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Chapter 1: General Introduction

1.1. Introduction of Catalysis

Catalysis is part of our everyday life and contributes substantially to societal
wellbeing. Catalysis research and development of chemical industry go hand in hand.
It is therefore not surprising that many basic chemical processes e.g. hydrogenations,
oxidations etc., which are of utmost interest to both academia and industry bring forth
more and more effective catalysts, new technologies and in-depth understanding of
fundamental catalytic principles. Catalysis is important to the development of
environmentally benign and sustainable processes and a corner stone to the concept of
“Green Chemistry” [1-3]. Heterogeneous catalysis takes place at the interface
between two phases; hence it requires great skills to study it. As a result of intensive
research, better knowledge is available on important gas-phase reactions like

ammonia synthesis and CO oxidation [4].

The term catalysis was first coined by Swedish chemist Berzelius in 1836.
According to him, besides “Affinity” a new force is operative, that is “catalytic force”
[5-7]. Reaction occurs by catalytic contact. The word ‘catalysis' stems from the Greek:
it has the sense of “down” and “loosen”. At the end of the 18™ and the beginning of
the 19™ century, the influence of metals and metal oxides on the decomposition of
several substances was studied by many scientists. The principle features of catalysis
were first presented by Fulhame [8] in 1794, when she suggested that the presence of
small quantities of water was required for the oxidation of carbon monoxide and that
the water was unaffected by the chemical reaction. Similar observations were made
by Kirchhoff who hydrolyzed starch to sugars by using dilute acids in 1812 [9]. Sir
Humphry Davy in 1817 suggested that combustible gases, when mixed with oxygen,
could explode if they were exposed to heated platinum at temperatures below the
ignition temperature [10]. In 1834, Faraday proposed that the reactants have to be
adsorbed simultaneously on the surface. Lemoine in 1877 explained for the first time
that a catalyst cannot influence the position of the equilibrium; it can only alter the
rate at which it can be reached [12]. This view was modified by Ostwald who claimed

that a catalyst cannot initiate a chemical change; it can only accelerate or retard [13].
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Chapter 1: General Introduction

1.2. Green Chemistry

These days, there is a growing concern about environment, thus development
of environmentally benign and sustainable processes for the chemical industry has
gained importance. These developments drive a paradigm shift from orthodox concept
of process efficiency that focuses largely on chemical yield, to one that provides
economic value to eliminating waste at source and avoid the use of toxic and/or

hazardous substances. This concept is called Green chemistry [14] by P. Anastas

Green chemistry efficiently utilizes renewable raw materials, eliminates waste and
avoids use of toxic and/or hazardous reagents and solvents in the manufacture and
application of chemical products

This concept is embodied in the 12 principles of ‘Green Chemistry’ which can be

paraphrased as

. Waste prevention instead of remediation
. Energy efficient by design

. Shorter synthesis (avoid derivatization)

. Less hazardous/toxic chemicals

. Design products for degradation

. Energy efficient by design

. Safer products by design

. Catalytic, rather than use of stoichiometric reagents

© 00 N oo o1 A W N P

. Innocuous solvents and auxiliaries
10. Atom efficiency
11. Renewable raw materials preferably

12. Analytical methodologies for pollution control

The ideology of green chemistry calls for the development of innovative
processes and catalysts that can potentially benefit chemical synthesis in terms of
resource utilization, energy efficiency, product selectivity, operational simplicity,

health and environmental safety.
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Chapter 1: General Introduction

An alternative term, which is currently favored by the chemical industry, is
sustainable technologies. Sustainable development has been defined as “Meeting the
needs of the present generation without compromising the ability of future
generations to meet their own needs” [15]. One could say that sustainability is the

goal and green chemistry is the means to achieve it.

Most of the polluting agents are synthetic and are discharged into the
environment by the chemical industry, through fluid leakage, as waste materials into
the natural aquifers. Currently production of bulk chemicals is carried out largely
based on environmental hazardous catalysts like homogeneous metal salts, acids and

toxic solvents. The present thesis mainly focuses on the development of green

processes for the oxidation of hydrocarbons and biomass derived chemicals.

j%@s‘ry

Fig. 1.1. A ladder towards the green process from the traditional process.

1.3. Dioxygen
1.3.1. Chemical History

In 1777, Antoine L. Lavoisier identified dioxygen as a component of air, and
named it oxygen on the basis that it reacts with other elements generating oxyacids
[14]. He established that dioxygen is the oxidant of fuels in combustion, and it is the
essential oxidant for biological respiration. The dioxygen comprises about 21 % (by
volume) of the Earth's atmosphere, which is essential for aerobic life and toxic to
plant life at higher concentrations. It is an essential oxidant for the combustion of

organic molecules (fuels). Joseph Priestley also noted that nitric oxide reacts with O,
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Chapter 1: General Introduction

to produce NO, and N,O4, which react with water to form HON(O) and HON(O),

(nitrous acid and nitric acid).

1.3.2. Activity and reactivity of dioxygen species (Oze, HOe, Oy, HOOH)
Reactive oxygen species are (i) molecules like hydrogen peroxide, (ii) ions
like hypochlorite, (iii) radicals like hydroxyl radical (the most reactive of all) and

(i) Superoxide anion which is both ion and a radical.

00 Q0 Q0
Oxygen Superoxide anion Peroxide
02 ‘O2 05"
H:Q:O'H ‘O'H :O'H
Hydrogen Peroxide Hydroxyl radical Hydroxyl ion
Hy0, -OH OH"

Fig. 1.2. Various reactive oxygen species.

A great emphasis, these days is on the use of environment friendly oxidants
(“green” oxidants) that generate minimum amount of waste. Table 1.1 lists the most
commonly used oxidants. They are classified as per their active oxygen content,
which is the ratio between the weight of the oxygen atoms to be transferred to the
substrate and the weight of the oxidant itself. By-products, formed during the

oxidation reaction, are also reported.

An oxidative process of interest from a sustainable point of view, should
address economical benefits as well as green chemistry concerns by (i) providing the
highest percentage of active oxygen, leading to greater atom economy [15]; (ii) avoid
the formation of toxic and difficult to eliminate by-products; (iii) using an oxidant

abundantly available at low cost.

Based on the above considerations, it is obvious that the most attractive
oxidant is molecular dioxygen - (O,) [16] because of (i) its high active oxygen content

(depending on the reaction, it can reach 50% or 100%, when one or two oxygen atoms
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Chapter 1: General Introduction

are respectively introduced in the substrate (ii) it does not give any oxidation by-
products (iii) it is cheap and abundant, in the atmosphere. Hydrogen peroxide is also

of great interest, though its costs are still high.

Table 1.1 Classification of oxidants on the basis of the active oxygen percentage and

the by-products formed.

