number of photons is
directly proportional to the concentration of the originating element in the sample. Sample
introduction in ICP-OES instrument is depicted in Fig. 2.5.
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Fig. 2.5 Schematic illustration of sample introduction to ICP-OES.
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ICP-OES analysis was carried out using a Spectro Arcos instrument equipped with the
Winlab software (FHS-12). Standard solutions containing different elements were used for the

calibration purpose. The solid samples were digested with aqua-regia before ICP-OES analysis.

2.3.9. X-ray photoelectron spectroscopy (XPS)

XPS is one of the most frequently used techniques in catalysis for surface analysis. X ray
photoelectron spectroscopy was developed by Kai Siegbahn (Nobel prize winner, 1981) and his
co-workers at Uppsala University, Sweden. This technique is based on the phenomena of
photoelectric effect discovered by Heinrich Hertz and explained later by Albert Einstein.®% 3! It is
a widely used technique for finding chemical information of various material surfaces,
information likes elemental composition, the oxidation state of elements, chemical bonding and
in favorable cases the dispersion of one phase over another. The sample surface is irradiated with
X-rays and the emitted photoelectrons are measured. When an atom absorbs a photon of energy
hv, a core or valence electron with binding energy Eb is ejected with kinetic energy Ek:

Ek=hv-Eb—¢ (2.9)

Where, h is Planck’s constant, v is the frequency of the exciting radiation, Eb is the binding
energy of the photoelectron relative to the Fermi level of the sample and ¢ is the work function
of the spectrometer. The emitted photoelectrons have different Kkinetic energies that are
characteristic of the emitting atoms and their bonding states. XPS is a surface-sensitive technique
because the electrons whose energies are analyzed in XPS arise from a depth of no greater than
about 5 nm.

The shape of the peaks and the binding energy can be slightly changed by the chemical
state of the emitting atom. Chemical shifts are typically in the range of 0-3 eV.3? The stimulating
X-ray sources being usually Al Ka (1486.6 ¢V) or Mg Ka (1253.6 eV). The XPS spectrum is
usually a plot of the intensity of photoelectrons versus binding energy. An experimental problem
in XPS is that electrically insulating samples may charge during measurement, as photoelectrons
leave the sample. Due to the positive charge on the sample, all XPS peaks in the spectrum shift
by the same amount to higher binding energies. Calibration for this effect is generally done by
using C1s binding energy (284.5 eV) from carbon contamination, which presents on most of the

catalysts.33-38
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Fig. 2.6 Principle of XPS.

XPS measurements were carried out using a Lab based APPES unit equipped with VG
scienta R 3000 HP electron energy analyzer, X-ray core level spectra are recorded with Al Ka.
radiation (hv = 1486.6 ¢V). The base pressure in analyzing chamber was maintained at 3-6 x 10"
10 mbar. The peak corresponding to carbon 1s at 284.5 eV was taken as reference in estimating
the binding energy values of various elements in the catalyst.

2.3.10. Electron microscopy

The electron microscopy has many variants. In this section, we deal only with scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM is very
useful for the examination of physical characteristics of the sample, like size and shape of the
crystals/particles in the material. On the other hand TEM is useful to study the nano structure of

the material along with the metal particle distributions.

2.3.10.1. Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) produces images by detecting secondary
electrons which are emitted from the surface due to excitation by the primary electron beam.
High-energy beam of electrons focused in a raster scan pattern, with detectors building up an
image by mapping the detected signals with beam position. It is a simple technique to investigate
the morphological characteristics of the samples. A probe of electrons (5-50 eV) is scanned over
a sample surface that emits either secondary or back-scattered electrons which are detected as a
function of the position of the primary beam. The interaction between the incident electrons with

the atoms in the sample produces different types of signals, which carry detailed information
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about the sample surface topography and the composition of the sample.*® A major advantage of
SEM is that bulk samples can also be directly studied by this technique.

The SEM images of the samples were studied using a Field emission scanning electron
microscope of Nova Nano SEM 450. The samples prepared by dispersing them ultrasonically in
isopropyl alcohol, transferring a portion of it on silicon wafers which were dried and subjected to

gold coating in vacuum

2.3.10.2. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) involves a high voltage electron beam emitted
by a cathode and directed by magnetic lenses. The electron beam that has been partially
transmitted through a very thin (and so semitransparent for electrons) specimen carries
information about the structure of the specimen. This is followed by imaging and angular
distribution analysis of the forward scattered electrons (unlike SEM where backscattered
electrons are detected) and energy analysis of the emitted X-rays.*® The spatial variation in this
information (the "image") is then magnified by a series of magnetic lenses until it is recorded by
hitting a fluorescent screen, photographic plate or light sensitive sensor such as a CCD (charge-
coupled device) camera. The image detected by the CCD may be displayed in real time on
monitor of a computer.

Scanning Electron Transmission
Microscope Electron Microscope

0 w0

E 3 1
I
Condenser

l ' s Sample

-
\ Objective { l '

Scan Coils Syst
l l . _—
l ' l l Projector Lens

S Screen
Sample Detector

Fig. 2.7 Alignment of SEM and TEM instruments.

The TEM images of the samples were collected using a FEI Technai TF-30 and T-20
instrument operating at 300 kV and 200 kV. The samples for TEM measurement were prepared
by placing a droplet of the highly diluted suspension of the sample in 2-propanol on a carbon-
coated copper grid (mesh 200) and allowing it to dry at room temperature. The difference in the
alignment of the SEM and TEM is depicted in Fig. 2.7.
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Chapter-3: Selective oxidation of p-Xylene AcSIR

3.1. Introduction

The oxidation of hydrocarbons using green oxidants such as Oz or Air has immense
importance in the synthesis of a broad range of chemical intermediates and products using
petroleum based feedstocks.! One of the important challenge in this regard is the production of
pure terephthalic acid (PTA) from p-xylene (PX) using a greener route. PTA is a chemical
intermediate mainly used in the synthesis of polyethylene terephthalate (PET), which can be used
for making films, fibers and resins.? 3 Some part of the PTA is also used in the manufacture of
liquid crystal polymers, terephthaloyl chloride, cyclohexanedimethanol, plasti-cizers and co-
polyester ether elastomers. Worldwide manufacture of PTA was approximately 39 million metric
tons in 2009, with a global demand growth at 7-8% an year during 1999-2009.* It is produced
mostly through AMOCO process, which is a modified Mid-Century (MC) process.® The two step
process involves metal acetate salts of Co, Mn and HBr as catalysts with acetic acid as solvent in
the temperature range of 175-225 °C at 15-30 bar pressure of air as the oxidant.® Though the
present production of PTA through MC-AMOCO process is well established, it has many
disadvantages, viz., (i) catalyst is homogeneous that encounter separation problems, (ii) uses
corrosive solvent (acetic acid), (iii) involves two-steps (oxidation followed by hydrogenation)
and (iv) use of inorganic initiator (HBr) that results in production of unwanted and harmful
byproduct CHsBr. These drawbacks throw a research challenge to develop a green route to the
synthesis of PTA that can be translated into a commercial process.

3.2 Literature reports on the synthesis of PTA from PX

To overcome the above cited problems and to develop a green route for the synthesis of
PTA, some research groups were focused on using organic initiator N-hydroxyphthalimide
(NHPI1) with homogeneous catalysts like NHPI-Co-Mn,”*! NHPI-O2/HNOs in ionic liquids,?
guanidine/Co-Mn-Br,®® Mn(l1l) Schiff base complex'* and metalloporphyrin®® without any
initiator. The PX oxidation has been studied on different supported heterogeneous oxide systems
like metal oxides,'® Cobalt(l11) complex on SBA-15,%" silica supported chromium Schiff base
complex,®® zeolites encapsulated metal complex,*®* Co-Mn nanoparticles immobilized on a
modified bentonite,?® CeO, containing oxygen vacancies,?® (La,Sr)os(Mn,C0)0502.3s perovskite
with oxygen deficiency,?? along with use of different kinds of organic or inorganic initiators. The
kinetic studies reveal that the rate of oxidation of PX to p-toluic acid (TA) is directly
proportional to the concentration of PX (first order) while the TA oxidation to PTA is first order
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with respect to the catalyst content.?® Lumped kinetic model (Scheme 3.1) is widely adopted for
the liquid phase oxidation of PX to PTA. The reaction Kkinetics have been extensively
investigated by using homo- or heterogeneous catalytic systems.* 232" Walt Partenheimer et al.
has shown that the catalytic activity of the catalyst for the synthesis of PTA is pH dependent.?®

N R

P-TALD 4-CBA

Scheme 3.1. Schematic illustration of Lumped kinetic scheme model for the formation of terephthalic
acid from p-xylene via intermediates.

Poliakoff and co-workers extensively studied PTA synthesis in supercritical water in a
continuous process, in which water was used alternative to acetic acid. The scope of the reaction
system is limited because of reaction conditions employed (T=374 °C, P>221 bar, at critical
point of water).?3* Some research groups tried to modify the reaction conditions in such a way
that high yields of PTA under supercritical water is obtained.3* 3 The influence of N2/CO; along
with Oz as oxidant using Co/Mn/Br catalyst system has been studied by Xiaobin Zuo et al.*® The
presence of No/CO> reduces the burning of solvent and increases the purity of PTA through
efficient conversion of intermediates at lower temperatures.® Subramaniam and co-workers have
developed a spray process®’ for the production of PTA in a greener route that reduces CO;
emissions, resulting in very low (<25 ppm) impurity of 4-carboxy benzoic acid (4-CBA). This
spray process involves the addition of CO2 and O, while using a traditional catalyst system (Mn-
Co-Br).* 23 37 John W. Frost and coworkers have demonstrated bio-based production route to
PTA from acrylic acid and isoprene derived from biomass. A solvent-free reaction involves
cyclo addition of acrylic acid and isoprene with TiCls (2 mol %) at room temperature.®

Despite all the above research, one major problem is the separation of products after the
reaction, since 4-CBA and PTA have similar properties and miscible with one another; hence it
is difficult to separate 4-CBA from PTA. Some researchers have tried to separate 4-CBA and
PTA on the basis of their solubility and recrystallization, which in turn will rise the PTA cost but
can eliminate the second step (hydrogenation of 4-CBA) in the traditional (AMOCO) process.3®
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0 The above discussion shows that there is still scope for the development of a more efficient
process for the production of PTA using a green route.

In this study, we have investigated the activity of metal-free carbon nitride nanotubes
(CNNT) as heterogeneous catalyst for the activation of SP® C-H bond of PX. Catalytic oxidation
of PX to PTA was systematically studied by using molecular oxygen and a noncorrosive solvent
in the absence of any external initiator. Different reaction parameters were optimized to
maximize the PX conversion to PTA. The catalysts were subjected to detailed characterization to

correlate with catalytic activity.

3.3. Synthesis and characterization of CNNT catalysts

3.3.1. Experimental procedures
3.3.1.1. Materials

All the chemicals employed in this study were reagent grade and used without further
purifications. p-Xylene, p-toluic acid, p-tolualdehyde, and 4-carboxybenzoic acid were procured
from Sigma-Aldrich, USA. Terephthalic acid, ethylene glycol, acetone (HPLC grade), methanol
(HPLC grade), formic acid, NaOH, NHPI, NHSI and HNO3 were sourced from Merck, India. All

the chemicals used as received without any further purification.

3.3.1.2 Synthesis of CNNT catalysts

In a typical synthesis for CNNT, saturated solution of melamine was prepared in ethylene
glycol. To this HNOs (0.12 M) was added dropwise to obtain melamine precipitate, which was
filtered, washed with ethanol and dried at 60 °C for 10 h. The solid is melamine fiber, which was
crushed and heated to desired temperatures in the presence of air (50 mL/min). The duration of
heating was varied. The samples are designated as CNNT@x@y, where x denotes the sintering
temperature and y denotes the sintered time. For further details on CNNT synthesis, section 2.2.1

may be consulted.

3.3.1.3. Evaluation of catalysts

Oxidation reactions were carried out in a 50 mL Parr autoclave (4848 controller). In a
typical reaction, required quantity of p-xylene was taken in 20 mL of solvent and to it freshly
activated catalyst was added. The reaction was conducted at desired temperature with continuous
stirring (1000 rpm). When the reaction mixture reached around 30 °C below desired reaction

temperature, O> was slowly introduced into the autoclave thus preventing the rapid raise of
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temperature, as PX to PTA reaction is highly exothermic. On reaching reaction temperature, O
was bubbled into the reaction mixture to replenish the oxygen consumed during the reaction. At
the end of reaction, the reaction mixture was cooled to room temperature, part of it (~0.5 mL)
was filtered using nylon 0.22 pum filter and analyzed using a GC (Agilent 7890A) equipped with
flame ionization detector (FID) and HP-5 capillary column (50 m length, 0.32 mm diameter).
Product identification was done using authentic standards and by using GC-MS (Agilent GC-
78908). To the rest of the reaction mixture, desired amount of 0.7 M NaOH and methanol (7:3)
were added to make up the solution to 50 mL. From this solution, 1 mL was diluted to 25 mL
with methanol; which was analyzed using HPLC, equipped with UV detector and C18 column
(4.6 x 100 mm, 3.5 micron). Methanol + water mixture was used as mobile phase at a flow rate
of 0.4 mL min?. All the products were identified and compared with authentic standards.
Subsequently, autoclave was washed with 0.7 M NaOH in methanol to remove any residual

products before the next reaction.

3.4. Results and discussion

3.4.1. Catalyst characterization

3.4.1.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) pattern of various samples is shown in Fig. 3.1. The diffraction
profiles show the transformation of melamine into CNNT via melamine fiber formation through
protonation of amine groups during the first step followed by sintering of melamine fiber (Fig.
3.1a). Fig. 3.1b shows the difference in the structure of bulky g-CsN4** and CNNT*? by the
formation of tri-s-triazine ring and s-triazine ring, respectively. The intense peak of CNNT at 26
= 27.4° with a d value of 0.3277 nm is closely compared to the characteristic peak of 002 plane
of bulky g-C3N4 (d = 0.3269),**%% pure graphite units (d = 0.353 nm)* and crystalline graphite (d
= 0.335 nm)* % which resemble interplanar stacking peak of aromatic rings of carbon. The
peaks at 20 = 17.4° (d = 0.49) and 20 = 13.0° (d = 0.691) assigned to CNNT and g-C3zN4
respectively are closely related to the distances of s-triazine (ca. 0.47nm)*® and tri-s-triazine (ca.
0.73 nm)® rings based carbon nitride.

Further, we have also studied the effect of sintering temperature at two different hold
times (90 and 60 min) on the formation of CNNT, these results are given in Fig. 3.1c and 3.1d.
From the XRD pattern of Fig. 3.1c, it is clear that the crystallinity of the material has decreased
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with increasing sintering temperature. As a result, broadening of the (002) plane was observed at
higher temperature. The peak corresponding to 26 value 17.4° (d = 0.49), attributed to the
formation of s-triazine rings has disappeared at higher temperatures. These findings clearly show
the formation of s-triazine ring structure, which is a building block for the formation of CNNT, is
temperature dependent. Similar observations were made in the case of samples sintered at

different temperatures, but for a lower duration of 60 min time (Fig. 3.1d).
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Fig. 3.1 XRD profiles of (a) melamine, melamine fiber and CNNT, (b) CNNT and g-CsNs, (¢) CNNT
prepared at different sintering temperatures with 90 min hold time and (d) CNNT prepared at different
sintering temperatures with 60 min hold time.

3.4.1.2 N2-Physisorption and chemical composition

BET surface area of CNNT catalysts was studied using N2 physisorption (Table 3.1). No
specific trend was observed, as values of all the samples are very close. The relative intensity of
peak corresponding to (002) plane (26=27.4°) reduced for the samples heated for longer time at
the same temperature. To understand it better, we have compared the peak intensities at 13° (1%
peak) relative to 27.4° peak and found that CNNT@350 for 60 min has a higher intensity ratio
(Table 3.1). Elemental analyses of all the materials are given in Table 3.1. Even the nitrogen to

carbon ratio is also high for this sample.
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Table 3.1 Structural and textural characteristics of CNNT materials and their chemical composition.

BET From XRD EIeme(\rIl\fill(;)r)lalysis
surface | o, Ratio :
S No. Catalyst area Weigi;t Area of I\:;g OC
loss Peak-1 | Peak-II peil)( e 3 N
20=13° | 20=27.4° peak-11
1 Melamine fiber - - - - - 19.0] 3.5 |53.9] 2.8
2 CNNT@270@90 - 32.0 - - - 19.8 [ 3.5 |55.6( 2.8
3 CNNT@320@90 - 43.4 - - - 21.7| 35 |575( 26
4 [ CNNT@350@90 7 50.7 956 7582 013 [279( 32 |595( 2.1
5 CNNT@375@90 6 54.7 700 7018 0.10 |28.2|29 (616| 22
6 CNNT@400@90 6 59.7 - 6533 0 32.1| 241623 19
7 CNNT@425@90 7 64.6 - 8671 0 3271221622 19
8 CNNT@350@60 7 49.4 | 1250 8862 0.14 |[25.1(3.0|56.8( 23
9 CNNT@375@60 6 50.8 873 18492 005 (27128581 21
10 | CNNT@400@60 7 52.0 - 12488 0 30.8| 25 |59.7( 19
11 | CNNT@425@60 7 59.5 - 10194 0 31.71 22 |61.2| 19
12 | g-CsNs@ 550 °C 8 76.6 - - 0 346| 1.6 |585| 1.7

#Weight loss measured by the initial and final weight of the material before and after subjected to
Sintering.

3.4.1.3. Thermogravimetric analysis (TGA)

TGA spectra of melamine fiber heated in air flow is given in Fig. 3.2a. Three distinct

a) 1804 L0.000 b) h - ‘
i —— CNNT@350@60 \
0] -0.002 80 4 —— CNNT@375@60
) | 0.004 " —— CNNT@400@60 \
g . 2 604 —— CNNT@425@60 \
g .0.006 2 [—oCsNy
< 5
3 ) -0.008 w 404
5 (=]
i R
N .0.010 -
.0.012
0 0.014 o
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Temperature (°C) Temperature (°C)

Fig. 3.2 TGA of (a) Melamine fiber and (b) Different samples in presence of air.

weight losses centered around 350, 440 and ~600 °C were seen, which may be assigned to the
decomposed products of carbon and nitrogen in the form of CO. and NHz at different

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 64




Chapter-3: Selective oxidation of p-Xylene AcSIR

temperatures.*” TGA of various samples studied in the presence of air is shown in Fig. 3.2b. The
plots show that all catalysts are stable up to 400 °C in the presence of air. In case of samples
CNNT@350 and CNNT@375, there is a weight loss centered at 425 °C, which is due to
secondary condensation of s-triazine rings to tri-s-triazine rings, which is not observed in case of
CNNT@400, CNNT@425 and g-C3N4.*

3.4.1.4. FTIR spectroscopy

Infrared spectroscopy was employed to study the transformation of melamine into CNNT
via melamine fiber (Fig. 3.3a). The characteristic spectrum of CNNT was found to be similar to
that reported in the literature.*> 48 4° We observed multiple bands characteristic of s-triazine ring
in the range of 1400-1600 cm™ for quadrant stretching, overlapped by a strong NH. deformation
band and double semi-circle stretchings.*® The band at 800 cm™ was assigned to the out-of-plane
ring bending by sextants in all stages of formation of the material (Fig. 3.3a and 3.3b).*> 4°
Further, the bands in 1000-1400 cm™ region are attributed to the C—N stretching, while the peak
at 1315 cm™ is characteristic of C—N stretch in the 3-fold N-bridge linking the triazine rings, 4% 4
49 the bands in 1600-1700 cm™ region are assigned to C=N stretching and bands in 3000-3500

cm range are assigned to N—H stretching’s.