Oxidant (OD) % of Active Oxygen By-Product (D)
0, 100 none

H,0; 47 H,0

N.O 36.4 N,

O3 333 O,

ClO 21.6 Cr
(CH3);COOH (TBHP) 17.8 (CH3)sCOH
HSOs 105 HSO,
CICsH4sCOOOH (m-CPBA) 10.2 CICgH4,COOH
10, 7.5 105

CsHslO (PhIO) 7.3 CeHsl

1.3.3. Reactivity of oxygen

The importance and reactivity of molecular oxygen in oxidation was realized
in 18" century. Later observations suggested that the deterioration of many organic
materials (such as rubber and natural oils) results from oxygen adsorption. Further
studies led to the recognition that organic peroxides were the primary products of
these oxidative processes. As a result, free-radical chain theory of autoxidation was
established in 1940’s [17]. The liquid-phase autoxidation of hydrocarbons has been

studied extensively and is well-established now.

Autoxidation reactions are recognized for long induction periods, because of
the thermodynamically unfavorable C-H bond cleavage in the first step. Molecular

oxygen is in triplet state, whereas the substrate is in a singlet state. The spin-
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Chapter 1: General Introduction

conservation rule forbids the interaction of the two species in the ground state. Thus,
despite favorable thermodynamics for reaction between dioxygen and the organic
molecules, an activation step for the substrate, dioxygen or both of them is required.
Rate of oxidation mostly depends on different parameters like catalyst, substrate and

reaction time. Examples of various oxidation rates are given in Table 1.2.

Table 1.2 VVarious oxidation reactions and their rate of conversion.

Rate of Time required Examples of reaction
reaction® for complete
(molecules | conversion®
cm®sh
10°- 10" 10-10% yr Initial rate of uncatalyzed

hydrocarbon oxidations

10"-10" | 2 yr- 10 weeks | Degradation of unstabilized plastics

under irradiation

10'° ca. 20h Industrial radical reactions
(e.g., liquid-phase oxidation and

polymerization)

10" ca. 10min Heterolytic reactions
(e.g., epoxidation with ROOH/Mo
complex)
10% ca. 6s Heterolytic reactions

heterogeneously catalyzed

hydrocarbon oxidations

10% ca. 107s Heterogeneously catalyzed

hydrocarbon oxidations

10% ca. 10™s Explosions; ion reactions

% pure hydrocarbons contain ca. 6x10** molecules per cubic centimeter.

® 1 year ~ 8760h ~ 3.15 x10 s.
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Chapter 1: General Introduction

Use of molecular oxygen as a terminal oxidant in metal catalyzed oxidation of
hydrocarbons has been an area of vigorous and intense research mainly because of the
environmental and economic advantages of using dioxygen in place of peroxides, per
acids or iodoarenes. The various mechanisms by which metals catalyze oxidation of
hydrocarbons can be separated into three broad categories: (i) Metal catalyzed
decomposition of intermediate peroxide, (ii) Direct attack on the substrate by the
metal complex, (iii) Direct activation of molecular oxygen by the metal complex [18].

The substrate activation is generally obtained by homolytic reactions in which
a radical initiator provides organic radicals which are able to react with dioxygen,
affording oxidized species. Such mechanism, reported in Scheme 1.1 foresees the
presence of radical species in the initiation steps, as well as in the propagation and

termination steps [19].

In, > 2 1ne
Ine + RH » InH + Re
Re + O, > ROye
RO,e+ RH » RO,H + Re
Re +RO; o » RO,R
2RO, o » RO4R——— nonradical products + O,

Scheme 1.1 Reaction mechanisms in auto oxidation reactions.

These are known as auto oxidation reactions [20]. Though, not very selective,

they are still used for the production of many important industrial chemicals [21].

1.3.4. Chemical activation of oxygen

H+
O, —> Oy HOQe  Superoxide
~ 0.2 2 H" _
O > 2 —— HOOH peroxide
—_—
HOOH » 2HOe hydroxy radical

Scheme 1.2- Reaction mechanisms in auto oxidation reactions.
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Chapter 1: General Introduction

The activation of the molecular oxygen can be achieved by means of chemical
processes (scheme 1.2).

The reactions of free radicals with metal complexes (MX) can be classified as
either electron transfer or ligand transfer processes. Competition between electron
transfer and ligand transfer depends to a large extent on the nature of the ligand X.
Hard ligands, such as acetate tend to favor electron transfer processes, whereas soft

ligands, such as bromide, favor ligand transfer.

Electron transfer ~ Re + M™ —_— R4 VO

Ligand transfer ~ Re+ M™ X s RX+M"

The reactions of organic compounds with oxygen have received considerable
attention, particularly with reference to metal catalysis, because of their utility as
oxygen “carriers” and from the standpoint of oxygen “activation”. The oxidation of
hydrocarbons by dioxygen catalyzed by metal complexes is normally a radical chain
reaction. Usual product of the radical chain is an alkyl hydroperoxide, ROOH. These
hydroperoxides are unstable under reaction conditions and decompose to give
alcohols, ketones, aldehydes, carboxylic acids and esters. The major function of a
metal complex in many oxidation processes is the catalytic decomposition of
hydroperoxides. In this way the metal enhances the formation of desirable products
and stimulates the production of free radical species that initiate the radical chain
reaction between the hydrocarbon and dioxygen. These two effects give substantial

control over the yield and the rate of the overall oxidation process.

1.4. Selective oxidations

Selective oxidation of hydrocarbons is of crucial importance in activating
hydrocarbons to form intermediates and final products for applications in chemical
and pharmaceutical sectors [23]. Around the world, about one quarter of all the
organic compounds produced are synthesized via selective oxidation of the
hydrocarbons [24]. During the last two decades, a significant progress has been made
within the area of catalytic oxidations, which has led to a range of selective and mild
processes from both industrial and synthetic point of view. These reactions may be
based on organocatalysis, metal catalysis or biocatalysis. Some of the large scale

industrial catalytic oxidation processes include: oxidation of (a) p-Xylene to
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terephthalic acid (oxidant—oxygen, liquid phase process), (b) cyclohexane to adipic
acid (oxygen, liquid phase), (c) cumene to cumyl hydroperoxide (oxygen, liquid
phase), (d) n-butane to maleic anhydride (oxygen, gas phase) etc. In all these
processes, reactions are conducted at high temperatures and high O, pressures.

(@) Co-Mn-Br salts> O\\ C>_<OH é\: II .’
(b) (|) Co-Mn acetates O,
(||) HNO;
o)
H*
S @ PN
0, +

VPO catalyst | - B |
_
(d) (O]} o) (o) SVETEAM.

EPOXY RESIN

Fig. 1.3. Catalytic oxidation reactions.

In this context, oxidation catalysis has been playing and will be playing a
leading role [25]. The reason for this is that oxidation is the tool for the production of
huge quantities of intermediates and monomers for the polymer industry (Table 1.3).