—— Melamine —— Melamine fiber —— CNNT —— CNNT@350@60 —— CNNT@375@60

—— CNNT@400@60 —— CNNT@425@60

——g-C3Ny — CNNT@350@60

3
(=]
S
o

C-N(s.N-bridge)

Transmittance (%)
Transmittance (%)
Transmitance (%)

N-H(s) 800 ::m'1
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Fig. 3.3 FTIR spectra of (a) Melamine, melamine fiber and CNNT, (b) CNNT at different temperatures,
(c) CNNT@350 heated for 60 min and g-C3Na.
In Fig. 3.3b, the broadening of bonds was clearly seen at higher temperatures, which corresponds
to N—H, C—N and C=N bonds (3000-3500, 1000-1350 and 1400-1650 cm™). This may be due to
decrease in the number of bonds related to N—H, C—N and C=N stretchings, respectively. Even
the intense bands at 1020 and 1160 cm™ corresponding to C—N(s) have diminished at higher

temperatures, so it may be seen that the structural morphology has changed from s-triazine to tri-
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s-triazine at higher temperatures. Similar kind of broad bands were observed in g-CsNs
belonging to tri-s-triazine building blocks, as shown in Fig. 3.3¢c.** The bands in 2100-2200 cm™
region are associated with cyano or azide group (—C=N or —N—N=N) and cumulated double
bond (-N=C=N- or >C=C=N-) which were observed in the sample prepared at higher
temperatures. These functional groups act as chromophores leading to change in color of the
sample from white to light yellow at higher temperatures (Fig. 3.4). The band near 2172 cm™
usually appears as a result of degradation of triazine ring (to cyano group (—C=N) at higher

temperatures to form melem (tri-s-triazine).*3 44.50.51

7P

CNNT@350@60  CNNT@375@60  CNNT@400@60  CNNT@425@60 g-CN,

Fig. 3.4 Photograph of the catalyst with different sintered temperatures.

3.4.1.5. DRS UV-Vis spectroscopy

Figure 3.5a shows UV-Vis spectra at various stages of CNNT preparation, compared with
the spectra of bulk g-CsNs. Melamine shows the characteristic absorption of 7n-n* and n-n* at
247 and 298 nm, respectively. However absorption at 261 nm for CNNT and g-C3Na were
assigned to m-m* transition*! 43 48 4951 which lies in the range of n-n* transition for 1,3,5-triazine

compounds. Additionally, strong absorptions at 297 and 375 nm correspond to the n-r*

a) —— Melamine b) —— CNNT@350@60

—— Melamine fiber —— CNNT@375@60

——CNNT —— CNNT@400@60

;-‘ ——g-C3Ny . —— CNNT@425@60

s z ——gCN,
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Fig. 3.5 UV-Vis spectra of (a) melamine, melamine fiber, CNNT and g-CsN4 and (b) UV-Vis spectra of
CNNT at different sintering temperatures and g-CsN..

transition of CNNT and g-C3N4 respectively.*® The characteristic n-n* in case of g-CsNa is
towards lower energy. When we look at Fig. 3.5b the absorption correspond to n-z* has
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relatively shifted from higher to lower energy with increasing sintering temperature of melamine
fiber (from 297 to 372 nm), while absorption intensity corresponding to n-n* has decreased. This
shift in the absorption of n-n* in CNNT eventually matches with the value of g-C3Ns with
increasing sintering temperature. Similar trend was observed in FTIR studies reported earlier
(Fig. 3.3b). Hence, it is clear evidence for the formation of tri-s-triazine rings from s-triazine at

higher sintering temperatures.

3.4.1.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to investigate the types of nitrogen in
these nitrogen and carbon containing frameworks. Generally, peaks corresponding to C 1s, N 1s
and O 1s binding energies can be seen in the spectra (Fig. 3.6a). The N 1s spectra (Fig. 3.6b) are
curve-fitted corresponding to four peaks with binding energies at 398.7, 399.9, 401.1 and 404.1
eV. These were assigned to graphitic nitrogen (C-N=C, N1), nitrogen coordinated trigonally to
planar carbon atoms (N-C, N2), nitrogen belonging to amino groups (C2>-NH and C-NH,, N3)

and quaternary nitrogen (N4) respectively.*s 552

Table 3.2 Different types of nitrogen in relative ratios from XPS.
Type of nitrogen (%

Catalyst N1 . N2 : N(3 : N4
CNNT@350@60 68.6 27.8 35 0
CNNT@375@60 68.6 26.9 4.4 0
CNNT@400@60 70.4 23.3 6.1 0
CNNT@425@60 68.9 21.6 9.4 0
g-CsNs @ 520 °C 65.3 18.8 10.4 5.3

The above results shows evidence for the existence of graphite-like sp? bonded structure
in these materials. The ratios of different nitrogen as shown in Table 3.2; demonstrate that there
is an increase in the N3 nitrogen with increasing temperatures as a result of the formation of tri-
s-triazine from s-triazine, which resulted in decrease in N2 nitrogen. The C 1s spectra (Fig. 3.6¢)
are curve-fitted into three peaks with binding energies at 284.6, 286.0 and 288.2 eV assigned to
surface adsorbed carbon (C1), carbon associated with amino groups (C2-NH and C-NH., C2) and

graphitic carbon (C-N=C, C3), respectively.>
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Fig. 3.6 XPS of various samples; (a) General XPS scan, (b) XPS of nitrogen 1s and (c) XPS of carbon 1s.

3.4.1.7. Nuclear magnetic resonance (NMR) spectroscopy of CNNT

Figure 3.7 shows 3C CPMAS NMR spectra of all the samples. It is known that the
melamine (s-triazine ring) has three sp?-hybridized carbons with identical chemical environ-
ment*® 53 % \while melem (tri-s-triazine ring) has sp?-hybridized carbons with two different
chemical environments (see insert in Fig. 3.7a).>3° The 13C spectra of melamine show chemical
shift value at 168.0 ppm, while the sintered samples show a peak at 164.9 ppm pointing towards
shielding in the s-triazine base polymeric network for the samples prepared at 350 °C, along with
a shoulder (158.4 ppm) attributed to change in the chemical environment of carbon due to
polymerization. A shift was observed of shoulder peak going from lower to higher temperatures
during its formation (158.4 to 156.9 ppm). In case of g-C3N4, which is formed out of the tri-s-
triazine polymeric network, has two types of chemical environments (164.78 and 156.5 ppm).
Hence, this study clearly follows the changes in the carbon environment of the samples heated at

different temperatures. It also shows that there is a change in the monomeric unit from s-triazine
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to tri-s-triazine with increasing sintering temperature. The deshielded carbons are considered as
more electrophilic than the shielded carbons. Similarly, deshielding was also observed in case of

nitrogen atoms for the samples prepared at higher temperature as shown in Fig. 3.7b.
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Fig. 3.7 CPMAS NMR of melamine and samples heated at different temperatures. (a) *3C and (b) *°N.

3.4.1.8. Scanning Electron Microscopy (SEM) of CNNT
Morphology of catalysts prepared at 350 and 400 °C were studied using FE- SEM and the

results are given in Fig. 3.8. It was observed that there is a change in morphology of the

Fig. 3.8 SEM images of fresh catalyst; CNNT@350@60 (a,b); CNNT@400@60 (c,d) and g-CsNs (e,f).
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samples (CNNT@350 to CNNT@400) prepared at two temperatures. The bulk g-CsNs has
sheet/plates like morphology (Fig. 3.8e-f), while the CNNT@350 shows tubular morphology,
probably due to s-triazine rings (Fig. 3.8a-b).*? Whereas, on increasing the temperature for
formation of catalyst, this morphology was changed slightly from tube to sheet form as may be
observed in Fig. 3.8c-d. This may be due to secondary condensation as discussed in the TGA
section. As a result, formation of the tri-s-triazine ring from triazine may lead to the opening of

tube to sheet form due to changes in thermodynamic conditions.
3.4.2. Catalytic activity of CNNT

The CNNT catalysts were evaluated in liquid phase using a batch reactor for selective
oxidation of p-xylene under various experimental conditions to check their activity and
selectivity with respect to temperature, solvent, catalyst amount and O> pressure.

3.4.2.1. Effect of solvent
The influence of solvent on the catalytic activity in PX oxidation was investigated over
CNNT@350@60 catalyst at 170 °C under 10 bar O pressure (Fig. 3.9).
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Fig. 3.9 Effect of solvent on oxidation of p-xylene.

Reaction conditions: PX (10 mmol); catalyst (CNNT@350@60) 50 mg; solvent (18.5 mL); temperature
(170 °C); oxygen pressure (10 bar); reaction time (6 h).

Solvents of different chemical nature like protic solvents (methanol, ethanol, ethylene
glycol and acetic acid) and aprotic-polar solvents (acetone, ethyl acetate, acetonitrile, THF and

acetyl acetone) were used to find out the suitable solvent for the reaction. It was found that the

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 70



Chapter-3: Selective oxidation of p-Xylene AcSIR

catalyst dissolves when protic solvents like ethylene glycol, methanol and acetic acid are
employed. Ethylene glycol and acetic acid show poor activity. In ethanol, PX conversion of 33
mol% with yields of 8.6 mol% p-Tolualdehyde (P-TALD) and 1 mol% of p-toluic acid (TA)
were obtained. It was observed that the ethanol participates in the reaction resulting in unwanted
by-products (ethyl ester and ethyl ethers), thereby lowering the selectivity of desired products.
Aprotic-polar solvents such as THF and acetyl acetone also competed with PX substrate for
active sites and resulted in side reactions. Among the other aprotic polar solvents; acetonitrile,
acetone and ethyl acetate were found to be relatively better without giving any unwanted by-
products compared to the solvents used above. Among these solvents, acetone was found to be
the best with PX conversion of 30.9 mol% with TA and P-TALD vyields of 24.1 and 5.7 mol%
(Fig. 3.9). Based on these results acetone was chosen as the solvent of choice for further
investigations.
3.4.2.2. Comparison of various catalysts

Various CNNT catalysts sintered at different temperatures were evaluated and compared
with g-C3N4 (Table 3.3). It was observed that g-C3N4 shows lower activity than CNNT and
among the CNNT catalysts activity reduced when sintered at high temperatures. As discussed in
characterization sections, structural changes occur when samples are sintered at higher than a
desired temperature, leading to changes in properties of the materials. This led to reduction in the
activities of the catalysts. It is also to be noted that there is no formation of PTA under the
reaction conditions studied. Hence, the reaction conditions have to be further optimized with

respect to temperature, Oz pressure, reaction time etc using CNNT@350@60 catalyst.

Table 3.3. Product distribution for oxidation of PX using different catalysts.[?l
Conv. Yield (mol%)
Entr Catalyst
y y (mol%) | P-TALD | TA |4-CBA| PTA

1 CNNT@350@60 30.9 5.7 24.1 0 0
2 CNNT@375 @60 20.1 6.2 13.9 0 0
3 CNNT@400 @60 17.7 6.0 115 0 0
4 CNNT@425 @60 10.4 55 35 0 0
5 g-CsN4 111 5.0 3.9 0 0
6 No catalyst 4.5 3.3 <1 0 0

[a] Reaction conditions: PX (10 mmol); catalyst (50 mg); acetone (18.5 mL);

temperature (170 °C); oxygen pressure (10 bar); reaction time (6 h). P-TALD = p-

Tolualdehyde. TA = p-Toluic acid. 4-CBA = 4-Carboxybenzoic acid. PTA = Pure

terephthalic acid.
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3.4.2.3. Effect of temperature

Influence of reaction temperature was studied using CNNT@350@60 catalyst. Reaction
got initiated at temperatures >140 °C, while no reaction occurred below this temperature even
after 6 h. This shows that there is a threshold energy required for the reaction to occur. Increase
in the temperature led to a linear increase in PX conversion.'® But, the PTA formation occurred

only at high temperatures in the 190 - 200 °C zone, when maintained for 6 h (Fig. 3.10).
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Fig. 3.10 Effect of temperature on selective oxidation of p-xylene.

Reaction conditions: p-Xylene (10 mmol); catalyst (CNNT@350@60, 50 mg); acetone (18.5 mL);

O, pressure (10 bar); reaction time (6 h).

These findings clearly show that the threshold energy required for the activation of PX is
reasonably lower, as it has an electron donating -CHs group, to give P-TALD. But, much higher
activation is required for the formation of PTA, as it has to form via the activation of toluic acid
(TA), which has an electron withdrawing group (-COOH). This reduces the activity of methyl
group of TA. At higher reaction temperatures (>190 °C), solvent (acetone) also participates in
the reaction resulting in the formation of impurities like acetic acid by C-C bond cleavage.
Hence, the reaction should not be conducted at higher temperatures. Further studies were carried

out at a temperature of 170 °C while varying other reaction parameters for the optimization.

3.4.2.4. Effect of oxygen pressure
Effect of oxygen pressure was systematically investigated at reaction temperature of 170
°C. Gradual increase in the PX conversion was observed with increase in O pressure (Fig.

3.11).%" The PTA formation was observed only at high Oz pressures in the region of 15-20 bar.
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Fig. 3.11 Effect of oxygen pressure on p-xylene oxidation.

Reaction conditions: p-Xylene (10 mmol); catalyst (CNNT@350@60, 50 mg); acetone (18.5 mL);
reaction time (6 h); temperature (170 °C).

The O pressure has a profound influence on PX conversion and product formation. As per
reports by Raghavendrachary et al., “The rate of oxidation of TA to PTA (secondary oxidation)
is proportional to the square root of O, partial pressure”.?® which shows that oxidation in
secondary step increases at high O partial pressure. This can be clearly seen in the region of 15-
20 bar (Fig. 3.11). Thus increase in the O, pressure has a positive effect on the reaction. Possibly,
this effect of increased O pressure on the rate of reaction is due to increased solubility of O,
which may be readily available for the reaction. It is also to be noted that the solubility of oxygen

in acetone is high when compared with other solvents employed in this study.% %

3.4.2.5. Effect of catalyst amount

Different catalyst contents were used in the reaction to find its influence on PX
conversion and product yields. It was found that there is a rise in the PX conversion from 40.7 to
70.4 mol% with an increase in the catalyst amount from 50 to 100 mg, with PTA yield of 22.1
mol% for 100 mg of catalyst (Fig. 3.12). But, a further increase in the catalyst amount to 150 and
200 mg resulted in a drop in the conversion of PX and in lower PTA yields. The decrease in the
PX conversion was due to the formation of acetic acid in good concentration from acetone at
high catalyst contents, and the formation of acetic acid might have led to the solubility of
catalyst, as discussed earlier with regard to solvent effect on this reaction.
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Fig. 3.12 Effect of catalyst amount on p-Xylene oxidation.

Reaction conditions: p-Xylene (10 mmol); CNNT@350@60 catalyst; acetone (18.5 mL); O, pressure (20
bar); reaction time (6 h); temperature (170 °C).

3.4.2.6. Time on stream study of PX oxidation

Considering the influence of all the above discussed parameters, time on stream study of
the CNNT@350@60 catalyst was investigated. As shown in Fig. 3.13, linear increase (17.4 to

94.5 mol%) in the PX conversion was observed with increasing reaction time (from 3 h to 12 h).
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Fig. 3.13 Time on stream study on p-Xylene oxidation.
Reaction conditions: p-Xylene (10 mmol); catalyst (CNNT@350@60, 100 mg); acetone (18.5 mL);

oxygen pressure (20 bar); temperature (170 °C).
Conversion remained same thereafter up to 24 h (94.1 mol%). However, the yield of PTA has
increased from 34.4 to 50.9 mol%, with simultaneous decrease in the TA yield from 55.2 to 36.7

mol%. After 12 h on stream, TA was 55.2 mol% while PTA was 34.4 mol%, the later increased

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 74



Chapter-3: Selective oxidation of p-Xylene AcSIR

by 14.7 mol% on prolonging the reaction for further 6 h, with a simultaneous reduction in TA
yield. Since the formation rate of TA from PX is high when compared to the rate of formation of
PTA from TA, longer durations are required to for achieving high yields of PTA. In the
beginning, PX is the only substrate molecule that competes for the active catalytic sites. But,
with the reaction proceeding further, formation of other products like P-TALD, TA and 4-CBA
also compete for the active sites along with PX, resulting in a reduced rate of reaction for PTA.
As discussed earlier, the activation energy required for TA conversion is much higher than that
required for activation of PX. The oxidation of PX to TA is a 4 step reaction involving three
intermediates (Scheme 3.1).The rate of lumped reaction is pseudo-first-order and the rate
constants for each step decreased in the following order: k2 (TALD - TA) > k4 (4-CBA - TA) >
k1l (PX - TALD) > k3 (TA - 4-CBA). These reported results are in good agreement with our

experimental observations.?’

3.4.2.7. Recyclability of the CNNT catalyst

The recyclability of the CNNT@350@60 catalyst was investigated by repeating the PX
oxidation reaction multiple times with the same catalyst (Fig. 3.14), as per the procedure
describe below.
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Fig. 3.14 Recyclability study in oxidation of PX to PTA over CNNT@350@60.
Reaction conditions: mole to wt. ratio of PX to catalyst (0.1); solvent (acetone, 18.5 mL); O, pressure (20
bar); temperature (170 °C); time (18 h).
After each reaction run, 0.5 mL of the reaction mixture was filtered using nylon 0.22 um filter

and injected into GC-FID. To the rest of the reaction mixture, desired amount of NaOH and
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methanol (7:3) was added and filtered. The solution obtained was diluted to 25 mL of methanol
and analyzed by HPLC. The catalyst was washed three times with 20 mL of NaOH in methanol
mixture and dried at 60 °C for 6 h and re-used for the next cycle. The recycle results are given in
Fig. 3.14 that clearly show that the performance of the catalyst remains almost same even after

being re-used for four times. These results demonstrate excellent stability of the catalyst.

3.4.2.8. Effect of diluent gas

Table 3.4 Product distribution on oxidation of PX. [

. Conv. of | Selectivity Yield (mol%)
Reaction Solvent burn
Entry arameter PX of PTA 4- (Area %)
p (mol%) (%) P-TALD | TA CBA PTA 0
1 100%0, 93.5 52.5 0.3 372 | 22 491 2.8
2101 50%0,+ 50%N, 92.1 48.8 0.9 418 1.8 | 450 1.9
3 | 25%0;+ 75%N; 62.0 26.4 4.5 397 04 | 164 1.1
4] O/TEMPO <1 0 <1 0 0 0 0

[a] Reaction conditions: PX (10 mmol); catalyst (CNNT@350@60, 100 mg); solvent (acetone,18.5
mL); temperature (170 °C); oxygen pressure (20 bar); reaction time (18 h). [b] N (10 bar), O, (10
bar). [c] N2 (15 bar), O (5 bar). [d] TEMPO (10 mmol); reaction time (12 h). P-TALD = p-
Tolualdehyde. TA = p-Toluic acid. 4-CBA = 4-Carboxybenzoic acid. PTA = Terephthalic acid.

To investigate the effect of partial pressure of oxygen on the catalytic activity, N> was
used as diluent while keeping the total pressure constant. When N2 was used along with O, the
PX conversion decreased to 92.1 and 62.0 mol%, respectively for 50 and 75% N containing
mixtures respectively from 93.5 mol% obtained in pure O,. The formation of PTA has also
decreased with reduction in the partial pressure of Oz as the formation of PTA from TA is
directly proportional to O, partial pressure (Table 3.4).2 However, dilution of Oz with N2 has
considerable influence on solvent loss due to burn up (Table 3.4). Solvent loss (based on area %)
for 100% O2, 50% O2+N, and 25% O>+N,were 2.8, 1.9 and 1.1%, respectively.