The impact of these manufacture on the environment might have been much
greater, if considerable efforts are not gone into continuous improvement of the
technologies used for the production of these chemicals, including the replacement of
toxic and dangerous reactants, better heat recovery and energy integration in the plant,
recovery of waste streams and abatement of tail emissions, and downstream use of by-
products. In the chemical industry, oxidation is one of the technologies that have great
potential for improvement, and this has led to a series of better processes in recent

years.
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Table 1.3. Organic chemical intermediates produced by means of selective oxidation

Chemical Capacity [Mta™] oxidant
Terephthalic acid 44 air

Formaldehyde 19 air

Ethylene Oxide 18 0,

Propylene Oxide 8 Cl,, ROOH, H,0,
Acrylonitrile 6 air

Styrene 5 air, O

Phenol 5 air

Adipic acid 3 HNO;

Maleic anhydride 2 air

Mta™ : Million tonnes per anum

Improvements to catalysts, reaction and process technologies have moved in

the direction of an improved sustainability and have been widely documented in the

books and research publications in recent years [26]. Although the developments were

driven by economics, it also led to more sustainable processes (Table 1.4.). However,

some processes still co-produce large amounts of waste or operate under conditions

leading to non-optimal selectivity to the desired compound.

Table 1.4 Some industrial selective oxidation processes: improvements achieved and
targets for a better process economics and sustainability [27].

Industrial Oxi- | Conversion, Achievements Targets
Oxidation dant | Selectivity
Process [%0]
Methanol to air 99, 94-95 Better heat More efficient reactors
Formaldehyde integration, for larger scale
Higher productivity. | productions.
Cyclohexane to 0, 10-15, 90 Technological Increase per-mass
Cyclohexanol/- improvements conversion and
one adopted. Use of O, in | selectivity.
place of air.
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Cyclohexanol/- HNO; 100, 95 Several technological | Direct oxidation of
one improvements cyclohexane to adipic
to adipic acid adopted. Catalytic or | acid: performance to be
thermal abatement of | improved; avoid acetic
by-product N,O. acid as solvent.
Recycle of NO and
NO..
Cyclohexanone H,0, 100, 96-98 Several Alternative, non-
+ NHzto improvements to the | oxidation technology
Cyclohexanone classical process. available (hydroge-
oxime New H,0,-based nation of adiponitrile to
process: no by- 6-aminocapronitrile and
product in oxime subsequent cyclization
formation. or direct
polymerization).
para-Xylene to air 98-99, Technological Avoid use of
Terephthalic acid 93-97 improvements corrosive medium
adopted (energy (acetic acid), bromide
integration, safety, salt. Avoid undesired
overall performance). | by-product impurities.
n-butane to air 75-85, Replacement of the Better replacement.
maleic anhydride 65-73 earlier process that
used benzene.
Acetaldehyde to 0, 96-98, Replaced by Direct oxidation of
Acetic acid 97-99 methanol ethane to acetic acid.
air 91-92, carbonylation.
93-94
Two-step air 92-95, Technology One-step process from
propene to 84-89 improved over the propane. The direct

acrylic acid (via

acrolein)

years: energy
integration, overall

performance.

oxidation of propane, a
cheaper reactant than
propene, would also
allow lower investment

costs
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A sustainable catalytic oxidation should present the following fundamental
features

(i) capability to activate O, and H,O,, in aqueous phase, with solvent-free
protocols, or by using environmental friendly solvents, including per fluorinated
environment, ionic liquids and carbon dioxide, (ii) high selectivity, (iii) oxidative,
hydrolytic and thermal stability in the reaction conditions.

The contemporary presence of these features could provide the “ideal oxidation catalyst”
(Fig. 1.4).

Selective
Oxidative ideal Green
& oxidation oxidant &
.hydmfyt:c cata, Iyst solvent

Stable

Fig. 1.4 Schematization of the features of an “ideal” oxidation catalyst.

1.4.1. Single step oxidation of cyclohexane to adipic acid

Adipic acid (AA) is one of the most important aliphatic acids with the
chemical formula: COOH-(CH;),-COOH. Little of adipic acid occurs naturally, but it
is produced on large scale around the world.

Adipic acid is an important chemical intermediate; the main use of AA is for
the manufacture of Nylon 6,6. This polymer was first synthesized by Wallace Hume
Carothers in 1935 in the laboratories of DuPont and after three years DuPont patented
the process. Scheme 1.3 shows the reaction for production of Nylon 6,6 [28], which is
mainly used for production of fibers (fishing lines, tyres, carpets, home furnishing,

and in tough fabrics for backpacks, parachutes, luggage and business cases) and of
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resins. Nylon resins are used in electrical connectors, auto parts, and items such as

self-lubricating bearings, gears and cams [29].

Though the main use of adipic acid is as given above, there are more ways of

using adipic acid which is evident from Fig. 1.5.

Adipic Acid Hexamethylene diamine
Nylon 66

Scheme 1.3. Production of Nylon 6,6 from adipic acid and hexamethylene diamine.

25%

(a) 63% Nylon 6,6
(b) 25% polyester polyols
(c) 7% Plasticizers

._q (d) 2% Resins
\, (e) 3% miscellaneous
'|| 7% applications
y, %
63% 3%

Fig. 1.5. Applications of Adipic acid.

1.4.1.1. Production of AA

The global AA capacity in the year 2010 was around 2.9 million metric tons
per annum. The overall growth for AA is about 3% per year and expected to grow

much faster in near future. The most rapidly growing sector is the nylon one, where

during the past decade it was between 8-10% per year [30].

1.4.1.2. Possible pathways for the production of adipic acid

Fig. 1.6 summarizes the possible routes for the synthesis of adipic acid. Some
of them are “green”, but only a few of them can be considered truly sustainable, from

both an environmental and an economic standpoint, if the cost of reactants and the

complexity of the operation are taken into consideration.

_(CHy), condensation
°=¢ \$=O + HN—(CHp)g——Np,—— (CHa)a T—(CH2)4—
OH
b hdl |
o o]

N

H
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BRNsN
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COOR
\\\OH
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Fig. 1.6 Alternate pathways in AA production.
1.4.1.3. Current Industrial process

Adipic acid is produced by a two step oxidation process. The first one is (as
prevalent today) oxidation of cyclohexane with air; the second one is the oxidation of

cyclohexanone/cyclohexanol (called KA oil) or only of cyclohexanol with nitric acid

Since the reported processes which are currently in practice for the production
of AA are not environmental friendly, the present dissertation reports a green process

for AA production.
1.5. Biomass valorization

1.5.1. Incentives and scope

The utilization of biomass for the supply of energy and chemicals to our
modern society has become increasingly important in recent times. Several incentives
for biomass utilization exist, with perhaps reduction in CO, emissions and the desire
for independence from foreign oil import being among the most cited reasons [31].
Interestingly, we are today reviving strategies for biomass utilization which, have
been invented and/or investigated some thirty years ago when the world experienced
the previous energy crisis [32]. Due to decreasing fossil fuels prices compared to

biomass derived substrates, the use of biomass was abandoned then. However, the
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difference in cost between fossil and biomass resources is now narrowing. Moreover,
the tipping economic balance is accompanied by an increased environmental
awareness of the public and renewed political concerns about global warming. As a
result, utilization of biomass has once again became priority. Biomass utilization
offers at least a supplementary source of energy and chemicals, thus relieving the
import of fossil resources. One of the advantages of using biomass is that this vast
resource is not solely located in specific regions of the world and the implementation
strategies can vary depending on local conditions such as weather, demand, wages,

soil quality, soil availability as well as local human expertise.