3.4.2.9. Effect of xylene isomer

The catalytic activity of CNNT catalysts was further investigated using different isomers of
xylenes. The reaction was conducted for a period of 12 h (Table 3.5). The conversion has
decreased in the order p-xylene > o-xylene > m-xylene. This may be attributed to the less

resonance stabilization of the radical intermediate formed at the meta position when compared to
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para and ortho positions.®®* Formation of di-acid follows the order of terephthalic acid,
isophthalic acid and phthalic acid. While the formation of intermediate toluic acid follows the
order of para > ortho > meta substitution, the so formed o-toluic acid tend to form phthalide
(18.2 mole %) and phthalic anhydride (14.9 mole %) under the reaction conditions that decreases
the formation of phthalic acid.3? The presence of intermediate alcohols like m-tolylmethanol, o-
tolylmethanol and 2-(hydroxymethyl) benzoic acid were noticed for both meta and ortho-
xylenes, while they were absent in case of para-isomer. Since the presence of carboxylic group
decreases the rate of reaction, in the order of para > meta > ortho substitution, the activity is
decreased in the same order for di-acid formation. This clearly shows that the presence of

electron donating and withdrawing groups on the ring play key role during the reaction.

Table 3.5 Product distribution during oxidation of various xylene isomers.

Yield (mol%)
Conv. (hydroxy
of
Entry | Substrate | oo | Tolyl | Tolualde | Toluic | methyl) %Z;g%fg di- | others
(Mol%) methanol | -hyde acid | benzoic acid acid®
acid
101 PX 94.5 - 0.6 55.2 - 2.6 34.4 -
20 MX 39.2 15 5 19.8 - 0 13.4 -
30 OoX 91.1 2.4 1 44 8.7 - - 35.8

[a] Reaction conditions: xylene (10 mmol); catalyst (CNNT@350@60, 100 mg); solvent
(acetone,18.5 mL); temperature (170 ° C); oxygen pressure (20 bar); reaction time (12 h).[b] all are
‘para’ substituted products. [c] All are ‘meta’ substituted products. [d] All are ‘ortho’ substituted
products. [e] Terephthalic acid, isophthalic acid and phthalic acid.

3.4.2.10. Mechanistic studies

To investigate the reaction mechanism of oxidation of PX to PTA, we have added
2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) to the reaction mixture (Table 3.4, Entry 4). As a
result, the free radicals generated during the reaction are trapped by TEMPO, thus hindering
further reaction. This evidence shows that the reaction proceeds through radical formation. FTIR
of the reaction mixture containing TEMPO shows no difference in the FTIR spectrum before and
after the reaction (Fig. 3.15a), while reaction mixture in the absence of TEMPO showed peaks
that belongs to products such as carbonyls and acid groups (1735-1745 cm™) (Fig. 3.15b). The
activation of substrate and O, are the chain initiation steps required for the reaction to start,

followed by its propagation and termination.
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Fig. 3.15 FTIR spectrum of reaction mixture a) with TEMPO and b) without TEMPO.

CH,00H *CH,

+

[H,0

Scheme 3.2. Schematic illustration of oxidation of p-Xylene over CNNT via radical intermediates to
give terephthalic acid.

As depicted in scheme-3.2, substrate molecule is initially adsorbed on the catalyst
surface, through abstraction of an electron from the substrate by catalyst. In the process, one
hydrogen atom is removed to form an alkyl radical (1% step). Then, the generated alkyl radical
reacts with O, to form peroxy radical (ROO-) (2" step), which subsequently transforms into
alkyl hydroperoxide (3™ step). Water is released from this peroxy radical to give aldehyde (4"
step). This propagation is a cyclic process and involves regeneration of the catalyst to its original
state. Electron-donor groups such as —CHs groups on the ring decrease the reactivity of the
peroxy radical, by lowering the electron withdrawing power of the peroxy group (the electron
density over oxygen atoms increases). Thus, the peroxy radical (CHz—CsHs—CH200") formed in
the first step is less reactive for undergoing further oxidation to give COOH-CgHs+—CH200-.1° A

detailed reaction pathway in PX oxidation to PTA is depicted below in Scheme 3.3.
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Scheme 3.3. The possible steps involved in the oxidation of PX to PTA via a free radical pathway.

The electron transfer is favored from the substrate to the “C” atoms present on the
catalyst (in ring) and vice versa as illustrated in Scheme-3.2. These carbon atoms are electron
deficient (electrophilic carbons) due to adjacent nitrogen in the catalyst and these nitrogen’s are
high in CNNT@350@60 as per MASNMR. The electron deficiency generates +ve charge on the

carbon, where it can accommodate electrons in its molecular orbitals (LUMOSs) for compensating
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charge balance. The number of electrophilic carbons decreased when the catalyst is sintered at
higher temperatures (Fig. 3.7). In the case of s-triazine based catalyst (CNNT@350@60) the
density of electrophilic carbons atoms are higher than in tri-s-triazine based catalyst
(CNNT@425@60). These electrophilic carbons may act as charge/electron carrier due to slight
charge (8%) on carbon atoms. Superior activity of s-triazine based catalyst (CNNT@350@60)
compared to tri-s-triazine based catalyst can be attributed to these differences. Therefore, it can
be concluded that electrophilic carbons in the catalyst are the active centers and the catalytic
activity is enhanced with their increased numbers.®® Hence, generation of these electrophilic
carbons through substitution of nitrogen is important for getting good hydrocarbon oxidation

activity.

3.5 Oxidation of PX by CNNT in presence of an initiator

Though CNNT catalysts are active for PX oxidation, the time required for the reaction to be
completed is very high and higher reaction temperatures have to be used for complete conversion
of PX to PTA. Hence, we used various initiators to circumvent these issues.

3.5.1. Influence of type of initiator
To find out the appropriate initiator, we have employed N-Hydroxyphthalimide (NHPI)
and N-hydroxysuccinimide (NHSI) as initiators (Table 3.6).

Table 3.6 Influence of the type of initiator.[?

Conv. PTA Yield (mol%)
Entry Initiator of PX [selectivity
(mol%) (%) P-TALD TA |4-CBA| PTA
1 1%NHPI+CNNT 47.7 4.8 6.3 37.4 0 2.3
2 1%NHSI+CNNT 50.0 55 55 39.1 1.7 2.8
3 CNNT 40.7 3.4 5.1 335 0.5 14

[a] Reaction conditions: P-xylene (10 mmol); catalyst (50 mg); solvent (acetone, 18.5 mL);
temperature (170 °C); oxygen pressure (10 bar); initiator (1 mol %); reaction time (6 h);
stirring speed (8000 rpm). P-TALD = P- Tolualdehyde. TA = P-Toluic acid. 4-CBA = 4-
Carboxy benzoic acid. PTA = Pure terephthalic acid.

It was observed that the formation of PTA has increased along with the PX conversion
with the addition of just 1 mol% of the initiator. NHSI gave higher PX conversion than NHPI,
while no 4-CBA was found in the product when NHPI was used as the initiator (Table 3.6).
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4-CBA is an intermediate product during the formation of PTA from PX, which has physical
properties similar to that of PTA. Presence of 4-CBA will result in the termination of chain
propagation step during polymerization of PTA. Hence, 4-CBA has to be removed through
hydrogenation to ppm levels, which is a costly step in the PX to PTA process. Hence, it is better

if it is not part of the product stream.

3.5.2. Effect of amount of initiator

The PTA yield was very low when the initiator used is only 1mol %. In order to achieve
higher PX conversion, better PTA yields and to reduce the intermediates in the product mixture,
initiator (NHPI) concentration was varied. The increase in the amount of NHPI from 1 to 10
mol% resulted in increased PX conversion from 47.7 to 92.3 mol% with enhanced (2.3 to 73.9
mol%) yield of PTA (Table 3.7). With the increase in the amount of NHPI, no 4-CBA formation
was observed in the product and the amount of P-TALD also decreased from 6.3 to 0 mol%. We
observed that presence of initiator (NHPI) increases the rate of reaction as well as decreases the
formation of reaction impurities/intermediates similar to P-TALD and 4-CBA by rising PTA
selectivity. Prolonging the reaction time further from 6 to 12 h, resulted in increasing PX

conversion to 96.5 mol% accompanied by much better (89.1 mol%) yield of PTA.

Table 3.7 Product distribution in PX oxidation using variable amounts of initiator.?

Initiator Conv. of | Selectivity Yield (mol%)
Entry mol % PX of PTA
(Mol %) | (moloe) %) P-TALD | TA |[4-CBA| PTA
1 1 47.7 4.8 6.3 37.4 0 2.3
2 5 924 54.9 0.8 39.7 0 514
3 10 92.3 79.9 0.0 175 0 73.9
40 10 96.5 92.3 0.0 7.2 0 89.1

[a] Reaction conditions: P-xylene (10 mmol); Initiator (NHPI); catalyst (50 mg);
solvent (acetone,18.5 mL); temperature (170 °C); oxygen pressure (10 bar); reaction
time (6 h); stirring speed (1000 rpm). [b] reaction time (12 h). P-TALD = P-
Tolualdehyde. TA = P-Toluic acid. 4-CBA = 4-Carboxy benzoic acid. PTA = Pure
terephthalic acid.

3.6. Conclusions
A metal-free CNNT catalyst was synthesized at various sintering temperatures and used

for the selective oxidation of PX to PTA by using molecular oxygen. In addition, a non-corrosive
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solvent acetone was used for the batch reaction. Initially, the catalytic activity was investigated
in the absence of an initiator. Catalyst (CNNT@350@60) synthesized at an optimum sintering
temperature (350 °C) exhibited very good activity compared to other catalysts sintered at lower
or higher side of this temperature. The presence of s-triazine ring as building block with a tubular
morphology in the catalyst appears to be crucial in achieving superior catalytic activity. The
experimental results clearly show that reaction proceeds through the free radical mechanism.
Based on the results of investigations, a possible reaction pathway is proposed for the oxidation
of PX to PTA. Under the optimized reaction conditions, without using any initiator, 49.1 mol%
PTA yield at 93.5 mol% PX conversion was obtained after 18 h. The catalyst could be recycled
more than four times.

The presence of an initiator enhanced the rate of reaction, with simultaneous reduction in
the formation of unwanted byproducts (P-TALD and 4-CBA) accompanied by increased PTA
selectivity. The concentration of initiator concentration was optimized for getting high PX
conversion and high PTA yield. A maximum of 96.5 mole% PX conversion and 89.1 mol% PTA
selectivity’s were achieved by using 10% NHPI initiator in the reaction mixture. These results
clearly show that it is possible to prepare PTA from PX using a metal free catalyst.
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Chapter-4: Selective oxidation of benzyl alcohol AcSIR

4.1. Introduction

Selective oxidation of organic molecules is an important area of research, as many
industrially important chemicals and chemical intermediates are obtained through this route.
Among selective oxidations, conversion of alcohols to aldehydes is important in the perfume
industry.! Benzaldehyde is the second most important aromatic molecule with wide commercial
applications,? it is used as an intermediate in the production of fine chemicals, in flavoring
industries, pharmaceutical, foods and cosmetics manufacture.! Hence, production of
benzaldehyde (BzH) through partial oxidation of benzyl alcohol (BzOH) is highly significant in
this connection. Currently, BzH is produced commercially through the liquid phase hydrolysis of
benzal chloride and oxidation of toluene. The other methods developed are the partial oxidation
or dehydrogenation of BzOH, carbonylation of benzene and the ruthenium-catalyzed oxidation
of styrene with periodate or hypochlorite etc.!
4.2. Literature background on the oxidation of benzyl alcohol

Benzyl alcohol undergoes variety of reactions depending on the nature of the catalyst and
reaction conditions employed. Some of the transformations are (a) partial oxidation to form BzH,
benzoic acid and benzyl benzoate,® (b) disproportionation to form BzH, toluene and water,* (c)
dehydration to form dibenzyl ether and (d) self-condensation (benzylation) to form anthracene
and stilbene.> ® There are extensive reports on the partial oxidation of alcohols to aldehydes in
batch reactors using different catalysts.”?” While liquid phase batch reactions require a long time
to reach steady state, some of the researchers focused on green approaches such as solvent-free
processes;® 11 14 2228 ysing green oxidants like air/Op;" 10 12 14,1820 23 3ng  phy means of
photocatalysis.?® Hutchings et al, demonstrated solvent-free oxidation of BzOH using supported
Au-Pd/TiO2 nanoparticulate catalysts, in which toluene is formed as a by-product due to
disproportionation. The addition of Pd to Au increases the rate of disproportionation, while Au
sites do not catalyze the formation of disproportionation products. Further studies by change in
the support from TiO, to MgO and ZnO suppressed the disproportionation even using Au-Pd as

active catalyst.

Choudhary et al achieved 100% conversion of BzOH at 94 °C by using TBHP as oxidant
and Au/MgO as catalyst with 72.5% BzH yield.® Palladium supported on different organosilane-

functionalized carbon nanotubes were studied for solvent-free aerobic oxidation of BzOH by
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Yibo Yan et al.}* Gold nanoparticles encapsulated in metal-organic frameworks used under
solvent-free conditions with O as oxidant at atmospheric pressure to get 53.8% conversion of
BzOH and 53.7% BzH yield.'®* CoMgAl hydrotalcites containing different Mg?* contents was
investigated with TBHP as the oxidant.2® Mg?* ions promoted the oxidation process of Co?* to
Co®* leading to improved catalytic activity.!” Effects of Ce and Fe addition to nanostructured
MnOx was explored, along with reaction mechanism, kinetics and deactivation pattern of this
catalyst in BzOH oxidation.?! DRIFT studies were used to analyze the fresh and used catalysts,
the formation of benzoic acid hindered the oxidation through strong adsorption on active sites
leading to deactivation of the catalyst.!® 1° Benzyl alcohol conversion of 83.6% with 98.0% of
BzH selectivity was achieved with 2wt% Pd/carbon nanotubes (CNTs) with toluene and water as
solvents in presence of K,C0O3.2° Recently carbon quantum dots were reported as catalysts for
partial oxidation of benzyl alcohol by Xiao Zhang et al, they achieved 99.9% BzH selectivity at
BzOH conversion of 75% using NaClO as the oxidant.?* All these reactions conducted in liquid

phase involve costly separation of catalysts, hence have less commercial feasibility.

Recently, there were some reports on partial oxidation of BzOH in the vapor-phase, using
air/molecular oxygen as oxidant. These oxidants are favored as they generate only H>O as a by-
product, thus leading to atom economy and a green chemical process. Some of the reported

results are shown in Table 4.1.

Table 4.1. Summary of selected BzOH vapor-phase oxidation processes.
Entry Catalyst C((z/r;;/ ' \E(')Z I)d Se'?g/?)\”ty (QE) Ref.
1 Cu—Na—ZSM-5 84.4 | 71.1 84.2 400 30
2 5wt% Ag/SiO- 84.4 84 99.5 350 3
3 Ca—Ag/SiO; 66.9 | 66.7 99.6 240 32
4 Co/NaY - 45 - 350 3
5 1% Au—Cu/SiO; 98 98 99 313 3
6 K—Cu-20TiO, 72 70.5 98 203 %
7 Ag/Ni—fiber 84 78.9 94 380 36
Nanoporous gold
8 (NPG‘; g 581 | 553 | 951 | 240 a7
9 2.81 wt% Ag—HMS 100 96 96 310 38
10 | Au/TiO; 79 79 100 320 %
11 H-OMS-2 92 91.1 99 210 40
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Results in Table 4.1 show a broad range of reaction temperatures. All catalysts show 95-
100% selectivity for BzH (except Entry 1), with a range of conversions between 58-100%. In
terms of atom economy and green chemistry point of view selectivity is a primary parameter for
any catalytic process compared to BzOH conversion. Ag and Au on various supports are active
for the BzOH partial oxidation. From the above Table, it is evident that they are active in the
range of 240-350 °C. Though some reactions are transition metal catalyzed like Co/NaY 3 and
Cu—Na-ZSM-5,% they need higher reaction temperatures of 350 and 400 °C when compared to
slightly lower temperatures for noble metal catalyzed BzOH oxidation. Fan J. et al have reported
BzOH oxidation just above the boiling point of BzOH with 72% conversion and 98% selectivity
to BzH using K-Cu-20TiO- as catalyst.® Naftali N. Opembe et al reported OMS-2 as catalyst for
the vapor phase oxidation, they achieved 92% conversion of BzOH with 99% BzH selectivity at
a low reaction temperature of 210 °C.%° These studies, with catalyst comprising Cu?* and Mn®4*,
show very good activity for partial oxidation of benzyl alcohol.

Here, in our study we have used transition metal oxides as a catalysts with different
oxidation states of manganese such as MnO (+2), Mn203 (+3), MnO2 (+4) and a mixed oxidation
state of Mn in the form of Mn3O4 (+2, +3), which is a spinel (AB20a) to find their activity in the
absence of any noble metal. Manganese oxides with different oxidation states such as MnO,
Mn203, Mn30s4, MnO. and K-OMS-1 were studied in the batch by Fanny Schurz et al and
showed that MnO> is more active among them.*! The activity and the stability of the catalysts
was correlated to the ionic state of the manganese, with Co and Cu as the dopant metals; being
active for the selective oxidation of BzOH.% 30 3335 The effect of dopant in the spinel, the

substitution of dopant in A or B site were studied by XPS.

4.2.1. Vapor phase oxidation of BzOH over copper incorporated MnzO4

Attempts were made to develop a vapor phase partial oxidation process for BzOH using
transition metal oxides (Mn, Cu and Co mixed oxides) in the absence of any noble metal. This

reaction was studied to find best experimental conditions for the selective vapor-phase oxidation,
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by studying the BzOH flow rate, reaction temperature, oxidant to substrate ratio, amount of
catalyst and its composition. 10% of O, was used as an oxidant (O2 + N2) under optimized
reaction conditions. The role of dopant was investigated by using different physico-chemical
techniques and how it influences the steady state activity and stability during time on stream

(TOS) of the reaction.

4.3. Experimental procedures

4.3.1. Materials and characterization

Benzyl alcohol, Benzaldehyde, benzoic acid, MnO2, Mn(OAc)2-4H20, Cu(OAc).-H20,
Co(OAC)2:4H20 and KOH were purchased from Merck, India, while MnO was obtained from
Alfa-Asser. All the chemicals were used as received without any further purification. The
catalysts were characterized using powder XRD, BET surface area, TGA, TPD of CO2 and
ammonia, TPR and XPS.

4.3.2. Evaluation of catalysts

Catalysts were evaluated in down flow, fixed bed stainless steel reactor tube placed in a
two-zone split furnace (13mm id and mm length, Geomechanique, France). The reaction data
were collected at atmospheric pressure in the temperature zone of 260-320 °C, using 0.5 g of the
catalyst particles in the range of 180-300 microns. The catalyst bed temperature was
continuously monitored by a Cr—Al thermocouple. Before the reaction, catalysts were activated
in presence of air (30 ml/min) at 450 °C for 6 h, followed by cooling to the reaction temperature
in presence oxidant (50 ml/min). The reactant was fed to the reactor using a high-precision
syringe pump (ISCO Model 500D) at required flow rate. The reactant was vaporized in the upper
zone of the reactor (pre-heating zone) before it entered the catalyst bed. The product mixture was
cooled using a chilled water condenser and collected in a gas-liquid separator. Analysis of the

product mixture was done at regular intervals using a GC (Agilent 7890A) equipped with a flame
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ionization detector (FID) and HP-5 capillary column (50 m length, 0.32 mm diameter). All the
products were identified using pure authentic standards and by using GC-MS (Agilent MS-
5975C single Quadruple in ElI mode). Conversion of BzOH was calculated based on the fraction
of BzOH reacted, while the BzH selectivity was calculated based on its percentage among the

total products.

4.4. Results and discussion

4.4.1. Catalyst characterization
4.4.1.1. X-ray diffraction (XRD)

XRD of MnO, MnO and Mn2Oz show that the MnO: is in tetragonal form while MnO
and MnOgz are with cubic lattice (JCPDS Nos. 81-2261, 77-2363 and 71-0636 respectively).
XRD patterns of fresh and spent Cu and Co doped Mn3O;4 catalysts are shown in Fig. 4.1. The
sample without cobalt/copper show Mn304 with hausmannite structure (JCPDS file No. 24-734,
tetragonal) after calcination at 500 °C. A small amount of MnsOg (JCPDS file No. 39-1218) was
also found in freshly calcined Mn3O4 sample. The diffraction lines at 20 values of 39.27, 47.76
and 66.16 are assigned to MnsQOs. In addition to MnsOs, a small concentration of Mn2O7 (peak at
21.49°, JCPDS file No. 27-0083) was also found in the Mn3O4 catalyst. The hausmannite

structure did not undergo any change after incorporation of cobalt and copper in small amounts.

Intensity (CPS)

Cug.25Mny 7504

10 20 30 40 50 60 70 80
20(°)

Fig. 4.1. XRD of fresh MnzO4, copper and cobalt doped catalyst.
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The absence of individual cobalt and copper oxides in respective samples indicate the
substitution of cobalt and copper into the manganese oxide (MnsOs) lattice.** 4> A clear shift in
260 values was observed for all the peaks, this was shown for the peak at 20 ~36 as an inset (Fig.
4.1). The peaks have shifted to lower 20 for copper containing samples*® and slightly to higher
side for cobalt** containing catalysts. Cell parameters show a gradual transformation of
tetragonal spinel to cubic (i.e., a decrease in “c” value and an increase in “a” value) with gradual
increase in copper content. The respective values are a = 5.7540 and ¢ = 9.4072 A for Mn3O4, a
=5.7560 and ¢ = 9.3912 A for Cuo.12sMn.87504, a = 5.7616 and ¢ = 9.3658 A for Cuo.2sMn.7504
and a = 5.7640 and ¢ = 9.2456 A for CugsMn, 504, respectively (Table 4.2).

XRD of spent catalysts after 8 h of BzOH partial oxidation at 300 °C, are shown in Fig.
4.2. No changes observed in case of MnzOas, Cug.12sMn2.87504, Cuo.2sMnN2.7504, C00.25MnN2.7504
and MnO catalysts after the reaction and hence no phase change was observed for these catalysts.
No individual oxides of cobalt/copper were observed in spent catalysts (Fig. 4.2a, b, ¢, e and h).
In spent CuosMn2504 there is formation of MnO phase at 26 - 40.4 (Fig. 4.2d). In Mn20O3 spent
catalyst there is formation of Mn3O4 phases at 26 -17.92, 23.16, 29.26 and 36.40 (Fig. 4.2f). On
the other hand MnO; catalyst has changed completely to Mn3O4 oxide (JCPDS no. 80-0382)
after the reaction (Fig. 4.29g).

4.4.1.2. N2-Physisorption

BET surface areas of all the catalysts are given in Table 4.2. It was observed that the
surface area of the copper doped catalyst increased compared to the parent spinal (Mn3Oa),*
while the surface area of the cobalt doped catalysts decreased. The increase in the surface area of
the copper catalyst might be due to decrease in the crystallite size, which was clearly observed
from XRD investigations. The presence of cobalt increases the crystallite size and decreases the
surface area. The results shows change in the cell parameter of tetragonal form of Mn30a4 as a
result of dopant metal. Calculated and actual wt.% of metals present in the samples is also given
in Table 4.2.
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Fig. 4.2. XRD of fresh and spent catalyst of (a) Mn3Os4, (b) Cuo.12sMn257504, () Cuo.25Mn2.7504, (d)
CuosMn2504, (6) C00.25MN2 27504, (f) Mn,Og, (g) MnO. and (h) MnO.
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Table 4.2 Catalyst composition, crystallites size and BET surface area values of copper/cobalt-
manganese oxide (Mx«Mn;-,O4) catalysts.
: YAV
s Catalyst Metal concentration (wt%) Cell pg;zslmeter Crystallite o ()
No Mn Cu/Co a b size (nm)
1 MnO 76.8(77.4)° - 4.4425 - 70.7(42.9)° 10.2
2 MnO3 67.6(69.5) - 4.6880 - 34.1(41.2) 18.2
3 MnO; 63.8(63.1) - 4.4003 | 2.8682 | 38.4(35.0) 18.0
4 Mn3O4 71.6(72.0) - 5.7540 | 9.4072 | 21.6(18.3) 215
5 | C0025Mn2.7504 66.9(70.5) 6.6(6.8)° | 5.7532 | 9.5346 | 41.6(39.5) 16.1
6 | CUo12sMn257504 67.5(68.7) 2.9(3.4) 5.7560 | 9.3912 | 21.5(16.0) 34.5
7 | CUo2sMnz7504 64.3(65.3) 6.2(6.8) 5.7616 | 9.3658 | 17.8(12.3) 37.1
8 | CuosMnzs04 53.6(58.9) 14.1(13.7) | 5.7640 | 9.2456 | 13.2(11.4) 41.3

(a) Chemical analysis values are obtained from ICP-OES. (b) Numbers in brackets are expected values
based on input metal. (c) Values of used catalysts.

4.4.1.3. Thermo gravimetric analysis (TGA)

Thermogravimetric analysis of fresh and spent catalyst of Mn oxides with different
oxidation states +4, +3, +2, combination of +3 & +2 of MnO,, Mn;03, MnO, Mn304, and
copper/cobalt doped Mn3QO4 respectively are shown in Fig. 4.3. For fresh samples, no weight loss
was observed for Mn,Ogz, while there is a slight weight loss for Mn3O4 above 600 °C (Fig. 4.3a),
it was found that at high temperatures (>600 °C) Mn3zOs tend to form more stable oxides like
Mn2Oz (determined by heating the Mn3O4 at 600 °C for 6 h, 5 °C/min.). Two weight losses
observed for MnO2 at >300 °C and at >600 °C (Fig. 4.3a), both weight loss are due to
rearrangement of MnO: into more stable Mn3O4 (>300 °C) and Mn203 (>600 °C) (determined by
heating the MnO- at 500 and 600 °C for 6 h @ 5 °C/min.). In case of MnO, the gain in weight
around 350 °C is due to oxidation of Mn?* (in MnO) to higher oxides in the presence of air (Fig.
4.3a). Similar observations were made with spent MnO catalyst. In case of spent MnO, and
Mn30s, they show little weight loss at around 350 °C attributed to any adsorbed carbonaceous
species. Whereas, Mn>Os shows high weight loss at around 350 °C (~30%) due to removal of
adsorbed carbonaceous (product) species (Fig. 4.3b). This study reveals that the presence of only
Mn*2 doesn’t help rapid desorption of product formed during the reaction. On the otherhand,

Mn3O4 catalyst shows only 4% of weight loss at around 350 °C.
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Fig. 4.3. TGA of fresh and spent catalysts of MnO, Mn;03, MnO2, Mn3Oa, Cuo2sMn2 7504 and
C00.25sMn2.7504 in air.

TGA of fresh cobalt or copper containing catalysts do not show substantial weight loss
till 600 °C, the weight loss around >100 °C is due to the removal of water (Fig. 4.3c). The weight
loss (~3.5%) above 600 °C is attributed to lattice rearrangement of the catalyst to form more
stable oxide i.e., Mn20s. In TGA of spent catalyst, a weight loss around 300-350 °C was
observed for all the catalysts. This weight loss is attributed to the desorption of carbonaceous
(product) species from the surface of the catalyst which was deposited during the reaction (Fig.
4.3d). The order of weight loss follows the order Cuo.2sMn27504 ~ MnzO4 < C00.25Mn2.7504,
which implies that high amount of adsorbed species was present on Co doped catalyst compared
to Cu doped Mn30s. This indicates that the presence of Co does not help faster desorption of
product species from the catalyst surface.
4.4.1.4 Temperature programmed reduction

Temperature programmed reduction (TPR) of samples with Mn in different oxidation
states (+4, +3, +2) corresponding to MnQO2, Mn203, MnO and Mnz04 oxides shows different

reduction temperature maxima (Fig. 4.4). MnO2 shows a single broad peak centered at around
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310 °C with a shoulder, which may be attributed to step wise reduction of Mn** — Mn* —
Mn?*, while Mn,O3 show two sharp peaks centered at 286 and 398 °C assigned to the reduction
of surface and bulk Mn®*. Whereas, MnO shows only one reduction maximum centered around
368 °C. TPR profiles of freshly calcined Mn3O4 show two reduction peaks centered at 405 and
260 °C. These peaks may be assigned to the reduction of surface and bulk of Mn*" (Fig. 4.4a).%5
Results Cu doped spinel demonstrate that the presence of Cu promotes Mn reduction, due to
which a decrease in reduction temperature was observed on its incorporation, giving a broad
low-temperature reduction peak at about 210 °C (Fig. 4.4b).*® Co doped spinel shows three
reduction peaks at 230 and 405 °C, assigned to reduction of Mn3* at surface and bulk, and a high
temperature reduction peak at >600 °C attributed to bulk Co®* reduction (Fig. 4.4b).*" % Results
observed in our study are in agreement with those reported in literature for Cu doped spenels.*®
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Fig. 4.4. TPR of (a) Mn with different oxidation states and (b) Mn3Qa, Cug.2sMn2.7504 and Coo 25Mn2.750a.

4.4.1.5. CO2 and NHs -Temperature program desorption

The results of TPD of CO2 and NHjs of fresh catalysts are shown in Fig. 4.5. TPD of CO>
shows that desorption occurs below 300 °C, with peaks centered around 177 °C for Mn3Qg, at
155 and 240 °C for Cuo.2sMn2.7504; 162 and 289 °C for C0o.2sMn2.7504 catalysts (Fig. 4.5a). From
the desorption curves, it is clear that catalyst have two kinds of sites for CO2 binding on the
surface of these catalysts, which may be attributed to weak and moderately strong basic sites. For
copper containing catalyst, a shift in desorption peak towards lower temperature was observed
for weak basic sites and increase in the strength of moderately strong basic sites was observed.
The above results show that the overall basicity in Cuo2sMn2.7504 is higher than that of Mn3O4

and Coo.25Mn2 7504 respectively.®
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Fig. 4.5. TPD of Mn30a, Cug.2sMn2.7504 and Cog 2sMn; 7504; () CO2-TPD and (b) NHs-TPD.

Table 4.3. Surface acidity and basicity of copper/cobalt-manganese oxide
(MxMn;-xOs4) catalysts by TPD.
CO, CO, NH; NHs
S.No Catalyst desorption | desorbed | desorption | desorbed
Tmax (°C) | (umol) | Tmax (°C) | (umol)
1 Mn,O, 178 22.0 170 70.2
2 | Cu,,.Mn, 0O, 152 42.4 171 160.3
3 | Cu,,Mn, O, 159 39.2 170 184.6
4 | Cu,,Mn, O, 167 41.7 171 237.2
5 | Co,,Mn, O, 167 16.5 155 55.0
6 Mn,O, 150 22.2 132 65.2
7 MnO, 129 20.0 150 92.9
8 MnO 105 9.7 103 03.5

TPD of NH3 of the above samples shows that desorption occurred below 300 °C, with
peaks centered for MnzOs at 170 °C, Cuo2sMn2.7504 at 166 and 230 °C and in the case of
C00.25Mn2.7504 the desorption peaks were at 152 and 225 °C (Fig. 4.5b). From the desorption
curves, it is clear that catalysts have two kinds of binding sites for NHz on the surface of these
catalysts, which may be attributed to acid sites of weak and moderate strength. In case of cobalt
catalyst, a shift in desorption peak towards lower temperatures was observed for weak acidic
sites. An increase in the strength of moderately strong acidic sites of the Cu doped catalyst was
observed relative to Mn3O4 (Fig. 4.5b). The above results clearly show that the overall acidity
and basicity in Cuo2sMn27504 is relatively higher compared to MnzOs and Co0o.25Mn2.7504.
Doping of copper in Mn3Oas results in increased - acidity as well as basicity which is in
agreement with our earlier report.*® Further increase or decrease in the copper doping varies the
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acid strength, but basic strength remains more or less same. Total acidity obtained from desorbed
CO. and NHsare given in Table 4.3.

4.4.1.6. Temperature program desorption of O2

Figure. 4.6 shows the O,-TPD profiles of catalysts. The desorption peak around 100 °C is
assigned to weekly adsorbed molecular O2.*° The desorption peak in the range of 350-375 °C is
attributed to the desorption of adsorbed atomic oxygen and some lattice oxygen as O, %> %° The
atomic oxygen species adsorb strongly compared to molecular oxygen species. In general the
rate of dissociative adsorption of oxygen to atomic oxygen species is lower than that of
molecular species adsorption.*® The amount of adsorbed oxygen species such as Oz and Oz on
Cuo.2sMn27504 is higher than that on Mn3Os or Coo2sMn27504 (Fig. 4.6). This clearly
demonstrates that the presence of copper increases the oxygen uptake capacity when compared
to the cobalt substituted spinel (Coo.2sMn2.7504) and Mn3O4 at 300 °C.
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Flg 4.6. O,-TPD of Mn304, Cuo,stn2,7504, and C00.25Mn3.750..

4.4.1.7. XPS analysis

Surface characterization of Mn oxides (MnO, Mn.O3, MnO> and Mn3z04), copper/cobalt
(x = 0.25) doped fresh catalysts and spent copper doped catalyst (Cuo.2sMn..7504) was carried out
by using XPS.

Mn 2p core level and Mn 3s level

Hausmannite (MnszO4) has a spinel structure containing both Mn?* and Mn®* ions.

Distinguishing between the oxidation states of Mn in Mn3O4 using XPS is tough®! as the reported
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values for the 2ps/» peak of the manganese cations in MnO, Mn3z04, Mn20 and MnO; are close at
640.9, 641.7, 641.8 and 642.4 eV, respectively.>® In our study similar values were observed for
2p32 Mn cations in MnO, Mn30s4, Mn2O3 and MnO; at 641.6, 642.0, 641.4 and 642.3 eV,
respectively (Fig. 4.7a). Though the BE values of 2pz/» are very close for these Mn cations, the
presence of Mn?* can be seen through a satellite peak split of 6.0 eV in MnO while this is not
clearly identified in Mn3Os (Fig. 4.7a).%® The presence of Mn?* can be inferred from Mn 3s peaks
which have two multiplet split components as a result of the coupling of non-ionized 3s electron
with 3d valence-band electrons. The magnitude of peak splitting is characteristic of oxidation
state with expected AE for MnO (Mn?*) 5.64 eV; Mn,O3 (Mn®") 5.28 eV and MnO, (Mn**) 4.60
eV (Fig. 4.7b).5! The AE =5.36 eV observed for Mn3Ox is in between Mn,O3 (Mn**) and MnO
(Mn#"), which clearly indicate that a part of Mn is present as Mn?* in MnzOa.
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Fig. 4.7. XPS of MnO, Mn;O3, MnO, and MnzO4 of (a) Mn2p and (b) Mn3s.
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Mn 2p and Mn 3s XPS spectra of fresh Mn3O4, Cuo25sMn27504, C00.25Mn2.7504, and spent
Cuo.25sMn2.7504 catalysts are shown in Fig. 4.8. The binding energy (BE) values of 641.4 £0.1 eV
for 2ps2 and 653.15 0.1 eV for 2p1> were observed for all of the catalysts which strongly
suggests that Mn is in +3 and +2 oxidation states (Fig. 4.8a). The BE observed for Mn 2ps/» and
2p1s2 for copper and MnzO4 are in good agreement with those reported in literature.*® The AE of
Mn3S for the fresh (Cuo.25Mn2.7504, Coo.25Mn2.7504) and spent (Cuo.2sMn2.7504) catalysts was in
the same range of 5.64 - 5.28 eV (observed for Mn +2 and +3), for Cug2sMn27504 (5.28 eV);
C00.25Mn2.7504 (5.49 eV) and spent Cuo.2sMn2 7504 catalyst (5.38 eV) respectively (Fig. 4.8b).
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Fig. 4.8. XPS of fresh MnzO4, Cuo.2s, C0o.25, and spent Cug s catalysts; (a) Mn2p and (b) Mn3s.

Cu 2p core-level

XPS spectra of Cu 2pas/2 core level for fresh and spent Cug.2sMn2 7504 catalysts are shown
in Fig. 4.9a. The main peak at 933.3 eV for 2pz; with a satellite peak at around 943.6 eV was
observed for both the catalysts. The BE values of our samples are in good agreement with those

reported previously.> These results show that the copper is present in +2 oxidation state.
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Fig. 4.9. XPS of fresh Cuo.2s, Coo.25 and spent Cuo.2s catalysts; (a) Cu2p and (b) Co2p.

Co 2p core level

XPS spectra of Co 2ps2 core level of fresh Cog.2sMn2 7504 catalysts is shown in Fig. 4.9b.
Peak at 779.9 eV for 2ps with a satellite peak at around 786.2 eV and a peak at 795.9 eV for
2p12 with a satellite peak at around 801.4 eV were observed for this Co doped catalyst. The

satellite splittings of Co 2ps, and Co 2py» for the octahedrally coordinated cobaltous ions is
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expected to be 6.2 eV.> Whereas, satellite splittings of Co 2psz and Co 2p12 for the tetrahedral
coordinated cobaltous ions are reported to be 5.3 eV and 6.2 respectively.>®> We observed the
satellite splittings of 5.4 eV and 6.3 eV for Co 2ps2 and Co 2p1s. respectively. This clearly shows
that Co?" is in tetrahedral coordination. The spin—orbit splitting of Co 2ps»—2py is of 15.9 eV
which shows the existence of Co?*. Due to paramagnetic nature of Co?* (d’, eg*, t2g°) and Cu?*
(d°eq*, t2g%), the charge transfer (A) from the oxygen ligand to metal ion occurs, as a result the

satellite peaks appear at higher energy.>*

4.5. Catalytic activity of BzOH in oxidation
All the above described Mn containing oxide catalysts were evaluated for partial oxidation of
benzyl alcohol to yield benzaldehyde.
4.5.1. Effect of catalyst composition: Mn with different oxidation states

Benzyl alcohol conversion and benzaldehyde (BzH) selectivity were studied
systematically using various manganese oxide catalysts in which Mn is present in different
oxidation states (+4, +3, +2) (Table 4.4). The catalyst screening was carried out under identical
conditions (at 300 °C) using O2 to BzOH mole ratio of 0.5 at a weight hourly space velocity
(WHSV) of 5 h™!. Benzyl alcohol was converted to BzH with high (93-99%) selectivity; with
other products (1-7%) being benzoic acid (a over oxidation product), benzyl benzoate and benzyl
ether (condensed products). Some benzene and toluene were also present, being decarboxylation
and disproportionation products. The BzOH conversion and BzH selectivity varied drastically
based on the Mn oxidations states and catalyst composition. Among the catalysts studied, MnO
(Mn?*) shows least activity (<6% of BzOH conversion), MnOz (Mn*") shows improved activity
with ~40% of BzOH conversion, while Mn20z (Mn*") show relatively much higher activity.
However, the BzH selectivity decreased at higher conversions due to over oxidation of BzOH to
benzoic acid. Spinel Mn3O4 (Mn?" 3%) shows the best activity among the manganese oxide
catalysts studied accompanied by high (98.8%) BzH selectivity. The catalytic activity of this
catalyst was also relatively stable with time on stream.

Reaction results show that Mn with +3 oxidation state shows the highest activity
compared to Mn-oxides that are present in other oxidation states (+2 and +4). The catalyst that

contains Mn** shows moderate activity. The worst among these oxides is the MnO (Mn?*) that
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shows the least activity as reported in literature.*® The selectivity to BzH has increased with the
introduction of Mn?* and Mn**cations in the form of spinel (Mn3Oa). We have also observed that
the presence of +3 cation leads to the over oxidation of BzOH to benzoic acid. Though +2 cation
of Mn does not show appreciable activity in partial oxidation of BzOH, it plays a crucial role in

the selective formation of BzH by suppressing the formation of side products.