Biomass is currently the only viable non-fossil source for liquid hydrocarbons
that can be used as additives to conventional liquid transportation fuels [33]. One such
additive produced in large scale is bioethanol which can be obtained through
fermentation. The potential for biomass utilization is very high, however the
practical implementation is technically complex and politically sensitive due to
a number of reasons. The most obvious complication is the potential competition
between biofuel production and the food production, protection of biodiversity, soil
degradation issues for the fluctuating price of fossil fuels as well as the willingness
and determination for the abatement of CO, emissions [34]. The US DOE
(Department of Energy) and Department of Agriculture have made an estimate
which concludes that more than 1 billion tons/year of lignocellulosic material
could be sustainably produced within the US before the middle of this century. This,
however, is not enough to meet the fuel requirement and only covers perhaps
around 1/3 of the need but it could theoretically suffice to replace the fossil

compounds used in the production of chemicals [35,36].

1.5.2. Composition of biomass

The most abundant biomass is lignocellulosic material such as wood or straw.
Figure. 1.7 shows the structure of cellulose, hemicellulose and lignin which are
the major components of lignocellulose. Cellulose is a linear polysaccharide of D-
glucose. The percentage of cellulose differs from source to source, for example in

wood it is around 40%, while hemicelluloses content is approximately 30% of the
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matter. Hemicellulose is a branched amorphous polysaccharide made up of several
different sugar monomers mainly the hexoses such as glucose, galactose and
mannose; and the pentoses xylose and arabinose. Whereas, the lignin content in
biomass is around 25% [37]. Lignin is a polymer that consists of branched phenyl
propane units predominantly linked by ether bonds. Additionally, minor amounts of

extractable organics and inorganic salts are present in lignocellulose [31].

Through mechanical and/or chemical treatment it is possible to roughly
separate the individual three major components based on differences in the rate of
hydrolysis by steam explosion, base stability etc. thus allowing for the very different

components to be utilized through separate dedicated processes [38, 39].

He, H HO o, ! o,
oy .“.II\"": X W07 H e, ) J'r_[ .> :\—D:/_{\'I ” ,: H
. . Lo :.| : =|f/ \;'u |-r_.=‘-"\. \, Hyeo, P

Glucose Galactose

0 OH —1:1_‘. MO, =
\_/ =/ H{CO

Ar abinose gluenronic aeid

Fig. 1.7. Cellulose polysaccharide (left), monomers present in hemicellulose (middle)
and lignin (right).

1.5.3. Direct and indirect “green” substitution

The majority of chemicals, which are used in producing the huge amount of
wrappings, tools etc. derive from fossil sources. Fascinatingly, only few molecular
building blocks including syngas (CO and H,), ethylene, propylene, methanol,
benzene, toluene and xylene make up the usual starting materials in the complex value
chain [40]. If biomass aims to vary the use of fossil resources a key difference will
therefore be whether it is transformed into one of the present basic building blocks or

whether new chemicals are targeted [41]. Due to the high functionality, biomass
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derived compounds carry little similarity to the classical fossil building blocks. It is
thus important to differentiate between direct and indirect substitution strategies. In a
direct strategy, similar chemicals that can replace fossil chemicals are produced from
biomass, whereas an indirect substitution would produce a different chemical which
could fulfill the identical function as the conventionally fossil derived product.
It is obvious that both advantages and disadvantages exist when targeting an “old” or
otherwise a new platform molecule. For example, if biomass can be converted
selectively to xylene, a known market already exists including a unit price and
therefore the economical potential of the process could be evaluated. It would
however also make the production highly vulnerable to price fluctuations of the

specific chemical.

1.5.4. 5-Hydroxymethyl furfural as a “platform chemical”

The word “platform chemical” is used to describe a compound which has a
suitable chemistry to allow multiple transformations into various value added
products. Through a variety of chemical techniques, hexsoses can be converted to
furanics, which are heterocyclic compounds with an aromatic ring comprised of four
carbon atoms and oxygen. One such furanic that is becoming increasingly significant
is 5-(Hydroxymethyl) furfural (HMF). It constitutes a furan ring system with an
aldehyde and a hydroxymethyl group at the 2 and 5 positions respectively. It can be
prepared from the furanose forms of hexose sugars by dehydration reaction (Fig. 1.8.)
[42]. HMF has been shown to form when sugars are heated, typically under acidic
conditions [43]. Additionally, HMF has been detected in foods such as dried fruits
[44] and baking products [45], and it is found that the daily intake of HMF is 30-150
mg per person [46]. HMF can be toxic to humans when ingested at concentrations of

75 mg per kg of body weight or greater.

HO. HO HO.

o] [o]
OH HO (o]
oOH _f;O oo f H:EO o J a o |
...... 4 —p
OH OH oH OH
D-Fructose HMF

Fig. 1.8. Dehydration of D-fructose to HMF.
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The true value of HMF lies in its capacity to transform into a number of useful
compounds (Fig. 1.9.) [47]. Rehydration of HMF leads to its decomposition into
levulinic acid and formic acid [48], both valuable commodity chemicals. Levulinic
acid is a precursor to the liquid fuel y-valerolactone [49]. Oxidation of hydroxymethyl
group of HMF leads to 2,5-diformylfuran and subsequently to furan-2,5-dicarboxylic
acid (FDCA). This is of particular interest as it can be used as a polymeric substitute
for terephthalic and isophthalic acids which are used to form polyamides, polyesters
and polyurethanes [50]. Hydrogenation of HMF leads to the formation of 2,5-
bis(hydroxymethyl) tetrahydrofuran and 2,5-diformyl-tetrahydrofuran. These products
can undergo condensation to generate polymers that can ultimately become liquid
alkanes [51]. Hydrogenolysis of HMF can give 1,6—hexane diol, a precursor for adipic
acid production [52]. HMF can also undergo undesirable degradation and
polymerization to form insoluble polymers known as humins by reaction with itself
and other monosaccharides [53]. Finally, hydrogenolysis can lead to 2,5-
dimethylfuran (DMF), 2,5-dimethyltetrahydrofuran and 2-methyltetrahydrofuran.
DMF is of great interest as a biofuel with its high energy density, low volatility and
immiscibility with water [54].

o]

\ o s P
HO
° (iv)
DF-THF \ e o
T (i) M—HM/F \U/

DMF
Q

Ho/m ‘\(m] 1{“} y v

HO-{CH,),-OH
1,6-Hexane Diol (i W
FDICA
HOOC-(CHa)-COOH /u\q/
OH

Adipic Acid o

Levulinic acid Formic acid

Fig. 1.9. Synthetic routes from HMF by (i) rehydration, (ii) oxidation, (iii) reduction,
(iv) hydrogenolysis.
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1.5.5. Selective oxidation of 5-HMF to 2,5-Furandicarboxylic acid (FDCA)

Selective hydrolysis of hexoses gives a potential platform chemical called 5-
hydroxymethylfurfural [55]. Under suitable reaction conditions, HMF can be
oxidized to FDCA [56]. US DOE biomass program has identified FDCA as one of the
12 important chemicals derived from biomass that can be used as a chemical building
blocks in future. It is a potential replacement for terephthalic acid; the monomer
currently used for the production of polyethylene terephthalate (PET), which is
derived from petroleum based hydrocarbons. To overcome the reported shortcomings
of the selective HMF oxidation process, we have developed alternative, cost-effective
and recyclable catalyst. This catalyst comprises of a precious metal, supported on a
alkali or alkaline earth exchanged octahedral molecular sieve; thus has both redox
centers and basic sites. The detailed results of this green process, developed in our

research group will be discussed as one of the chapters in this thesis.

HO O HO O

o | . o
2 § s

HMF 2,5-FDCA

Fig. 1.10. Selective oxidation of HMF to 2,5-FDCA.

1.6. Introduction to porous manganese oxides
1.6.1. Manganese

Manganese (Mn) is the 10™ most abundant element in the Earth’s crust and
second only to iron as the most common heavy metal; on average crustal rocks
contain about 0.1% Mn [57]. Near the Earth’s surface, Mn is easily oxidized, giving
rise to more than 30 known Mn oxide/hydroxide minerals[58]. These oxides are the
major players in the story of the mineralogy and geochemistry of Mn in the upper
crust and the major sources of industrial Mn. As ores, Mn oxides have been exploited
since ancient times. In particular, pyrolusite (MnO,) was used as a pigment for its

ability to remove the green tint imparted by iron to glass [59]. By the mid 19" century
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Mn was an essential component in steel making, as a deoxidizer and

desulfurizer and for making hard-steel alloys [60, 61].

1.6.2 Manganese oxide minerals

Generally in normal systems manganese exists in three different oxidation
states (+2, +3, +4), giving rise to a range of multivalent phases. Most Mn oxide
minerals are brown-black and classically occur as intimately intermixed, poorly
crystalline masses or coatings. Naturally, identifying the particular mineral(s) in a Mn
oxide specimen can be a challenge. Hence many researchers report simply “Mn
oxide” rather than a specific mineral phase. Even, classification of the minerals in
many Mn oxide samples is not straightforward. In general, powder X-ray diffraction
is a good diagnostic tool for monophasic, well-crystallized samples. Unfortunately,
the crystal structures and accordingly, the powder diffraction patterns are similar for

many of the Mn oxide minerals.

The basic building block of most of the Mn oxide structures is the MnQOg
octahedron. These octahedra can be constructed by sharing edges and/or corners into
a large variety of different structural arrangements, most of which fall into one of two
major groups: (i) layer structures and (ii) chain, or tunnel structures. The layer Mn
oxides, occasionally referred to as phyllomanganates, consist of stacks of sheets, or
layers, of edge-sharing MnQOg octahedra. The interlayer regions can host water
molecules and a wide range of cations. The tunnel Mn oxides are constructed of
single, double, or triple chains of edge-sharing MnOg octahedra, and the chains share
corners with each other to produce frameworks that have tunnels with square or
rectangular cross sections. These wide tunnels are partially filled with water
molecules and/or cations [62]. The major complexity of Mn oxide crystal chemistry is
the multiple valence states exhibited by Mn, commonly even in a single mineral. It is
practically simple to measure the average Mn oxidation state for a mineral, but it is
considerably more difficult to determine the proportions of Mn (1V), Mn (l11), and /or
Mn (11).

Summarized below are descriptions of some of the most important Mn oxide

minerals. The minerals and their chemical formulae are listed in Table 1.5.
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Table 1.5 Various minerals of Mn and their chemical formulae

Mineral Chemical Formula Ref
Pyrolusite MnO, 63
Ramsdellite MnO; 64
Nsutite Mn(OOH), 65
Hollandite Ba, (Mn**, Mn**")g Oy 66
Cryptomelane Ky (Mn**, Mn*")g O16 66
Manjiroite Nax (Mn**, Mn**)g O 67
Coronadite Pb, (Mn**, Mn*"5 O 68
Romanechite Bags(Mn**, Mn®*")50401.34H,0 69
Todorokite  (Ca,Na,K)x (Mn4*, Mn** )01, 3.5H,0 70
Lithiophorite LiAl, (Mn* Mn®*")Og (OH)s 71
Birnessite (Na,Ca)Mn;044 2.8H,0 72
Manganite MnOOH 73
Feitknechtite MnOOH 74
Hausmannite Mn?*Mn,>*0O, 75
Bixbyite Mn,03 76
Manganosite MnO 77

1.6.3. Mn oxide minerals with tunnel structures
There are many Mn oxide minerals which exist with tunnel structure. These

are described below.

1.6.3.1 Todorokite (Ca, Na, Ky3.5 [Mn (1V), Mn(111), Mg]sO1, 0.3-4.5H,0

Todorokite (OMS-1) is one of the main Mn minerals deposited in ocean Mn
nodules (10 A manganate), and it is likely the host phase for transition metals such as
Ni, Co, etc. Todorokite occurs with apparent plate type or fibrous morphologies, that
supports a tunnel or layer-type structure and it is extracted as major mineral from
many terrestrial Mn deposits[78]. 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 illustrates that
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tunnels are constructed of triple chains of MnOg octahedra. The triple chains share
corners with each other to form large tunnels with square cross sections that measure

three octahedra on a side [79]. It has a tunnel size of 6.9 X 6.9 A.

The water and cation positions in the tunnels of todorokite were predicted by
Rietveld method usinmg powder X-ray diffraction data recently [70]. Lower valence
cations such as Mn (l11), Ni (II), and Mg (I1), which substitute for Mn (IV) to offset
charges on the tunnel cations, appear to be concentrated into the sites at the edges of
the triple chains, as in romanechite. Chemical analyses of todorokite show
considerable variation in tunnel cation composition [80], while samples from ocean
nodules have up to several weight% Ni, Co, and Cu [81]. Because of todorokite’s
large zeolite-like tunnels, there has been considerable interest in recent years in

producing synthetic analogues for possible use as catalysts or molecular sieves [82].

Todorokite typically occurs in Mn deposits as an alteration product of primary
ores such as braunite. It is an important phase in many Mn coatings, dendrites and
varnishes [83]. In the case of ocean nodules, the mechanism of todorokite formation is
not well understood, but some experiments suggest that biological processes might
play an important role. It has been speculated that nodular todorokite alters from a
precursor buserite-like phase [70]. Recent, studies have shown that todorokite can be

synthesized starting with Mg-rich birnessite-like phase [84].