Table 4.4 Product distribution over different manganese

oxides.®
Conversion Selectivity (%)
Entry | Catalyst | of BzOH B7H Others
(%)
1 MnO, 39.5 97.9 2.0
2 Mn,0s 82.7 92.6 7.3
3 Mn3O4 81.3 98.8 1.2
4 MnO 5.6 97.6 2.4

[a]Reaction conditions: 0.5 g of catalyst, 300 °C, 50
mL.min (10% O; in N2; volume to volume), oxygen to
substrate ratio (0.5), WHSV- 5 h! and time (8 h).

4.5.2. Effect of doping cobalt and copper into MnzO4 spinel

While the steady state activity of the Mn3Os in partial oxidation of BzOH is not
noteworthy, stable activity could be achieved on doping MnsO4 spinel with Cu. Moreover, slight
increase in BzOH conversion was seen with copper-containing catalysts (Cuo.2sMn27504) while
the activity was lower with cobalt doped catalyst (Coo.25sMn2.7504) (Fig. 4.10a). The deactivation
of the catalyst was also rapid with cobalt doped catalyst. On all catalysts, there is an initial
increase in the catalytic activity upto 2 h on stream, which starts dropping thereafter, particularly
in the case of catalysts that do not have copper in their framework. The activity was found to be
reasonably stable with copper-containing spinel catalyst with time stream (TOS) as compared to
other spinel catalysts (Cog25Mn2.7504 and Mnz04). The catalyst with Cu = 0.25 showed good

activity and as well as high BzH selectivity (98.0%), with hardly any deactivation even after
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longer hours on stream (section 4.5.7). Selectivity of the other products with TOS is shown in the

Fig. 4.10b.

Doping with small amounts of copper helped in reducing over oxidation and also helped
in fast desorption of products formed. On the other hand the Co doped spinel did not show stable
activity. As discussed earlier, acidity and basicity on copper catalyst (Cuo.2sMn27504) is higher
when compared to C0o.2sMn2.7504 or Mn3O4 catalysts (Table 4.2). The decrease in the activity or
the deactivation of Coo.25Mn27504 and Mn3zO4 catalysts with time may be due to blockage of
active sites by the strongly adsorbed reaction species as can be seen from the TGA of spent
catalyst (Fig. 4.2d). It is presumed that the catalytically active sites are blocked by the acid
product formed, as it is not desorbed faster from the surface of catalyst under the reaction
conditions.?" ?? |t shows that the presence of copper is somehow helping the reaction of benzoic
acid and benzyl alcohol to form benzyl ester, which is easily desorbed from the catalyst surface.
Thus, Cu is promoting ester formation and helping in the retention of catalytic activity for longer
durations. Since the benzoic acid formed during the reaction is desorbed in the form of benzyl
ester, catalyst sites are regenerated. The presence of Cu result in the formation of benzyl ester,
while cobalt promotes the formation of benzyl ether which is not desorbed quickly, resulting in
the blockage of active sites (Fig. 4.10b). The deactivation was observed on all other catalyst
studied here, which is attributed to the blockage of active sites by the products formed.
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Fig. 4.10. Effect of cobalt and copper doping in Mn3O, catalysts: (a) Conversion (dash line) and
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Reaction conditions: 0.5 g of catalyst, 300 °C, 50 mL.min (10% O in N2; volume to volume), oxygen to
substrate ratio 0.5 and WHSV- 5 ht,

4.5.3. Effect of temperature on catalytic activity

Fig. 4.11a shows the variation of BzOH conversion and BzH selectivity as a function of
temperature (260-320 °C) on Cuo2sMn2.7504 catalyst. The conversion of BzOH increased with
temperature and reached maximum of 84.5% at 300 °C compared to a value of 50.7% at 260 °C.
The conversion remains nearly flat with further increase in reaction temperature to 320 °C.
Similarly, the selectivity of BzH reached a maximum of 98% at 300 °C and reduced somewhat
on further increasing the temperature. It was found that at lower temperatures, the deactivation of
the catalyst is predominant as a function of time. However, the selectivity of BzH was always
between 97-98% at all the temperatures studied. Selectivity of the other products is shown in Fig.
4.11b.
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Fig. 4.11. Influence of reaction temperature on benzyl alcohol conversion and product selectivity over
Cuo2sMn2 7504 catalyst: (a) Conversion (dash line) and selectivity (solid line) as a function of time, 320
°C (@), 300°C (A), 280 °C (o), 260 °C (o) and (b) Selectivity of other products.

Reaction conditions: 0.5 g of catalyst (Cuo.2sMn2.7504), 50 mL/min (10% O in N2; volume to volume),
oxygen to substrate ratio 0.5 and WHSV- 5 h.

Temperature study reveals that a reaction temperature of 300 °C is optimum for all the
catalysts. Below 300 °C, the catalysts deactivated rapidly due to non-desorption of products
formed. Moreover, boiling of point of benzoic acid is 249.2 °C, hence it does not readily desorb
from the catalyst at lower temperatures. The formation of benzoic acid and benzyl ether blocks
the active sites of the catalysts that in turn lower the activity with TOS.?! 22 Smooth desorption
of benzoic acid from catalyst is observed at high temperatures. Along with that, the formation of

benzyl ester increased by increasing the temperature, which further helps in desorption of
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benzoic acid formed in the form of ester (Fig. 4.11b). The conversion remains same with further
rise in reaction temperature to 320 from 300 °C, with steady state selectivity of BzH (98.0% at
300 °C) with the Cuo.2sMn2.7504 catalyst.

4.5.4. Effect of oxidant

Oxidation of BzOH was also carried by changing the oxidant partial pressure, using
various ratios of oxidant to alcohol over Cuo2sMn2.7s04 catalyst at 300 °C. These results are
depicted in Fig. 4.12, with respect to benzaldehyde selectivity. As expected, alcohol conversion
increased linearly with increasing oxidant concentration in the feed, reaching maximum of 84.5
and 86.2% of conversion for O to substrate mole ratios of 0.5 and 1. Even though the conversion

increased at higher O to substrate mole ratio, the BzH selectivity decreased from 98 to 96.6%.
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Fig. 4.12. Effect of oxidant (O-) to benzyl alcohol mole ratio on BzOH conversion and BzH selectivity.

Reaction conditions: 0.5 g of catalyst (Cuo25Mn27504), 300 °C, 50 mL/min (Oz in N;), WHSV- 5 h?! and
TOS-8 h.

This shows that oxygen to substrate ratios has a profound role in the selectivity and conversion.
A controlled amount of oxidant in the feed with the mole ratio of oxygen to substrate being 0.25,
steady state conversion (45.3%) with BzH selectivity of 99.4% was achieved. When the mole
ratio of oxygen to substrate increased to 1, the availability of oxygen in the feed is high leading
to the formation of over oxidation products thus resulting in the fall of BzH selectivity. In case of
industrial application, selectivity gets more importance compared to the conversion, as the

reactant can in principle be re-circulated in a continuous reaction.
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4.5.5. Effect of WHSV

Fig. 4.13 shows effect of WHSV on BzOH conversion and BzH selectivity as a function
of time over Cuo2sMn27504 catalyst, using oxidant to BzOH mole ratio of 0.5. The BzOH
conversion decreased at high WHSV, though there is marginal increase in aldehyde (BzH)
selectivity. The conversion of BzOH was 84.3, 70.4 and 58.6% for WHSV at 5, 10 and 15 h
respectively after 8 h of reaction. Since the contact time of substrate with the catalyst decreased
with increasing WHSV, it led to the decrease in BzOH conversion. Hence, WHSV of 5 h'* with

O to substrate mole of 0.5 was found to be optimum for steady and stable activity.
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Fig. 4.13. Effect of WHSV on benzyl alcohol conversion on Cug2sMn;7504 catalyst.

Reaction conditions: 0.5 g of catalyst (Cuo.2sMn2.7504), 300 °C, 50 mL/min (10% O- in N2), oxygen to
substrate mole 0.5 and TOS-8 h.

4.5.6. Effect of copper content on activity
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Fig. 4.14. Influence of Cu content on partial oxidation of benzyl alcohol:
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(a) Conversion (dash line) and selectivity (solid line) as functions of time for (Cuo.12sMn2.7504 (O),
CUo.25Mn2.7504 (A) and CugsMn,504 (0)) and (b) Selectivity of products other than BzH.

Reaction conditions: 0.5 g of catalyst, 50 mL/min (10% O; in N2; volume to volume), oxygen to substrate
mole 0.5 and WHSV- 5 h.

Figure 4.14 shows Influence of doped copper content on BzOH conversion and BzH
selectivity as a function of time. The increase in copper (CuosMn2504) content decreased both
the activity and selectivity of BzH. Lower selectivity is due to the presence of high copper which
helps in the formation of benzyl ethers. At low copper content (Cuo.12sMn2g7504), there is a
decrease in the activity as a function of time. This fall in the activity is due to the deactivation of
the catalyst as a result of blockage of active sites by the product molecules formed (Fig. 4.14a).
The BzH selectivity and BzOH conversion were stable for catalyst with copper doped to the tune
of x = 0.25. Selectivity of the other products are also shown in the Fig. 4.14b.

4.5.7. Long-term on-stream stability of Cuo.2sMn2.7504

Long-term stability of Cuo.2sMn..7504 catalyst was studied and compared with Mn3Og at
oxygen to substrate mole 0.5 and WHSV 10 h. It was found that the activity of the Mn3Ox4
catalyst decreased rapidly with TOS, while the activity of the Cuo2sMn2 7504 catalyst remained
steady even after 24 h (Fig. 4.15). From these experiments, it is clear that the Cuo.2sMn2.7504
catalyst shows better activity with TOS even after long duration. This catalyst system appears to
be superior to those reported so far in the literature, in terms of better conversion, BzH selectivity

and on stream stability
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Fig. 4.15. Steady state activity of MnsO, and Cuo.2sMn2.7504 catalysts: Conversion of BzOH (red),
selectivity of BzH (blue), catalyst Mn3;O4 (e) and Cug 2sMn2.7504 (0).
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Reaction conditions: 0.5 g of catalyst, 300 °C, 50 mL/min (20% O; in N2) and WHSV- 10 h.

Hausmannite (Mn304) doped with different copper contents were studied and the better
activity of the catalyst mainly depends on the acid-basic properties and oxygen uptake of the
materials. Here we observed the same with different amounts of copper, where the copper is in
+2 oxidation state if the mole fraction is <1 as reported.*® The stability of the catalytic activity
depends on desorption of products formed as product molecules bound to the catalytic sites lead
to reduction in activity. Hence, there is a need for optimum copper content in the catalyst. Hence,
very low copper (Cuo.12sMn2.87504) contents are not helpful (Fig. 4.14). Similarly, high Cu in the
framework may drive the formation of benzyl ethers, thus decreasing the formation of BzH.
From O,-TPD experiments, it was clear that the oxygen uptake capacity is high for
Cuo.2sMn2.7504 catalyst compared to other two catalysts (MnzO4 and Coo.25sMn2.7504). This could
be another reason behind better activity of Cuo.2sMn2 7504 catalyst. The acid-basic properties and
the amount of oxygen uptake/mobility play vital role in sustaining high activity. The stable
activity of the catalyst mainly depends on the byproduct desorption, which in turn depends on the
amount of Cu present in the catalyst. Thus presence of copper in the catalyst plays a key role in

the stable activity of the catalyst.

4.6. Conclusions

A series of manganese oxides and copper and cobalt doped manganese spinel
(CuxMn;3-xO4, CoxMn3-xOa) catalysts were prepared and studied using various physico-chemical
characterization techniques. They were tested for partial oxidation of benzaldehyde. MnzO4
spinel type oxide was found to be more active among Mn oxides, but was not stable for long
hours on stream. On the otherhand, on Cu doping the Cuo25sMn2.7504 catalyst was found to be
more active and stable. Among the spinel oxides that contain different Cu contents, catalyst
doped with x=0.25 in Mn3.xO4 (Cuo.2sMn2g7504) was relatively better compared to other two
compositions (Cuo.12sMn2 87504, Cuo.sMn2.g7504). Whereas MnzO4 doped with Co was less active
and less stable. Formation of by-products like benzoic acid due to over oxidation and their
subsequent reaction with benzyl alcohol to give benzyl ether appears to be responsible for rapid
deactivation of the catalyst. The presence of copper in optimum concentration (Cuo.2sMn2.7504),
helps in the desorption of the ester by-products formed during the reaction. The oxygen
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uptake/mobility and well balanced acidity-basicity associated with the catalysts must be

responsible for the selective formation of BzH and on-stream stability.
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Chapter 5: Selective oxidation of glucose and gluconic acid AcSIR

5.1. Introduction

Oxidation products of some of the biomass derived compounds have important
applications. Two such important products are gluconic acid (GA) and glucaric acid (GCA),
which are obtained on partial oxidation of glucose. The weak acidic property of GA can dissolve
oxides, hydroxides and carbonates of polyvalent cations without attacking metallic or
nonmetallic surfaces. As a result, gluconic acid is used for the removal of calcareous and rusty
deposits of metals, including by beer and milk scale on galvanized iron, magnesium alloys etc.
The GA is also used in the textile industry along with magnesium salts as a stabilizer for
peroxide bleach baths, food, beverage and the pharmaceutical industries.® Gluconic acid and its
salts are currently produced by the enzymatic oxidation of glucose by Aspergillus niger and
Gluconobacter suboxydans,® the bulk of production (85 %) being in the form of sodium

gluconate and other alkali gluconate salts.

OH OH OH OH
@]
o__[O1 | e
HO - HO
OH OH OH OH
Glucose Glucuronic acid (GUA)
[O] [O]
OH OH 0] o OH OH
o]
HO © > HO
OH OH OH OH oH ©H
Gluconic acid (GA) Glucaric acid (GCA)

Scheme 5.1 Catalytic oxidation pathway of glucose. % 34

The other important oxidation product of glucose is glucaric acid (GCA), which is
classified as one of the top 12 platform chemicals obtained from biomass.® Glucaric acid is an
important precursor for a variety of important and useful products, such as nylons, plastics and
food additives.® Glucaric acid upon selective hydrogenation gives adipic acid (AA), a key
intermediate for nylon 6-6 and other products in the plastics and textile industries.> ¢ Thus, GCA
from glucose offers a renewable alternative route for AA synthesis. Adipic acid is currently
produced on a large scale (>2.3 million tons per year) from petroleum-based KA oil, a mixture of
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cyclohexanol and cyclohexanone.” & Therefore, the current focus is on the development of
sustainable manufacturing processes for AA, preferably utilizing abundant non-food biomass in

an environmentally friendly way.®

5.2. Literature on the synthesis of gluconic acid from biomass-derived glucose
Selective oxidation of glucose with different catalyst systems is of great interest, as it is
complicated by the fact that the glucose has more than one functional group. To overcome these
problems, it is necessary to choose a highly suitable and selective catalytic system. The
chemoselective oxidation of glucose to GA was studied over various supported metal catalysts.

5.2.1. Use of external base

For the efficient production of GA from glucose, nobel metals like Pt, 133 pd 10 1 Ry
and Au*! have shown good activity. Some electrochemical processes were also reported for GCA
from glucose.™ Gold based catalysts show superior activity and desired product selectivity in the
oxidation of glucose, among other precious metal catalysts. Haruta et al and UIf PriRe et al
extensively studied selective oxidation of glucose to get GA using gold catalysts. Gold
nanoparticles with different sizes on a variety of supports were prepared and interaction of the
support with gold particles and its effect on activity were explored.'® " 18 UIf PriiRe and
coworkers have prepared gold colloids using polymers as stabilizing agents in aqueous solution
and used them to prepare catalysts like Au/TiO2,'® Au/Al,03,%° 21 22 Pt/Al,03%* and Pd/Al,03.2
Bimetallic catalyst systems have been studied with different combination of nobel metals like
Au-Pd, % 2 Au-Pt,?* Pd-Bi' and Pd-Te?®. Trimetallic systems such as Pt-Pd-Bi! on different
supports like carbon, Al,Os, etc were also studied. In order to achieve good GA selectivity, all
the above catalytic systems require addition of external base. This is an important drawback for

the process intensification of glucose to GA reaction.

5.2.2. Glucose to GA in the absence of external base

Base free oxidation of glucose to GA was reported by Hutchings and coworkers for the
first time by using 0.5% Au-Pd/MgO bimetallic catalyst. Their studies demonstrated that the
monometallic catalysts were less active than bimetallic catalysts for this reaction. Bimetallic

catalysts supported on different supports such as graphite, TiO, and Mg(OH). were also
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studied.?® When different methods of preparation of Au on TiO, were investigated, the results
showed that the particle size is an important factor for the catalytic activity of Au in the partial
oxidation of glucose.?” About 92% conversion of glucose with 87% selectivity to GA was
obtained with Au supported on ordered mesoporous carbon (CMK-3) catalysts.?® Wang et al
developed a 1.1wt% Au/uCeO2 catalyst, prepared by the deposition—precipitation method that
showed stable activity. The activity was found to be particle-size dependent, for the selective
glucose oxidation, in the absence of an external base.?® Solid basic supports were used to prepare
catalysts such as 3.5wt% Pt/hydrotalcite,® 1.7Au%/CeO,* for partial oxidation of glucose.
Rautiainen et al studied microwave-assisted base-free oxidation of glucose to GA with
AU/AlLOs* catalysts. High reaction temperatures were reportedly required when non-basic
supports were used to achieve high glucose conversion.?” 3% 32 The above literature shows that
the oxidation of glucose is favored at lower temperature when basic supports were used. The

controlled selective oxidation of glucose to GA without over oxidation is also of great challenge.

5.3. Synthesis of glucaric acid using supported metal catalysts

Partial oxidation of glucose to glucaric acid (GCA) is not a single step reaction. It
involves two steps with glucose as substrate, in the first step glucose is partially oxidized to GA
and in a consecutive step, GA is oxidized to GCA. The second step, i.e., oxidation of 1° alcohol
to acid is a slower step and hence need highly active and selective catalysts. To achieve this, it is
essential to choose a suitable metal and an appropriate support. The selective oxidation of
glucose and GA to GCA was studied over various supported metal catalysts.

5.3.1. Processes based on homogenous catalysts

Catalytic oxidation of glucose with mineral acids such as HNOs, nitroxides and NaNO-
have been reported. These were active in the reaction temperatures range of 25 to 80 °C to yield
nearly 50% GCA.33-% However, use of corrosive and hazardous mineral acids is not advisable
and the process is no longer green. In addition, it leads to problems like separation of products
and recyclability. High concentrations of these oxidants in the reaction medium and generation
of significant amounts of toxic by-products and inorganic salts pose major challenges in

commercial practice, though these processes are currently in practice.
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5.3.2. Electrochemical catalysis routes

Electrochemical oxidation of glucose to GCA with nitroxide, NaBr, NaOCI, mineral
acids and bleaches has been reported.3® 37 3 These reactions generate significant amounts of by-
products that have disposable problems, thus qualifying them to be less sustainable and not so

environmental friendly.38-4°

5.3.3. Heterogeneous catalyst systems that use external base

Jin et al reported catalytic oxidation of glucose and GA to GCA using heterogeneous
catalysts. A series of Pt- and Cu-based mono- and bimetallic catalysts over TiO2 support were
studied in presence of high concentration of NaOH. Yield of ~25% GCA at 45 °C with 100%
conversion of glucose was observed when Pt—Cu/TiO> catalyst system was used.® Further studies
on the structure-dependent oxidation activity of bimetallic PtPd nanoparticles on TiO2 were
investigated. Studies showed that PtPd catalysts are synergistically active compared to the
monometallic Pt or Pd, both for primary and secondary oxidation of glucose at 45 °C and at 0.1
MPa of O to give 44% yield of GCA at 100% glucose conversion.*

5.3.4. Heterogeneous catalyst systems without an external base

Boussie et al studied the partial glucose oxidation to produce 57% GCA in a 5 h reaction
at 80 °C under 5 bar Oz with 5 wt% Pt/C catalyst.*> Supported mono- and bimetallic Pt and Au
catalysts on TiO2, ZrO and SiO2 were investigated in the temperature range of 90-112 °C under
high pressure (27 bar) of O2 to obtain yield of 70% GCA after 5 h of reaction.*® However, these
reactions were conducted on a micro-liter scale reactor system which were neither reproduced
nor conducted on a reasonable laboratory scale. Jechan Lee et al in his studies achieved 74% of
GCA yield under base-free conditions using 5 wt% Pt/C at 80 °C and 13.8 bar O.. The activity of
catalyst remained nearly same even after five cycles, with glucose/Pt molar ratio of 54, showing
that Pt/C catalyst is robust and stable.**

Since, we are interested in exploring and developing catalyst systems to get glucaric acid
in two steps involving glucose partial oxidation to gluconic acid (GA) followed by its further
oxidation to glucaric acid, this chapter is divided into two parts, part-A and part-B that describe

our efforts for development of catalysts for gluconic and glucaric acids respectively.
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Part -5A

5.4 Oxidation of glucose to GA over Au/Mg-OMS-1 catalysts
Gold catalysts supported on Mg-OMS-1, K-OMS-2 and other basic and non-basic
supported Au catalysts were tested for the partial oxidation of glucose to GA. Various reaction

parameters were optimized with an objective to improve glucose conversion and GA selectivity.

5.4.1. Experimental procedures
5.4.1.1. Materials

D-Glucose, D-Saccharic acid potassium salt and tartronic acid were procured from
Sigma-Aldrich, USA. D-Gluconic acid, D-glucuronic acid and HAuCl4-3H>O were sourced from
Alfa Aesar Johnson Matthey, Europe. Mg(OAc)2-4H20 was purchased from Loba Chemie Pvt.
Ltd. Oxalic acid, Mn(OAc)2-4H>0, MnO3, y-Al.O3 and MgO were purchased from Merck, India.
KMnO4 and MgCl2:6H20 were obtained from sd Fine-chem Ltd, India. All the chemicals were

used as received without any further purification.

5.4.1.2. Synthesis of 2wt% Au deposited Mg-OMS-1

Mg-OMS-1 was synthesized as per the detailed procedure given in the section 2.2.3.
2wt% of Au metal was loaded onto Mg-OMS-1 by simple deposition-precipitation method. In a
typical synthesis, the desired amount of metal solution (HAuCls, Au content 7.5 mg/mL) was
taken in 20 mL of distilled water, to which required amount of support was added and allowed to
be stirred for 30 min. To this slurry, 0.2 M NaHCO3 solution was added drop wise to reach a pH
of 8.5 and subsequently it was stirred for 60 min at room temperature, filtered, washed and dried
at 60 °C for 6 h. The resulting catalyst has been named as 2wt% Au/Mg-OMS-1. The detailed
procedure is given in section 2.2.3.1.

5.4.1.3. Evaluation of catalysts

The oxidation reaction was carried out in 50 mL Parr (4848) autoclave. In a typical
reaction experiment, required quantity of glucose was taken in 25 mL of Millipore water and to it
freshly activated catalyst was added. The reaction was conducted at the desired temperature
under continuous stirring (1000 rpm). When the reaction mixture reached desired temperature,

O2 was slowly released into the autoclave. About 0.5 mL of the reaction product was removed at
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desired intervals and analyzed after filtration through a nylon 0.22 um filter. At the end of the
reaction, the reaction mixture was filtered using Whatman filter paper and analyzed using HPLC,
equipped with RI detector and H* Aminex column (305 mm x 7.8 mm) fitted with a guard
column in series. Mobile phase used was 1 mmol of succinic acid at a flow rate of 0.3 mL.min™*
while maintain the column temperature at 25 °C. All the peaks were confirmed using authentic
standards and quantification was done by preparing standard curves obtained by the injection of

solutions at different concentrations.

5.4.1.4. Recycling of catalysts

To reuse the catalyst, reaction was performed under standard conditions then the catalyst
was collected by centrifuging the reaction mixture at 12000 RPM. Reactants and products were
removed by using milliQ water and by repeatedly (at least thrice) centrifuging to wash the

catalyst free of products/reactant. Thus recovered catalyst was dried (60 °C, 6 h) and re-used.

5.5. Results and discussion- Partial oxidation of glucose to gluconic acid

5.5.1. Catalyst characterization
5.5.1.1. X-ray diffraction
Figure 5.1 shows the XRD patterns of catalyst materials used at different stages of

preparation of Mg-OMS-1.
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Fig. 5.1 XRD pattrens of Mg-OMS-1 as synthesized.

The major peaks at d-spacings of 9.8, 4.9 and 3.3 A, that correspond to (1 0 0), (0 0 2), (0 0 3)
reflections respectively match with the reported data of todorokite (Mg-OMS-1) (JCPDS 13-
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164). The changes in the relative intensities of XRD reflections at 4.9 and 9.8 A suggest a
gradual transformation of buserite to todorokite (Mg-OMS-1). It is clearly observed that there is
a clear translation of disordered to ordered structure i.e. from Na-birnasite to Mg-OMS-1 (Fig.
5.1). Gold loading on Mg-OMS-1 did not lead to any noticeable changes in powder XRD pattern,

suggesting that no structural changes occurred on Au loading.

5.5.1.2. Physisorption of Nitrogen

The Mg-OMS-1 materials before and after Au loading were studied for their N2 sorption
properties. As shown in Fig. 5.2, Mg-OMS-1 and 2wt% Au/Mg-OMS-1 samples give type IV
adsorption isotherm with an N> hysteresis loop during desorption, which is typical of

mesoporous materials.
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Fig. 5.2 N, adsorption-desorption isotherm of Mg-OMS-1 and 2wt% Au/Mg-OMS-1 catalyst.

The BET specific surface area values of Mg-OMS-1 and 2wt% Au/Mg-OMS-1 are included in
Table 5.1. Mg-OMS-1 has surface area of 84.0 m?g™* which has increased to 97.3 m?g™ on Au
loading. This Au containing sample has higher external surface area compared to the support, as
determined by t-method (Table 5.1). The increase in surface area of the Au containing catalyst is
attributed to the additional surface area accrued from the metal present on the support. However,
the internal surface area, total pore volume, pore diameter of Au loaded material has declined
due to the replacement of Mg by larger Au leading to the partial blockage of pores. The catalysts
loaded with different metals such as Ru, Pd and Pt on Mg-OMS-1 has similar kind of
observation of Au loaded on Mg-OMS-1. The catalyst system of Au on K-OMS-2 and H-OMS-2
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have seen an increase in the surface area after metal loading, the surface are of K-OMS-2 is 99.7

m?/g, which decreased to 85.0 m?/g after exchanging with H* (Table 5.1).

Table 5.1 N2 adsorption and CO,-TPD results of the catalysts.
BET Average T-method
E surface Pore pore surface area Basicity
ntry Catalyst volume | .. .
area diameter (mmol/g)@
(m2/g) (cclg) (A) Ext. Int.
1 Mg-OMS-1 84.0 0.13 5.7 70.3 13.7 1.09
2 | 2wt% Au/Mg-OMS-1 | 97.3 0.11 4.6 97.3 0 0.89
3 | 2wt% Pd/Mg-OMS-1 | 117.0 0.12 4.1 117.0 0 0.79
4 | 2wt% Ru/Mg-OMS-1 | 122.1 0.11 3.6 122.1 0 0.95
5 | 2wt% Pt/Mg-OMS-1 72.3 0.11 4.3 72.3 0 0.40
6 K-OMS-2 99.7 0.13 55 76.3 23.3 0.67
7 | 2wt% Au/K-OMS-2 109.0 0.12 5.2 89.0 20.0 0.38
8 H-OMS-2 85.0 0.11 5.6 67.0 18.0 0.42
9 | 2wt% Au/H-OMS-2 101.9 0.13 54 86.0 15.8 0.41
[a] Determined by CO,-TPD.

5.5.1.3. Chemical analysis of the prepared materials

Chemical analyses of various catalysts used in this study were carried using ICP-OES

Table 5.2). It was observed that on Au exchange, Mg content decreased somewhat, compared to

parent Mg-OMS-1. This clearly shows that the Mg is exchanged with precious metals.

Table 5.2 ICP-OES analysis of the catalysts for chemical composition.

oble metal

Metal wt.%

Entry Catalyst M Mg K X*
1 Mg-OMS-1 45.0 4.5 - -
2 2wt% Au/Mg-OMS-1 44.4 4.1 - 1.95
3 2wt% Pd/Mg-OMS-1 45.2 3.7 - 2.02
4 2wt% Ru/Mg-OMS-1 43.8 3.9 - 2.10
5 2wt% Pt/Mg-OMS-1 44.7 2.9 - 1.91
6 K-OMS-2 51.3 - 3.1 -
7 2wt% AU/K-OMS-2 51.2 - 2.8 1.88
8 H-OMS-2 50.6 - 2.3 -
9 2wt% Au/H-OMS-2 50.8 - 2.1 1.90

*N
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5.5.1.4. Temperature programmed desorption of CO2

The basicity of Mg-OMS-1 was investigated by using CO,-TPD (Fig. 5.3). Three CO>
desorption peaks were seen centered around 140, 320 and >450 °C.* These peaks are assigned to
weak (low temperature), moderate (medium temperature) and strong basicity (high temperature)
of the sample, corresponding to CO desorbed from different sites of Mg?* located at different
positions. The Mg?* ions are expected to be present on the surface, inside the tunnel and

framework.
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Fig. 5.3 CO, TPD of Mg-OMS-1.
Since, the ionic radii of Mn?* (0.81 A) and Mg?* (0.86 A) are close,*® hydroxide sphere of

Mn(OH)s* and Mg(OH)e* also must be in similar size.*” The basicity of all precious metal

loaded catalysts was lower than the corresponding bare Mg-OMS-1 support (Table 5.1, Entry 1-
5). The decrease in the basicity was high for Pt loaded on Mg-OMS-1. There must be exchange
of Mg?* ions present in the tunnels of the support with Pt**, as a result of similarity in their ionic
radii (ionic radii of Pt* is 0.76 A and 0.86 A for Mg?*).*® Results of ICP-OES show that the
amount of Mg?* decreased in metal loaded catalysts. The basicity of K-OMS-2 is lower than Mg-
OMS-1, which again decreased for H-OMS-2 after exchanging with H* (Table 5.2).

5.5.1.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of various catalyst materials was carried out in air flow in
the temperature range of 25-800 °C, while heating the sample @ 5 °C/min. The TGA curves of
Mg-OMS-1 and 2wt% Au/Mg-OMS-1 show weight loss in three temperature zones, i.e., 50-250
°C, 250-400 °C and 400-650 °C (Fig. 5.4a and b). Weight loss up to 250 °C is due to the loss of
physically adsorbed water. The second weight loss is attributed to the water bound to the tunnels.
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The third high temperature weight loss is attributed to the collapse of tunnel structure, which
results in the formation of MgMn,04.%° As the temperature increased, Mn gets reduced releasing
oxygen which led to the breakdown of octahedral framework. TGA curve shows that the Mg-
OMS-1 can be thermally stable up to 300 °C. DTG analysis of the materials shows a major

weight loss around 300 °C and 650 °C which correspond to loss of water in tunnel and loss of

lattice oxygen respectively (Fig. 5.4b).
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Fig. 5.4 TGA and DTG of (a) Mg-OMS-1, (b) 2wt% Au/Mg-OMS-1.

5.5.1.6. Scanning electron microscopy
The scanning electron micrographs of Mg-OMS-1 and 2wt% Au/Mg-OMS-1 show

fibrous needle and platelet like morphology (Fig. 5.5). The morphology of 2wt% Au/Mg-OMS-1
is similar to that of parent Mg-OMS-1. The results show that the Au loading has no effect on the

morphology of the support.

Fig. 5.5 SEM image of the (a) Mg-OMS-1 and (b) 2wt% Au/Mg-OMS-1.
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5.5.1.7. Transmission electron microscopy
The needle like structure of Mg-OMS-1 was confirmed by TEM (Fig. 5.6a). The mean
particle size and the distribution of particles were analyzed by TEM for 2wt% Au/Mg-OMS-1. It

can be seen that the Au nanoparticles with an average size of 3.0 nm were homogeneously
distributed throughout the Mg-OMS-1 support (Fig. 5.6b, 3c).

| Average size = 3.0 nm

1.2 3 4 5 6
Particle size of Au (nm)

Fig. 5.6 TEM images of (a) Mg-OMS-1, (b) 2wt% Au/Mg-OMS-1 and (c) particle size distribution of
2wt% Au/Mg-OMS-1.

5.5.1.8. XPS of various Mg-OMS-1 materials

In order to understand the chemical states of the elements, XPS of various Mg-OMS-1
catalysts were studied. After background subtraction, the curves were deconvoluted to their
components using a mix of Gaussian—Lorentzian (G-L) functions.

The O1s spectrum of 2wt% Au/Mg-OMS-1 (Fig. 5.7a) clearly shows the presence of
three different oxygens. These oxygen species were identified and deconvoluted. The low
binding energy peak (530.0 eV, O') is associated with lattice oxygen (O%) in Mn octahedral,
while the medium BE peak (531.6 eV, O") is attributed to surface oxygen (O%or O°), OH groups
and oxygen vacancies, the high BE peak (533.0 eV, O') is assigned to the molecular water
present in the tunnels of Mg-OMS-1. The major component corresponds to the lattice oxygen,
the nature of the O species in these materials may be related to the presence of oxygen
vacancies that creates defects. The interaction of these point defects with molecular oxygen
and/or water generates peroxides, super oxides and hydroxyl species.>® 5

Figure 5.7b shows the XPS spectra of Mn 2p in Mg-OMS-1 catalyst. The prominent
peaks at 641.4 and 652.6 eV correspond to Mn 2pz2 and Mn 2py2 respectively for +4 oxidation
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state. The peaks at 643.3 and 654.9 eV corresponds to Mn 2pz;2 and Mn 2p1/2 respectively for +3

oxidation state.
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Fig. 5.7 XPS spectrum of Au/Mg-OMS-1, (a) Ols, (b) Mn2p and (c) Au4f.

Fig. 5.7c shows the high-resolution XPS spectrum of the Au 4f core level region. Two
distinct lines separated by 3.7 eV were observed, namely the Au 4fs, and 4f7;, which occur
because of the spin—orbit splitting of the Au 4f level.% The BE corresponds to 4f7, and 4fs; are

84.0 and 87.7 eV, respectively shows that the gold is present in its metallic state (Au®).

5.5.2. Catalytic activity in partial oxidation of glucose to GA
Partial oxidation of glucose to GA was studied in the absence of an added base. Various
process parameters such as reaction temperature, O. pressure, reaction time, type of precious

metal and different OMS structure were investigated.

5.5.2.1. Oxidation of glucose over different supported precious metal catalysts

Glucose oxidation was initially compared on different precious metals as catalysts,
supported on Mg-OMS-1. The reaction was carried at glucose/metal mole ratio of 100 and at 70
°C. The results are given in Table 5.3. High conversion of glucose along with high yield of GA
was obtained when Au is the active metal, with the activity following the order Au>Pt>Pd>Ru. It
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is reported in the literature that Au shows superior activity among the precious metals.?* > When
support Mg-OMS-1 alone was used as catalyst, no glucose oxidation activity was observed.
Further investigations were carried out to optimize reaction conditions in order to get high
glucose oxidation activity and good GA yields.

Table 5.3 Product distribution during glucose oxidation over precious metal loaded Mg-OMS-1.[4
Conv. of | Yield of Selectivity (%)
Entry Catalyst (grL‘gCI%Ze) ( m((-J;IAO ) | GA | GUA |GCA | TA | OA

1 No catalyst 0 0 0 0 0 0 0
2 Mg-OMS-1 0 0 0 0 0 0 0
3 2wt% Au/Mg-OMS-1 100.0 94.1 94.1 1.8 3.7 2.3 4.5
4 2wt% Pd/Mg-OMS-1 4.6 4.6 100.0 0 0 0 0
5 2wt% Ru/Mg-OMS-1 0 0 0 0 0 0 0
6 2wt% Pt/Mg-OMS-1 20.7 17.7 85.4 2.5 4 1.4 3.7

[a] Reaction conditions: Glucose = 0.04 M (1 mmol), H.O = 25 mL, Catalyst (glucose/metal =

100), Temperature = 70 °C, Time = 10 h, Pressure = 5 bar O,. GA = gluconic acid. GUA =

glucuronic acid. GCA = glucaric acid. TA = tartronic acid and OA = oxalic acid.

5.5.2.2. Effect of Oz pressure

The effect of oxygen pressure on the reaction was investigated and the results are given
in Table 5.4. The results show that at all O, pressures, 100 mol% conversion of glucose was
observed. However, the time for reaching 100 mol% glucose conversion increased with
decreasing Oy pressure. The optimum yield of GA was 94.1 mol% at 5 bar O pressure after 10 h
of reaction (Table 5.4, Entry 2). The rate of reaction is directly proportional to the O pressure is
clearly evident from the results. When 5 bar air was used instead of 5 bar pure O, the reaction
rate decreased and only 93.4 mol% conversion of glucose with 86.2 mol% yield was observed
after 12 h of reaction (Table 5.4, Entry 4). But, when the reaction temperature was increased at 5
bar air pressure, the reaction rate increased to reach 100 mol% glucose conversion in 6 h, leading
to GA yield of 90.8 (Table 5.4, Entry 5). While the GA yield and selectivity depends on other
reaction parameters, long duration of the reaction at high Oz pressures led to lowering of GA
selectivity. This decrease in GA selectivity is due to further oxidation of GA to GCA and
cleavage of C-C results in the formation of lower carbon acids (tartronic and oxalic acids) and even

carbon oxides.b 41 44
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Table 5.4 Product distribution during glucose partial oxidation.

Ti Oxygen | Conv. of | Selectivity Yields (mol %)
ime
Entry pressure | glucose GA
(h) (bar) (mol %) %) GA | GUA | GCA | TA | OA
1 12 2 100 90.9 909 | 1.7 30 | 1.8 | 33
2 10 5 100 94.1 941 | 18 37 | 23 | 45
3 8 8 100 91.8 918 | 1.2 44 | 21 | 23
40 12 5 93.4 92.3 86.2 | 1.8 38 | 21 | 3.1
50l 6 5 100.0 90.8 908 | 25 54 | 1.3 | 4.0

[a] Reaction conditions: Glucose = 0.04M (1 mmol), H.O = 25 mL, Catalyst = 2wt%
Au/Mg-OMS-1, (glucose/metal = 100), Temperature = 70 °C, stirring speed (1000
rpm). [b] Air. [c] Air, Temperature = 90 °C. GA = gluconic acid. GUA = glucuronic
acid. GCA = glucaric acid. TA = tartronic acid and OA = oxalic acid

5.5.2.3. Effect of reaction temperature
The influence of reaction temperature on glucose oxidation was examined; a clear

influence of temperature on glucose conversion and product selectivity was observed (Fig. 5.8).
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Fig. 5.8 Effect of temperature on oxidation of glucose.

Reaction conditions: Glucose = 0.04 M (1 mmol), H.O = 25 mL, Catalyst = 2wt% Au/Mg-OMS-1,
(glucose/metal = 100), stirring speed (1000 rpm), Time = 10 h, Pressure = 5 bar O,. GA = gluconic acid.
GUA = glucuronic acid. GCA = glucaric acid. TA = tartronic acid and OA = oxalic acid.