1.6.3.2. Hollandite group R ¢g-15[Mn (1V), Mn (111)] sO16 R=Ba, Pb, K or Na.

The hollandite structure is constructed of double chains of edge-sharing MnOg
octahedra, which are linked in such a way as to form tunnels with square cross
sections, measuring two octahedra 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 substitution of lower valence cations
[e.g., Mn (I11), Fe (111), Al (111), etc.] for some of the Mn (IV). Hollandite minerals
can be major phases in the oxidized zones of Mn deposits and important ores. The

different minerals in the hollandite group are defined on the basis of the predominant
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tunnel cation: hollandite (Ba), cryptomelane or OMS-2 (K), coronadite (Pb), and
manjiroite (Na). Natural 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.

In recent years there has been great interest in the hollandite minerals and in
the hollandite structure-type in general, both for potential applications as solid ionic
conductors and for immobilizing certain radioactive cations as part of a waste storage
system [85]. Mixed valency of OMS type manganese makes them good
semiconductors and oxidation catalysts. The average manganese oxidation state has
been reported from 3.4 to 3.9 due to the presence of a mixture of Mn**, Mn** and
Mn*2 jons. Manganese oxides of OMS-type are easy and inexpensive to prepare.
Various synthetic routes have been explored, such as reflux [86], thermal or

hydrothermal treatment of birnessite [87] and sol-gel route [88].

Fig. 1.11. Polyhedral representations of the crystal structures of (A) pyrolusite, (B)
ramsdellite, (C) hollandite, (D) romanechite, and (E) todorokite, looking

approximately parallel to the Mn octahedral chains.
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1.7. Carbon nitrides

1.7.1. Introduction

If one looks 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, CNXx, graphene, carbon nanotubes; the list of new or different structures
based on carbon grows each year due to the extensive research and discovery of new
carbon based materials.

Carbon nitrides are compounds of carbon and nitrogen as the backbone
forming elements. Carbon nitride in the strict sense however refers to the binary
carbon nitride with the formula C3N4, which still is an elusive monomer compound.
Five different crystalline modifications of the binary carbon nitride, which were
described in an earlier article by Teter and Hemely are shown in Figl.12. Carbon
nitride materials are in the focus of this thesis. Graphitic carbon nitrides, derived from
the parent binary compound g-C3Ny4, are a family of largely planar structures with a
composition close to “C3N4”, which are based on either triazine or heptazine units.
These exhibit different degrees of condensation, physical and chemical properties and

reactivities.

Fig. 1.12. Representation of (A) B-C3Ny4, (B) a-C3Ng, (C) graphitic-C3Ny, (D) pseudo
cubic-C3N4 and (E) cubic-C3N4 modifications, viewed down the [001] axis.

The ‘C” and “N’ atoms are depicted as gray and blue spheres, respectively.
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In the beginning of the “carbon nitride era”, numerous papers were published
on B-C3Ng4, the hypothetical compound predicted by Liu and Cohen [89] to have a
bulk modulus of 427 GPa, which is a value close to that of diamond (443 GPa). In
addition, four other structures of crystalline CN have been predicted, e.g. a-C3Ny, this
is an iso-structural phase to the more well-known a-SizN4. While the evidence for the
existence of the C3N, compounds remains to be proven, CNy has been deposited in
different structures and compositions, as e.g. amorphous, graphitic, turbostratic and
“fullerene-like”, using a variety of deposition techniques and the mechanical,
electrical and optical properties, as well as detailed structures of these materials have

been examined by many groups.

The effect of introducing nitrogen into the amorphous or graphite-like carbon
matrix is that it induces curvature into the structure, with bent and intersecting basal
graphite planes as a result. The fullerene-like microstructure has been of interest,
because of the elastic behavior in combination with a high hardness which is of great
importance in certain applications. Hardness values for carbon nitride (CNy) have
been reported in the range 10-40 GPa depending on microstructure and deposition
technique [90].

1.7.2. A brief history of carbon nitride

The first work of carbon nitride appeared in the early 19™ century. Jons Jakob
Berzelius, considered the father of modern chemistry, who famously coined the word
“polymer”, first synthesized a carbon nitride material through heating of Hg(SCN),.
In 1834, Justus von Liebig discovered a material which has a formula CgNgH3, same
as that of earlier product [91]. He identified several triazine and heptazine-based
molecular compounds such as melamine, melam, melem, ammeline, ammelide, and
melon. He obtained a yellow, amorphous and insoluble product which was named
melon which was obtained by the pyrolysis of ammonium chloride with potassium
thiocyanate. As his products were of high purity, the first reliable characterizations of
several carbon nitride compounds by elemental analysis were recorded. However, not
all of his products could be well synthesized and characterized. By elemental analysis
of melon, he could not ascertain a clearly reproducible formula. In 1835, another

important discovery was potassium hydromelonate, K3sCgN7 (NCN), by Leopold
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Gmelin [92]. The synthesis was conducted using potassium ferricyanide and sulfur,
which were heated in a crucible. When the potassium hydromelonate was acidified,
hydromelonic acid was formed. In 1855, Hennenberg discovered cyameluric acid

(H3CsN7O3) by hydrolyzing hydromelonate salts.

The structure of these above mentioned compounds remained vague due to the
lack of suitable analytical methods at that time. In 1922, Edward C. Franklin
published a detailed review of the carbon-nitrogen family of compounds which also
included the well-known guanidine, biguanidine, cyanamide, dicyandiamide and
melamine [93]. He found that the empirical composition of melon derivatives derived
from mercuric thiocyanate varied with the method of preparation and the hydrogen
content varied from 1.1 to 2.0 wt%. This brought these compounds into consideration
once more. In 1933, Franklin gave Linus Pauling some crystals with the formula
CsN70O3Naz-3H,0 to perform an X-ray study. After studying this material and some
related materials, the assertion was that the most likely structure would be a coplanar
arrangement of three fused rings [94]. Therefore, Pauling proposed the cyameluric

nucleus, C¢N7, which is shown in Fig. 1.13.

Later, Redemann and Lucas predicted that there is a similarity between melon
and graphite in that the molecules are infinitely large and planar. They indicated that
the Franklin’s carbon nitride closed to a compact condensation product with 21
molecules of 2,5,8-triamino-tris-s-triazine, Ci26H21N175 [95]. Based on these findings
it was stated that one single structure should probably not be assigned to melon as it is

more likely a mixture of polymers of different size and architecture.
N/\ N

A

N N

L

Fig. 1.13. Pauling’s proposed structure for the cyameluric nucleus.

N

)

N

>\7
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In the second half of the 20™ century, the Russian chemist Finkel’shtein
examined the spectroscopic properties of these known cyameluric molecules by IR
and UV-Vis spectroscopy [96]. In 1961, the compound 2-0x0-6,10-diamino-s-
heptazine, which was synthesized by a careful partial alkaline hydrolysis of melon,
was reported by Finkel’shtein [97]. Until now, there have been no further reports
about this compound. In 1982, Leonard and coworkers reported the first crystal
structure of a cyameluric derivative, after successfully synthesizing the unsubstituted
cyameluric nucleus, CgN7Hs, by a bottom-up assembly starting from 2,4-diamino-
1,3,5-triazine and methyl N-cyanomethanimidate [98]. The crystal structure showed
a coplanar arrangement of three fused triazine units, which proved the structure

proposed by Pauling earlier.