Glucose conversion increased progressively from 70.4 to 100 mol%, when temperature is raised
from 60 to 70 °C and remained same beyond 80 °C (Fig. 5.8). Though 100 mol% glucose
conversion could be achieved at 80 and 90 °C within shorter durations (6 and 4 h respectively),

better GA selectivity could be obtained at 70 °C, as higher temperatures led to a fall in GCA
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selectivity even in a shorter time. This could be attributed to the C-C cleavage of products
formed leading to the formation of tartronic and oxalic acids at these high temperatures.® % 4 The

decrease in selectivity is also partly attributed to the consecutive oxidation of GA to GCA.

5.5.2.4. Time on stream performance of 2wt% Au/Mg-OMS-1

By taking into consideration the effects of various parameters, reaction was monitored
with time on stream with 2wt% Au/Mg-OMS-1 catalyst. As can be seen in Fig. 5.9, continuous
increase in the glucose conversion was observed upto 9 h (30.7 to 100 mol%). The GA yield also
increased from 29.2 to 92.8 mol% during this period, which further went up to 94.1 mol% after
10 h. Beyond this reaction time, GA vyield fell due consecutive oxidation of products. The
decrease in the yield of GA is mainly due to C-C cleavage, as C6 and C3 polyols undergo C-C
cleavage under oxidation conditions in presence of base or basic support. The results also show
that the rate of GCA formation from GA is much slower compared to glucose conversion to GA.
The formation of GCA needs much longer time as the activation of GA is dificult compared to
acivation of glucose. Moreover, at the initial stages of the reaction glucose is the only substrate
that competes for the active catalytic sites, whereas with increasing time the products formed
including GA competes for the same catalytic sites. This results in the decreased rate of reaction
for GA to GCA, till the completer conversion of glucose. The activation of 1° alcohol group in

GA is more difficult than activation of aldehyde group in glucose.
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Fig. 5.9 Time on stream study of glucose oxidation.

Reaction conditions: Glucose = 0.04 M (1 mmol), H.O = 25 mL, Catalyst = 2wt% Au/Mg-OMS-1,
(glucose/metal = 100), stirring speed (1000 rpm), Pressure = 5 bar O2. GA = gluconic acid. GUA =
glucuronic acid. GCA = glucaric acid. TA = tartronic acid and OA = oxalic acid.
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5.5.2.5. Effect of OMS structure on GA yield

The effect OMS structure (OMS-1 or OMS-2), their pore size and the basic metal
constituting them was investigated for glucose to GA reaction. The results are given in the Table
5.5. Mg-OMS-1 has pore size of about 6.9 A, which is larger than the K-OMS-2 (pore size of 4.6
A). In order to find the role of pore size, reaction was conducted over 2wt% Au/Mg-OMS-1 and
2wt% Au/K-OMS-2 catalysts. Highest glucose conversion and GA selectivity were obtained
with Mg-OMS-1 as the support (Table 5.5, Entry 1 & 2), but with K-OMS-2, glucose conversion
was only 65.1%, which decreased further to 54.2% when H* is exchanged for K* in K-OMS-2
support (Table 5.5, Entry 2 & 3). These results imply that the basicity of the support plays crucial
role in the glucose oxidation activity. The decrease in the activity with change in the basic metal
is due to decrease in the basicity of the support (Table 5.1) and the adsorption coefficient of
glucose to support varies with support. Table 5.5 (Entry 2 & 3) also demonstrates the utility of
basic metal (K™ and H*) on the yield. The results given in Table 5.5 also show that the yield of
GA was high for Mg-OMS-1 support compared to other supports under identical reaction
conditions (Entry 4-7). The lower yield of GA may be attributed to the fact that substrate is better

activated in the presence of strong basic metal ions.

Table 5.5 Product distribution in glucose oxidation over Au supported on different supports.?!
S. Catalvst Conv. | Selectivity Yield (mol %)
No Y (mol %) | GA (%) GA | GUA | GCA | TA OA
1 | 2wt% Au/Mg-OMS-1 | 100.0 94.1 94.1 1.8 3.7 2.3 4.5
2 | 2wt% Au/K-OMS-2 65.1 78.2 51.0 0.0 35 5.2 5.4
3 | 2wt% Au/H-OMS-2 54.2 87.5 474 0.0 2.7 3.7 6.7
4 | 2wt% Au/MgO 57.0 79.6 45.4 4.8 2.0 5.0 4.9
5 | 2wt% Au/MnO: 7.2 100.0 7.2 0.0 0.0 0.0 0.0
6 | 2wt% AuU/Al;O3 17.4 100.0 17.4 0.0 0.0 0.0 0.0
7 | 2wt% AU/HT(3:1) 28.8 100.0 28.8 0.0 0.0 0.0 0.0
Reaction conditions: Glucose = 0.04 M (1 mmol), H.O = 25 mL, Catalyst = (glucose/metal =
100), Temperature = 70 °C, Pressure = 5 bar O, Time = 10 h. GA = gluconic acid. GUA =
glucuronic acid. GCA = glucaric acid. TA = tartronic acid and OA = oxalic acid.

Gold impregnated on different supports were used to investigate the role of support on
the activity. Among other supports, MgO was found to be better compared to MnO-, Al.O3 and
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hydrotalcite (HT). These studies reveal that the presence of basic metal in the support or a basic

oxide as support is necessary in conjunction with Au for better oxidation of glucose.

5.5.2.7. Recyclability study

The recyclability of the 2wt% Au/Mg-OMS-1 catalyst was probed by repeating the
glucose selective oxidation reaction at least four times using the same catalyst, after washing it as
described in section 5.4.1.4. After each run, the catalyst was separated by centrifugation and
washed with 100 mL of milliQ water, dried at 60 °C for 6 h and reused for the next cycle. The
results given in Fig. 5.10 show that the catalytic performance remains almost same, with 100%
glucose conversion and 94.1% GA vyield even after recycling the catalyst for four times. These
results show excellent stability of the catalyst. In order to gain more insight into catalytic
activity, XRD, SEM and TEM analysis of the used catalysts was performed. XRD results
revealed that no change of the catalyst phase occurred even after its repeated use (Fig 5.11). The
TEM image of the 2wt% Au/Mg-OMS-1 after 4 recycles exhibited average Au nanoparticle size
of 3.4 nm (Fig. 5.12b and 5.12c), which was almost similar to that of the fresh catalyst (Fig. 5.6b
and 5.6c¢).

[ glucose conv. Il gluconic acid selectivity

100 4
80
60 -
40 4
201
r Fresh 1% 2™ 3 4"

Na. of cycles

Fig. 5.10 Recyclability study of 2wt% Au/Mg-OMS-1 in glucose oxidation to GA.

Conv. & selectivity (%)

Reaction conditions: Glucose to metal mole ratio of 100, 25 mL of 0.04 M glucose in H,O, 2wt%
Au/Mg-OMS-1 catalyst, Reaction time 10 h, Temperature = 70 °C, Pressure = 5 bar O..
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Fig. 5.11. XRD of fresh and used 2wt% Au/Mg-OMS-1 catalyst
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Fig. 5.12. Spent 2wt% Au/Mg-OMS-1; (a) SEM, (b) TEM and (c) particle size distribution.

5.6. Conclusions
The present study of glucose partial oxidation to gluconic acid shows that the chemo

selective liquid phase oxidation of glucose can be done under very simple reaction conditions
using Au catalysts supported on Mg-OMS-1. Catalyst with 2wt% Au on Mg-OMS-1 support
shows good catalytic activity and high GA selectivity (94.1%) at 70 °C under 5 bar O pressure.
Choice of basic support is crucial for the reaction thus paving the way to carry out the reaction in
the absence of a sacrificial base. Higher the basicity of the base, the more active is the catalyst
that should have active metal as nanoparticles. Further, milder reaction conditions are highly
beneficial to get better GA selectivity resulting in high yield of GA. The catalyst can be reused 4
times without any loss in activity or selectivity. Reduced catalytic activity was observed when K-
OMS-2 and H-OMS-2 were used to supports Au nanoparticles. This decrease in the activity is
due to the lower basicity of the support compared to Mg-OMS-1. These studies clearly
demonstrate the utility of basic support in the absence of sacrificial external base for the reaction.
Milder oxidation reaction conditions are a must to achieve higher GA vyield during oxidation of
glucose in presence of molecular oxygen.
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Part 5B

5.7. Oxidation of GA to GCA over Pt/K-OMS-2 catalysts using molecular O>

5.7.1. Experimental procedures
5.7.1.1. Materials

Tartaric acid, tartronic acid and potassium salt of D-Saccharic acid were procured from
Sigma-Aldrich, USA. D-Gluconic acid, D-glucuronic acid and HAuCIls-3H.O were procured
from Alfa Aesar, Johnson Matthey. Glyceric acid and Mg(OAc)2-4H>O were sourced from Loba
Chemie Pvt. Ltd. Oxalic acid, KMnO4, MnSO4-H,0 and HNO3 were purchased from Merck,

India. All the chemicals were used as received without any further purification.

5.7.1.2. Preparation of 2wt% Pt exchanged K-OMS-2

K-OMS-2 was synthesized as per the procedure given in the section 2.2.4. Catalyst Pt/K-
OMS-2 containing 2wt%Pt was prepared through wet impregnation method. In a typical
synthesis, required quantity of HoPtCle was taken in 20 mL distilled water and to this support
was added under constant stirring for 2 h at 70 °C. This slurry was cooled to the room
temperature and the metal was reduced using Ag. NaBH4 (5 eq. to metal) under vigorous stirring.
The sample was filtered, washed and dried at 60 °C for 6 h. The resulting catalyst is named as
2wt% Pt/K-OMS-2. The detailed procedure is given in section 2.2.4.1.

5.7.1.3. Evaluation of catalysts for GA oxidation to GCA

The GA oxidation reaction was conducted using a 50 mL Parr (4848) autoclave. In a
typical reaction, required quantity of GA was dissolved in 25 mL of water, to it freshly activated
catalyst was added. The reactor was closed and flushed with O before heating it to the desired
temperature under continuous stirring (1000 rpm). When the reaction mixture reached the
temperature, O was fed into the reactor. To monitor progress of the reaction, 0.5 mL of product
mixture was removed at regular intervals, filtered through nylon 0.22 um filter and analyzed by
HPLC. At the end of the reaction, the product mixture was filtrated through a filter paper to
separate the catalyst and the filtrate was analyzed using HPLC, equipped with RI detector and H*
Aminex column (305 mm x 7.8 mm) using 1 mmol of succinic acid as the mobile phase. The
flow rate of mobile phase was 0.3 mL.min, while column temperature was maintained at 25 °C.

All product components were confirmed by matching with authentic standards.
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5.8. Results and discussion on gluconic acid to glucaric acid

5.8.1. Characterization of catalysts

K-OMS-2 support was prepared as described in the experimental section of chapter-2 and
used to prepare precious metal supported catalysts through wet impregnation method. These

materials were characterized using an array of physic-chemical methods.

5.8.1.1. X-ray diffraction (XRD)

Figure 5.13 shows XRD pattern of as synthesized K-OMS-2 and 2wt% Pt/K-OMS-2.
XRD pattern of both match with the reported data of cryptomelane K-OMS-2 (JCPDS
05-0681). Peaks belonging to 2wt% Pt/K-OMS-2 catalysts are sharp and are similar to the K-
OMS-2, showing that no changes occurred in K-OMS-2 on Pt loading, confirming that its
cryptomelane structure is retained even after metal loading. No additional peaks corresponding
to platinum oxides or Pt metal were seen, indicating the absence of any other Pt containing
phases, thus confirming the homogeneous distribution of metal in Pt/K-OMS-2.

2wt% Pt/K-OMS-2

Intensity (CPS)

10 20 30 40 50 60 70 80
26()

Fig. 5.13 XRD pattern of K-OMS-2 and 2wt% Pt/K-OMS-2.

5.8.1.2. Chemical analysis and N2 physisorption of the prepared materials

The K-OMS-2 and 2wt% Pt/K-OMS-2 were investigated by N2 sorption. As may be seen
from Fig. 5.13, K-OMS-2 and 2wt% Pt/K-OMS-2 samples showed characteristic Type 1l
sorption and H3-type hysteresis loop for P/PO > 0.6 that may be attributed to inter crystalline
mesopores between particles with non uniform size or shapes. The BET specific surface area
values of K-OMS-2 and 2wt% Pt/K-OMS-2 are included in Table 5.6. Sample K-OMS-2 has
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surface area of 99.7 m?g?, which has increased to 103 m?g? after Pt loading. The Pt loaded
sample has higher surface area compared to the support, as determined by the t-method (Table
5.6). This increase in surface area of the Pt loaded catalyst is attributed to the additional surface
area gained from the metal present in the catalyst. Similar result was observed for 2wt% Au/K-
OMS-2 catalyst, as its surface area increased to 109 m?gl. Even in the case of Au loaded Mg-
OMS-1 (2wt% Au/Mg-OMS-1) its BET surface area was 97.3 m?g™* compared to 84 m?g™ of
Mg-OMS-1.

—o— K-OMS-2
6004 —— 2wt% Pt/K-OMS-2

400

Volume @ STP (cc/g)

0 L) T L) L) L] T L] T L) T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative pressure (P/P°)

Fig. 5.13 N> adsorption-desorption isotherm of K-OMS-2 and 2wt% Pt/K-OMS-2 catalyst.

Table 5.6 ICP-OES analysis and N2 adsorption results of the catalysts.
Average
Metal wt.% BET | Pore | “CY
Entry Catalyst surface area | volume | .
_ > iameter
Mn | Mg | K | X (m*/g) (cc/g) A)
1 | K-OMS-2 51.3 - 31 - 99.7 0.13 55
2 | 2wt% Au/K-OMS-2 51.2 - 2.8 | 1.88 109.0 0.12 5.2
3 | 2wt% Pt/K-OMS-2 51.3 - 29 | 192 103.1 0.11 5.2
4 Mg-OMS-1 45.0 45 - - 84.0 0.13 5.7
5 2wt% Au/Mg-OMS-1 44.4 4.1 - 1.95 97.3 0.11 4.6
* Precious (Au, Pt) metal in the sample

Chemical analysis of various catalysts used in this study was carried out by ICP-OES. It
was observed that on Pt exchange, K content decreased compared to parent K-OMS-2. This

clearly shows that the potassium has been replaced by precious metals through exchange.
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5.8.1.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of various catalysts was carried out in air flow in the
temperature range of 25-800 °C, by heating the sample @ 5 °C/min. The TGA curves of K-
OMS-2 and 2wt% Pt/K-OMS-2 show weight loss in three temperature zones, i.e., 200-400, 400-
650 and 650-800 °C (Fig. 5.14a and b). Weight loss of up to 400 °C is due to the loss of
physically adsorbed water bound to the sample. The second high temperature weight loss (6.7%)
is attributed to the collapse of tunnel structure, as a result of loss of lattice oxygen and the Mn
cations reduce to lower oxidation state forming manganese oxide such as bixbyite (Mn203).>* As
the temperature increased, Mn gets reduced releasing the oxygen leading to the breakdown of
octahedral framework in the temperature zone of 650-800 °C. This is attributed to further loss of

oxygen from bixbyite leading to the formation of more stable manganese oxides.*
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Fig. 5.14 TGA and DTG of (a) K-OMS-2, (b) 2wt% Pt/K-OMS-2.
TGA analysis shows that the K-OMS-2 is thermally stable up to 400 °C. DTG analysis of
the materials shows major weight losses around 500 and 700 °C that corresponds to loss of water

in tunnels and loss of lattice oxygen respectively (Fig. 5.14).

5.8.1.4. Scanning electron microscopy

The scanning electron micrographs show fibrous needle-like morphology of the particles
aggregated together for K-OMS-2 and 2wt% Pt/K-OMS-2 (Fig. 5.15). The morphology of 2wt%
Pt/K-OMS-2 is similar to that of K-OMS-2 with 20 to 200 nm size of fiber length. The fibrous
morphology of the produced materials is indicative of the anisotropic growth behavior of K-
OMS-2. During the crystallization process of the undoped synthetic K-OMS-2 material, the

crystal growth in the c-direction leads to the formation of fibrous material with 1x1 and 2x2
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tunnels running along the length of the nanofibers. The results show that the Pt loading has no

effect on the morphology of the K-OMS-2 support.

Fig. 5.15 SEM image of the (a) K-OMS-2 and (b) 2wt% Pt/K-OMS-2.
5.8.1.5. Transmission electron microscopy

TEM images of K-OMS-2 and 2wt% Pt/K-OMS-2 can be seen in Fig. 5.16. The
nanoscale sized fibers are self-assembled into complex hollow structures. The mean particle size
and the distribution of particles is analyzed by TEM for 2wt% Pt/K-OMS-2. It can be seen that

the Pt nanoparticles with an average size of 3.2 nm were homogeneously distributed throughout
the K-OMS-2 support (Fig. 5.16b and c).

| Average size = 3.2 nm

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Particle size of Pt (nm)

Fig. 5.16 TEM image of the (a) K-OMS-2 and (b) 2wt% Pt/K-OMS-2 and (c) particle size distribution of
2wt% Pt/K-OMS-2.

5.8.2 Catalytic activity in selective oxidation of GA to GCA
Part-A of this chapter had dealt with partial oxidation of glucose to gluconic acid (GA).
In Part-B, we discuss on the results of the GA to glucaric acid (GCA), which is a consecutive

step in glucose to glucaric acid (glucose - GA — GCA) preparation. Since, 2wt% Au/Mg-
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OMS-1catalyst was found to be good for glucose to GA conversion; initially the same catalyst
was screened for GA to GCA partial oxidation. But, our investigations showed that this catalyst
is not good for partial oxidation of GA, hence we have tried to develop another octahedral
molecular sieve based catalyst, i.e., precious metal supported on K-OMS-2, for this study.

5.8.2.1. Oxidation of GA over Mg-OMS-1 and K-OMS-2 supported precious metal catalysts

As mentioned above, initial studies were conducted to explore the activity of 2wt%
Au/Mg-OMS-1 in partial oxidation of GA to GCA. The results in Table 5.7 shows GA
conversion of 15.0 mol% with GCA vyield of 1.5 mol% (Table 5.7, Entry 3), showing poor
activity of 2wt% Au/Mg-OMS-1 for GA to GCA step. On the otherhand, this catalyst was very
good for glucose to GA oxidation under similar reaction conditions. Hence, we have changed the
support to K-OMS-2 and used it for supporting 2wt% Au. On this catalyst, GA conversion was
18.8 mol%, but GCA vyield was only 2.2 mol%, only slightly better compared to 2wt% Au/Mg-
OMS-1 (Table 5.7, Entry 3, 4). These results show that there is only marginal improvement even
after changing the support from Mg-OMS-1 to K-OMS-2. Glucose is in pyranose form and can
be activated with Mg-OMS-1 support which has 3x3 tunnels of 6.9 A, whereas GA is in open
chain form and is better activated by K-OMS-2 which has 2x2 tunnels of 4.6 A,

Table 5.7 Product distribution during oxidation of gluconic acid to glucaric acid.?!

Conv. of | Selectivity Yield (mol %)
Entry Catalyst GA of GCA

(mol %) (%) GUA | GCA | TA | GLY |OA | TTA
1 No catalyst 0 0 0 0 0 0 0 0
2 Mg-OMS-1 0 0 0 0 0 0 0 0
3 K-OMS-2 0 0 0 0 0 0 0 0
4 2wt% Au/Mg-OMS-1 15.0 10.1 0.7 15 | 4.2 0 1.0 0
5 2wt% AuU/K-OMS-2 18.8 11.7 0 22 | 18] 32 |48 | 12
6 2wt% Pt/K-OMS-2 20.8 35.6 0 42 (42| 35 |50 27

[a] Reaction conditions: GA = 0.04 M (1 mmol), H.0 = 25 mL, Catalyst (glucose/metal = 100),
Temp. 70 °C, Time = 8 h, Pressure = 5 bar O,. GA = gluconic acid. GUA = glucuronic acid. GCA =
glucaric acid. TA = tartronic acid. GLY = glyceric acid. TTA = tartaric acid and OA = oxalic acid.

Though both the supports (Mg-OMS-1 and K-OMS-2) contain same metal (Au) content,
the activity differed due to change of support. The activity may depend on factors such as
adsorption coefficient of substrate to support, orientation of the adsorbed substrate etc. To
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improve the activity of K-OMS-2 based catalyst further, reaction was carried out using Pt
supported on K-OMS-2 under similar reactions conditions, using GA to metal ratio of 100 at
reaction temperature of 70 °C. This will provide the role of active metal. Very good conversion
of GA (20.8 mol%) and improved yield of GCA (4.2 mol%) were observed using the Pt/K-OMS-
2 catalyst (Table 5.7, Entry 5). The better activity of Pt catalyst may be due to the selective
activation of 1° alcohol in GA by Pt. The activity follows the order of Au/Mg-OMS-1<Au/K-
OMS-2<Pt/K-OMS-2. It is reported in the literature that Pt shows superior activity among the
noble metals.® 12 41 44 When K-OMS-2 alone was used as support, no glucose oxidation activity
was observed. Further investigations were carried out to optimize the reaction conditions in order

to improve oxidation activity and good GCA yields from GA/glucose.

5.8.2.2. Effect of reaction temperature

The influence of reaction temperature on GA oxidation to GCA was examined; clear
promotional effect of temperature on GA conversion was observed (Fig. 5.17). The conversion
progressively increased from 20.8 to 52.1 mol%, when the temperature was raised from 70 to
100 °C. Though the conversion increased, the GCA formed improved only marginally to ~6
mol%. At high reaction temperatures, the GCA selectivity might be low due to C-C bond
cleavage of products formed and could also be attributed to consecutive reactions. The C-C

cleavage results in the formation of tartronic acid, tartaric acid, glyceric acid and oxalic acids.
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Fig. 5.17 Effect of temperature on oxidation of glucose.

Reaction conditions: GA = 0.04 M (1 mmol), H.O = 25 mL, Catalyst = 2wt% Pt/K-OMS-2, (GA/metal =
100), stirring speed (1000 rpm), Time = 8 h, Pressure = 5 bar O,. GA = gluconic acid. GUA = glucuronic
acid. GCA = glucaric acid. TA = tartronic acid. GLY = glyceric acid. TTA = tartaric acid and OA =
oxalic acid.
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5.8.2.3. Effect substrate to metal mole ratio

Table 5.8 Effect of mole ratio of substrate to metal on GA oxidation.

Substrate GA Selectivity Yield (mol %)
Entry | to metal Conversion | of GCA
mole ratio (mol %) (%) GUA |GCA | TA | GLY | OA | TTA
1 100 29.4 22.5 0 6.6 | 85 50 | 13.0 7.6
2 75 20.6 39.0 0 136 | 7.8 | 3.9 9.0 6.3
3 50 38.5 53.6 0 206 | 86 | 3.3 8.6 9.3

[a] Reaction conditions: GA = 0.04 M (1 mmol), H.O = 25 mL, Catalyst = 2wt% Pt/K-OMS-2,
Temperature = 90 °C, Time = 4 h, Pressure = 5 bar O,. GA = gluconic acid. GUA = glucuronic
acid. GCA = glucaric acid. TA = tartronic acid. GLY = glyceric acid. TTA = tartaric acid and
OA = oxalic acid.

Different mole ratios of substrate to active metal were studied at two temperatures, i.e.,
90 and 100 °C. The results obtained at 90 °C are shown in Table 5.8. A maximum yield of 20.6
mol% of GCA was obtained with substrate/metal ratio 50, showing that a higher metal/substrate
ratio results in better GCA vyields. Further, conducting the reaction for longer duration’s results in

the reduction of GCA Yyields as a result of its consecutive reactions of GCA.

5.8.2.4. Effect of O2 pressure
The effect of O, pressure on the reaction with time on stream was studied and the results

are given in Table 5.9. The results show that the conversion has increased with increasing O

Table 5.9 Effect of oxygen pressure on products distribution during GA oxidation.!

Oxygen | Conv. of | Selectivity Yield (mol %)

Entry | pressure GA of GCA
(bar) (mol %) (%) GUA |GCA | TA | GLY | OA | TTA

2 23.5 47.5 0 112 | 84| 47 | 41 | 87
) 38.5 53.6 0 206 | 86| 33 | 86 | 93
8 57.7 18.8 0 109 | 71| 51 | 81 | 86

[a] Reaction conditions: GA = 0.04 M (1 mmol), H,O = 25 mL, Catalyst = 2wt% Pt/K-
OMS-2 (GA/metal = 50), Temperature = 90 °C, Time = 4 h, Pressure = 5 bar O,. GA =
gluconic acid. GUA = glucuronic acid. GCA = glucaric acid. TA = tartronic acid. GLY
= glyceric acid. TTA = tartaric acid and OA = oxalic acid.

pressure, but the selectivity and GCA yield increased only in the O pressure range of 2 to 5 bar
and declined on further rise in the O pressure. Optimum GCA vyield and selectivity obtained
were 20.6 mol% and 53.6% respectively at 5 bar O2 pressure, 90 °C reaction temperature and
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reaction time of 4 h (Table 5.9, Entry 2). The results show the rate of reaction is directly
proportional to the Oz pressure. Longer the duration of the reaction or higher Oz pressure, the
GCA selectivity decreased. The decrease in GCA selectivity in the presence of basic metal
results in C-C cleavage thereby giving low carbon products.® 44

5.8.2.5. Time on stream performance

By taking into consideration of the effect of all the above parameters, time on stream
study of GA to GCA was conducted using 2wt% Pt/K-OMS-2 catalyst. As shown in Fig. 5.18,
there is a steady increase in the GA conversion from 2 to 8 h (14.5 to 93.4 mol%) (Fig. 5.18a).
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Fig. 5.18 Time on stem study, on glucose oxidation.

Reaction conditions: GA = 0.04 M (1 mmol), H.O = 25 mL, Catalyst = 2wt% Pt/K-OMS-2 (GA/metal =
50), Temperature = 90 °C, Pressure = 5 bar O,. GA = gluconic acid. GUA = glucuronic acid. GCA =
glucaric acid. TA = tartronic acid. GLY = glyceric acid. TTA = tartaric acid and OA = oxalic acid.

The yield of GCA has increased from 13.2 to 20.6 mol% from 2h to 4 h, but on longer duration
beyond 4h, the yield of GCA has reduced with time. The GCA formed reacts further and forms
byproducts, leading to decrease in its yield. The decrease in the selectivity and yield of GCA is
mainly due to C-C cleavage, C6 polyols undergo C-C cleavage under oxidation condition in
presence of base/basic supports.5#* Since the rate of reaction for the selective formation of GCA
from GA is slower than the C-C cleavage of C6 sugars, the formation of GCA takes longer
duration and higher reaction temperatures are required to activate the 1° alcohol group on GA.
Within this time, the product formed (GCA) undergoes C-C cleavage and total oxidation

resulting in smaller chain carbon containing products.
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5.9. Conclusions

Selective oxidation of glucose to glucaric acid (GCA) is a very important towards
preparation of a monomeric intermediate with potential to get renewable adipic acid. However, it
is difficult to get good yield of glucaric acid in a single step. Hence, we have planned to carry out
this reaction in two steps; glucose — gluconic acid followed by gluconic acid — glucaric acid.
Attempts were made to develop two active, selective and stable for these partial oxidation
reactions. First part of the study reports selective oxidation of glucose to gluconic acid while the
second part deals with gluconic to glucaric acid, both using precious metal catalysts supported on
OMS materials. It was found that Mg-OMS-1 supported Au catalysts are highly active and
selective for gluconic acid preparation. Whereas, this catalyst was not suitable for gluconic acid
to glucaric acid conversion. On the other hand, Pt supported on K-OMS-2 catalysts showed
reasonable yield of GCA, in liquid phase partial oxidation of GA under base free conditions.
This catalyst shows good catalytic activity and high GCA yield (20.6 mol%) under optimized
reaction conditions (90 °C, 5 bar O2). Among the noble metals Au and Pt, the later was found to
be more active for the selective oxidation of 1° alcohol group in GA with K-OMS-2 as the
support. High yield of GCA was obtained within short reaction time under mild reaction
conditions. It was observed that higher reaction temperature and longer duration of reaction led
to C-C cleavage of products formed resulting in lower yield of GCA. Support plays key role in
obtaining good yield of GCA. This study clearly shows that the presence of a basic metal on the

support is necessary for better activity along with active metal.
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6.1. Summary and Conclusions

The present thesis reports development of various catalysts and process conditions for
partial oxidation of petroleum and biomass derived molecules to industrially valuable chemical
intermediates. The thesis is divided into 6 chapters which includes a chapter on summarization of

the work carried out for this dissertation.

Chapter 1 gives a brief introduction to the significance of sustainable development,
petroleum and biomass-derived feedstock for the synthesis of fuels and chemicals. Brief
information is provided on renewable and non-renewable sources for manufacture of chemical
intermediates and the utility of those materials. First part of the chapter deals with partial
oxidation of petroleum derivatives to value added chemicals such as selective oxidation of PX
PTA, followed by oxidation of BzOH to BzH. Subsequently, an introduction to the partial
oxidation biomass derived glucose is given. Glucose is one of the main feedstock molecule from
which many valuable chemicals can be obtained. In addition, sources of industrially important
oxidized products like PTA, BzH, GA and GCA is highlighted. Some of the catalytic oxidations
processes, oxidants used at industrial scale were discussed briefly. A detailed description of a
variety of catalyst supports such as porous metal oxides, carbon materials, nitrogen-doped
carbons, carbon nitrides and metal oxides is also discussed. Finally, the objectives of the thesis
are outlined briefly.

Chapter 2 describes the catalyst preparation methods and experimental techniques used
for their characterization. Preparation procedure of CNNT catalysts, prepared at different
sintering temperatures is given in detail. In addition, preparation procedures of manganese oxides
and different hetero metal doped manganese oxides are described. Some of these oxides were
prepared by co-precipitation method. Microporous manganese oxides (Mg-OMS-1 and K-OMS-
2) are prepared by hydrothermal methods. Precious metals were deposited on to these Mg-OMS-
1 and K-OMS-2 supports. The second half of the chapter deals with were characterization of
catalyst materials using various physico-chemical techniques including XRD, Nz sorption, SEM,
TEM, solid state NMR, XPS, TPD of O,, NH3 and CO., TPR in Hz, ICP-OES, etc. Theory and

experimental procedures of each of these techniques is outlined in this chapter.

Chapter 3 starts with detailed introduction and a literature review on the conversion of

PX to PTA, followed by the present work on development of alternate catalysts for production of
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PTA. This reaction is carried out in batch mode using CNNT catalysts in presence of molecular
O>. Results of characterization of catalysts using XRD, TGA, UV-DRS, FTIR, XPS, SEM and
NMR to study their structure, textural properties and morphology are discussed. The results
obtained by using NMR and XPS are discussed in detail to for characterization of various types
of nitrogen present in CNNT. The catalytic activity in PX oxidation using different CNNT
samples and optimization of reaction conditions is also given in this part.

The present study shows that CNNT can be prepared at lower temperatures (~350 °C).
But, with increasing temperature, CNNT formed undergoes structural change which does not
help in its performance as catalyst. The structural change is attributed to the type of nitrogen
present. With increasing CNNT formation temperature, the basic monomer units changed from s-
triazine ring to tri-s-triazine rings. The presence of s-triazine ring as building block with a tubular
morphology in the catalyst was crucial in achieving superior catalytic activity. Under the
optimized reaction conditions, 49.1 mol% PTA yield at 93.5 mol% PX conversion was obtained
after 18 h. The use of initiator (NHPI) enhanced the activity of the catalyst and no 4-CBA
impurity was observed in the product. Use of 10 mol% NHPI initiator led to PX conversion of
92.3 mol% with 73.9 mol% of PTA yield. This catalyst was recyclable without any noticeable
loss in activity. Used initiator can always be recovered and reused for large scale applications.
This novel catalytic system can be translated to develop a large scale petrochemical process, as it
used a metal free catalyst. Similarly, this process does not use any corrosive solvent like acetic
acid.

Chapter 4 describes synthesis and characterization results of manganese oxides and
Mn30s spinel type oxides, doped with Cu and Co cations. These oxides were characterized using
XRD, Nz sorption, XPS, NH3-TPD, CO2-TPD, O,-TPD, etc. Subsequently, it describes catalytic
activity of these catalysts in partial oxidation of BzOH to BzH.

Continuous fixed bed flow reaction was carried out for achieving selective oxidation of
BzOH to get BzH over different manganese oxides. Among the manganese oxides, MnzO4 was
found to be highly active to give good BzH yields. However, its activity dropped over a period of
time. Hence, performance of Mn3z04, doped with Co and Cu cations was studied. Among these,
copper doped catalyst (Cuo2sMn2.7504) was found to be most active. During the reaction,
presence of copper plays vital role in the stabilization of activity while being highly selective to

BzH. Formation of over oxidation products like benzoic acid, benzyl ether are found to be
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responsible for the rapid deactivation of the catalyst. The presence of copper in optimum
concentration (Cuo.2sMn2.7504), helps in desorption of the products formed in the form of esters.
Under optimized reaction conditions, Cuo.2sMn2.7504 catalyst gave 84.5% BzOH conversion and
98.0% selectivity to BzH. The long term stability was checked with this catalyst, by evaluating it
time on stream (TOS) for 24 h at WHSV-10 h™. The characterization results were correlated with

the catalytic performance at the end of the chapter.

Chapter 5 begins with introduction and detailed literature review on the oxidation of
glucose to GCA in a two step process. The present work focused on the partial oxidation of
glucose to GA and subsequent step of GA to GCA over supported metal catalysts using
molecular O.. This chapter is divided into two parts. Part 5A deals with partial oxidation of
glucose to GA. This part contains discussion on characterization of supported Au catalysts using
XRD, Nz sorption, SEM, TEM and XPS, etc. The catalytic activity in selective oxidation of
glucose to GA is also discussed in this part. Part 5B deals with partial oxidation of GA to GCA
using metal oxide supported Pt catalysts. The characterization of Pt catalysts was carried out
using various physico-chemical techniques. It also describes the catalytic activity of these
catalysts in the conversion of GA to GCA.

Catalyst 2wt% Au/Mg-OMS-1 shows very good activity and high GA selectivity (94%)
under mild reaction conditions (70 °C, 5 bar O.). The observed high catalytic activity and
selectivity were attributed to basic support on which catalytically active nanoparticles of Au are
dispersed. Instead of Mg-OMS-1, if K-OMS-2 or H-OMS-2 supports are used, the catalysts are
not that active. This decrease in the activity is related to the basic metal constituting the support.
These studies reveal that the presence of a basic metal on the support is necessary for the better
activity. The 2wt% Au/Mg-OMS-1 could be recycled many a times, without any loss in activity
or GA selectivity.

Part 5B deals with discussion on Pt on K-OMS-2, used for the partial oxidation of GA to
GCA. Catalyst 2wt% Pt/K-OMS-2 displayed superior activity and good GCA selectivity (53.6%)
and yield (20.6%). It was observed that the basicity of K-OMS-2 and the structural morphology
play a crucial role for getting good activity by facilitating the adsorption of GA and thereby
leading to good catalytic activity and GCA selectivity.
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It is mandatory at the end of all chapters in a dissertation to summarize the research work
undertaken for the advantage of the reader. Therefore, this chapter summarizes the conclusions
reached based on the experimental results during these investigations. Initially it describes the
content of each chapter in detail with outline of results at the end. This section also offers some
suggestions for further research work in given areas and scope of their translation into industrial

applications.

6.2. Suggestions for future research

The aim of the present investigation is to develop processes which are environmental
friendly in partial oxidation of hydrocarbons and biomass derived compounds. Hence, this thesis
dealt with the preparation and characterization of heterogeneous catalysts that are useful for
green oxidation reactions. In order to commercialize any hydrocarbon oxidation process,
achieving maximum yield of the desired product is an important criterion. It should also be
accomplished in an environmentally benign way.

It is also important to convert the above discussed catalytic processes into commercially
viable ones by scaling up to the desirable levels. Currently, chemical industry is keen to practice
green processes that have no environmental impact, preferably using renewable raw materials. At
the same time, the process should be low cost and inexpensive to establish a new plant or to
convert the existing plant. In the commercial heterogeneous catalyst based processes, leaching of
metal from the catalyst is a major drawback for the longevity of the catalyst life. Also, one
should keep in mind about the elemental sustainability. Present industrial process for the
oxidation of hydrocarbons (p-xylene) utilizes homogeneous metal catalyst, acetic acid as solvent
and an inorganic initiator. Acetic acid is corrosive and inorganic generates by-product which is
not environment friendly. The process also produces impurities which have to be separated for
utilization of the product. Moreover, these processes constitute multiple steps. Because of the
high industrial growth, majority of elements of the periodic table, which act a catalysts are
depleting. Hence, it is highly desirable to design a metal free catalyst for various catalytic
applications. For the present thesis, a metal free carbon nitride nanotube catalyst (CNNT) was
prepared and applied for selective oxidation of p-xylene. The advantages of this catalyst is that it
does not contain any metal, hence no problem of leaching during the reaction. These catalysts are

sustainable, recyclable and inexpensive. These CNNT catalysts can successfully overcome the
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disadvantages of present industrial process because there is no usage of metals, corrosive
solvents, and single step process. Because of the above advantages, the CNNT catalysts can
replace the present existing industrial catalysts. Hence, more work need to be carried out to use
these catalysts for improving their activity and selectivity in partial oxidation of hydrocarbons.

The selective oxidation of benzyl alcohol to benzaldehyde under continuous process
conditions is very important, as product benzaldehyde has a variety of commercial uses. Though
the developed catalyst was tested for long duration of 24 h, it has to be monitored for much
longer as in a commercial reactor it has to be stable for thousands of hours. Then only this
process can be scaled up to a pilot plant level. Since, the catalyst used was spinel type mixed
oxide without any precious metal, it should be further explored. These catalysts will be easy to
prepare, inexpensive and the key metals required to prepare these catalysts are abundant. In
addition, there are great opportunities to test different kinds of hydrocarbon oxidations with these
catalysts.

Researchers are focusing on technologies that can facilitate the conversion of renewable
biomass into fuels and chemicals, due to its easy availability and distribution. Utilization of
biomass to make chemicals can be regarded as best alternative for producing chemicals in a
sustainable manner. Oxidative transformation of biomass to chemicals (corresponding acids) is a
major pathway to produce renewable chemicals. However a major drawback in the reported
biomass oxidations is the use of high equivalents of external base, which makes the process not
so environmentally benign. Hence it is highly recommended to design and develop processes that
do not require addition of a base. Gold exchanged Mg-OMS-1 bifunctional catalyst was designed
and base free oxidations of glucose to gluconic acid were conducted. Platinum exchanged K-
OMS-2 bifunctional catalyst was designed and base free oxidations of gluconic acid to glucaric
acid were carried out. These experiments demonstrated high yield of corresponding acids even in
the absence of external base as the support contains Mg which acts as base. The catalysts were
found to be recyclable. We believe metal exchanged OMS catalyst could be tested for many
other biomass oxidations like glycerol and other hexoses. This work is progressing well presently
in the group.

By and large, this study advances the knowledge on the oxidative conversion of
hydrocarbons and biomass components to value added chemicals. It describes an eco-friendly,

sustainable and green methodology by means of using heterogeneous catalysts and greener

PhD Thesis: Lakshmiprasad Gurrala (CSIR-NCL, Pune) Page 150



Chapter 6: Summary and Conclusions AcSIR

oxidants (oxygen) for the conversion of hydrocarbons and biomass. Although, more research and
process optimization is still needed, this study on designing green process is a huge step forward
towards establishing sustainable chemical processes. The processes involving these catalysts will

surely find industrial application in the very foreseeable future.
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