The interest in these carbon nitride compounds blossomed by the theoretical
prediction that dense sp>-bonded C3N4 phase (B-CsN,) could have extremely high
bulk modulus and hardness values comparable with or exceeding that of diamond
[99].These results motivated further experimental efforts to synthesize and
characterize -C3N4 [100]. Further theoretical work indicated g-C3N,4 to be the most
stable allotrope at ambient conditions [101]. The synthesis and characterization of g-
CsN,4 is a challenging task by itself, and to date a large number of different

experimental attempts have been made.

Due to the lack of experimental data, there is a predominant discussion about
the actual existence of a graphitic material with composition of C3N4 and possible
structure models for g-C3Ny. Inspired by the structure of graphite, triazine (C3N3) had
been put forward as elementary building blocks of g-C3Ns (Scheme 1.4) [102].
However, another possible building block, tri-s-triazine (heptazine) rings, which are
structurally related to the hypothetical polymer melon [103], has recently been shown
to be energetically favored with respect to the triazine-based modification [104]. The
tri-s-triazine rings are cross-linked by trigonal nitrogen atoms. Recent work has
shown that the pyrolysis of cyanamide, dicyandiamide, or melamine yields a melon
polymer built up from melem units [105], confirming that this tecton is the most

stable local connection pattern.
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Cynamide

Melam

Melamine

Dicynamide

Melem

Scheme 1.4. Reaction path for the formation of graphitic C3N, starting from

cyanamide.

Melamine

Fig. 1.14. Triazine- (left) and tri-s-triazine-based connection patterns (right) of

potential g-C3Ny allotrope.
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The calculated energy diagram for the synthesis of carbon nitrides is outlined
in Fig. 1.15. [106]. The starting precursor cyanamide condenses into melamine.
Further condensation can then proceed via the triazine route (dash-dot line) to C3Ny,
or melamine can form melem and then follow the tri-s-triazine route (dashed line) to
form Cg¢Ng. The energies are presented per atom. The material intermediate in
condensation degree between melem and melon is called dimelem, which also
belongs to the incompletely condensed melon group of materials. Because of
the expected larger band gap, these kinds of carbon nitride materials have not
been considered as photo catalysts as yet. However, recently, Zou and coworkers
reported on effectively narrowing the band gap of carbon nitride photo catalysts by

coupling with a narrow gap molecule [107].
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c - melam
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) Nen,
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Fig. 1.15. Calculated energy diagram for the synthesis of carbon nitride.

1.8. Scope and objective of the present Thesis

Development of highly active and stable heterogeneous catalysts for the
selective oxyfunctionalization of hydrocarbons is a challenging task in catalysis. In
pursuit of this, the scope and objectives of this thesis are (i) to prepare Co
substituted manganese containing octahedral molecular sieves by direct reflux
synthesis method; (ii) to characterize them by various physico-chemical
techniques and (iii) to investigate their catalytic properties in selective oxidation
of cyclohexane to adipic acid. Accordingly, Co-K-OMS-2 catalysts with varying
Co/Mn molar ratio were synthesized. The present thesis also focuses on the design of
green process for the selective oxidation of hydrocarbons. In order to achieve it, we

have conducted these selective oxidations with metal free carbon nitride catalysts.
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Conversion of renewable biomass into value-added chemicals and fuels is an area of
considerable current interest. In the quest for designing base free selective oxidation
catalysts to obtain biomass derived compounds, we have synthesized Ru exchanged
Mg & Mn containing octahedral molecular sieves (Ru-Mg-OMS-1). The prepared
catalysts were tested for the oxidation of 5-hydroxymethylfurfural and 2- furfural to
their corresponding acids. Factors influencing the activity of these catalysts are

investigated.

1.9. Organization of the Thesis

The thesis is divided into six chapters. A brief description of the contents of
each chapter is given below.

Chapter 1: Introduction

Chapter 1 gives a general introduction to heterogeneous catalysis, which
includes a brief description of various methods used for the preparation of catalysts
reported in the thesis. This chapter presents an introduction to selective oxidation of
hydrocarbons and its importance in the synthesis of industrially important organic
chemicals and intermediates. It also describes about the manganese containing
octahedral molecular sieves, types of nitrogen doped carbons and their electronic and
catalytic properties. Utilization of biomass based feedstocks to renewable chemicals,
particularly through selective oxidation also forms part of this chapter. Finally, the

aim of the thesis is outlined briefly.

Chapter 2: Catalyst preparation and experimental techniques for

characterization

Chapter 2 describes different methods of catalyst synthesis used for various
catalysts and experimental techniques employed for their characterization. The
catalysts synthesized were Co substituted K-OMS-2, Ru exchanged Mg-OMS-1,
carbon nitride nano tubes (CNNT). They were characterized by various physico-
chemical techniques. Theory and experimental procedures of each of these techniques

have been described in this chapter.
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Chapter 3: Co-K-OMS-2 catalysts for oxidation reactions

Chapter 3 provides detailed introduction to selective hydrocarbon oxidation
reactions. It deals with the investigations pertaining to Co and Mn containing
octahedral molecular sieves as catalysts for single step selective oxidation of
cyclohexane to adipic acid (AA) in presence of an initiator. This chapter is divided
into two parts. Part-A presents the characterization results of Co-K-OMS-2 catalysts
Part-B presents the activity of catalysts in the oxidation of cyclohexane to AA, which

is an industrially important organic transformation.

Our investigations on Co-K-OMS-2 catalysts show that Co doping enhances
the rate of reaction. The AA selectivity was found to decrease at higher reaction
temperatures, contact time and at high Co concentrations. The rate of the
decarboxylation of AA to succinic and glutaric acids was found to increase with
increasing Co content. Addition of initiator enhances the rate of reaction. The catalyst
was successfully recycled 5 times. Conclusions were drawn based on the catalytic
studies and their correlation with the characterization results, which were given at the

end of this section.

Chapter 4: Metal free carbon nitride catalysts for hydrocarbon oxidations

Chapter 4 gives detailed introduction to nitrogen doped carbons and
industrially important selective hydrocarbon oxidation reactions. This chapter is
divided into two parts. Part-A describes the synthesis and characterization of carbon
nitride nanotube (CNNT) catalysts. Part-B describes catalytic activity of these
catalysts for industrially important hydrocarbon oxidations, particularly cyclohexane

to adipic acid.

Carbon nitride nanotube catalysts show superior activity in the selective
hydrocarbon oxidation using O, as oxidant. In cyclohexane oxidation, reaction
temperature, time, oxygen pressure plays vital role in conversion of cyclohexane and
AA selectivity. An important finding was that the reaction can be conducted even in

the absence of solvent, except that it offers somewhat inferior performance. Nitrogen
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content plays an important role. The characterization results were correlated with the
catalytic activity at the end of the chapter.

Chapter 5: Base free process for the oxidation of biomass derived feedstocks to

corresponding acids

Chapter 5 deals with biomass utilization, particularly selective oxidation of
biomass derived compounds. This chapter is also divided into two parts. Part-A
describes the synthesis and characterization of Ru-Mg-OMS catalysts. Part-B
describes the catalytic activity of these catalysts in the selective oxidation of biomass
components to obtain important renewable chemical feedstocks.

The role of Ru exchanged Mg-OMS-1 catalyst was investigated for oxidation
of HMF and furfural to their respective acids. The oxidation was performed without
addition of an external base. Effect of reaction conditions like temperature, catalyst
weight, Ru content, O, pressure and duration of the reaction were studied. Catalyst
recyclability was also demonstrated. The possible causes for the high catalytic

oxidation activity of these catalysts was examined.

Chapter 6: Summary and conclusions

This chapter discusses various conclusions drawn upon the investigations
conducted with regard to various catalysts in the selective oxidation of hydrocarbons
as well as biomass components. Since, it is mandatory to summarize the work for the
benefit of the reader; this chapter compares the present work with the reported results
as a summary. Further, at the end of this chapter, it offers suggestions for further

research in these areas.

By and large, the work presented in this thesis reports the synthesis,
characterization and catalytic applications of Co and Ru exchanged manganese
containing octahedral molecular sieves and carbon nitride nano tubes. These catalysts
were found to be superior in activity in comparison with the reported catalysts for

their respective reactions. The catalysts used in these investigations were recyclable.
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In general, the work presented in this dissertation contributes to the area of new

materials and sustainable catalytic processes.
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2.1. Introduction

This chapter describes the synthesis of various catalyst materials and
experimental methods used for their characterization. Transition metal substituted
manganese containing octahedral molecular sieves and carbon nitride nano tube
catalysts were prepared for the present study. Detailed physicochemical
characterization is essential to understand any material, particularly for catayst
materials. X-ray powder diffraction, various spectroscopic techniques, electron
microscopy and methods based on adsorption and desorption are routinely used for
characterization of catalytic materials. These investigations are expected to provide
information about phase purity, crystallinity, crystallite size, surface structure, textural
properties, nature of active sites, morphology, particle size, acidity and other relevant
information. Photo electron spectra provide information about the nature and
chemical state of dopant. Further, the structure-activity relationship is better
understood by these techniques which in turn will help to improve the activity of the
catalysts for various applications. The formation, structural integrity and textura
properties of the prepared catalysts were investigated by various physicochemical
techniques like X-ray diffraction analysis (XRD), FT-IR, surface area and pore
volume, metal dispersion through chemisorption, thermo gravimetric analysis,
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma-optical emission spectroscopy, photoluminescence

spectroscopy and cyclic voltammetry studies

2.2. Catalyst preparation
2.2.1. Preparation of K-OM S-2 and Co substituted K-OM S-2

A class of Mn containing oxide materials that have tunnel structures are
called octahedra molecular sieves (OMS). K-OMS-2 is one such materia that
belongs to this class, which can be prepared by precipitation [1]. A solution of
KMnO, (5.89 g in 100mL of water) was added drop-wise to a solution containing
mixture of manganese sulfate (8.8 g in 30mL water) and 3mL of concentrated nitric
acid which resulted in the formation of a black precipitate. This precipitate was stirred
and refluxed at 373K for 24h, filtered and washed with distilled deionized water until
the pH of the filtrate became neutral. Subsequently the material was dried for 12h at
383K and calcined at 623K for 3h to finaly get K-OMS-2.
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In case of Co-K-OMS-2 preparation, required amount of cobalt precursor
(cobalt nitrate hexahydrate) was added prior to the addition of nitric acid following
the above procedure. Similar procedure was adopted to prepare four catalysts with
different cobalt contents (0.5 to 3 wt %), by varying the concentration of cobalt nitrate
solution. These samples were designated based on the Co content as Co-OMS-I (0.58
%), Co-OMS-1I (1.03 %), Co-OMS-1II (2.26 %) and Co-OMS-I1V (2.98 %). The
cobalt content of the samples was estimated using | CP-OES (Spectro Arcos).

2.2.2. Preparation of Ru exchanged Mg-OM S-1

In addition to K-OM S-2 and Co substituted K-OM S-2, we have al so prepared
OMS-1 structure that has larger pore size compared to OMS-2.

2.2.2.1. Preparation of Mg-OM S-1

For the preparation of Mg-OMS-1, first we need to prepare Na-Buserite
followed by Mg-Todorokite as given below.
Preparation of Na-Buserite

A solution of 0.1132 moles of Mn (CH3COO),.4H,0O and 0.0238 g of
Mg(CH3COO),.4H,0 in 140 mL of distilled deionized water (DDW) was added
slowly to a solution of 50 g of NaOH in 160 mL of DDW under vigorous stirring, that
resulted in a white slurry of Mn and Mg hydroxides. A solution of 0.030moles of
KMnOy in 140 mL of DDW was added slowly to the slurry under vigorous stirring,
producing a brownish black suspension. The suspension was aged without stirring at
313 K for 4 days. Well-crystallized product was filtered out and washed until the pH
of the filtrate was below 9.5. The obtained product was further stabilized by aging at
room temperature for 2 days.

Preparation of Mg-Todorokite

The above obtained buserite was ion exchanged to Mg-Buserite by stirring the
mixture at room temperature for 12 h using a 200 mL solution of magnesium chloride
(0.2M) and the solid part was separated and heated hydrothermally in an autoclave.
The autoclave was heated without stirring at 423 K for 48 h to get Mg-Todorokite.
(Mg-OMS-1) [2].
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2.2.2.2. Synthesis of 2wt% Ru exchanged Mg-OM S-1

Ruthenium was exchanged into Mg-OMS-1 by using 4mL of RuCl; (1mL
contains 5mg of Ru). This solution was added to 50mL of water and 1g of Mg-OM S-1
and stirred at 353 K for 3h. After cooling to room temperature, 200mg of NaBH,4 was
added and stirred for 1h, filtered and washed.

2.2.2.3. Preparation of other precious metal (Au, Pd, Pt) exchanged Mg-OM S-1
In order to prepare Au, Pd and Pt metal exchanged Mg-OMS-1, required
amount of respective metal salt (HAUCI,, Pd(NH3)4sNOs, H,PtCls) was added to 50 ml
water. Parent Mg-OM S-1 was added to the above solution, stirred at 353K for 3h and
cooled it to ambient temperature. The metal exchanged OMS-1 was further reduced
using NaBH, (200mg) and obtained solid was further washed with ethanol and dried

at room temperature.

2.2.3. Preparation of 2wt% Ru exchanged Mg-OM S-2

For the preparation of Ru exchanged Mg-OMS-2, we need to prepare Mg-
OMS-2 initidly. One gram of K-OMS-2 was added to 100mL 1M sol of Mg
(NOg3)2.6H,0 and this mixture was stirred for 3h at 353K. After reaching to room
temperature, the transparent sol was decanted. The above procedure was repeated
thrice to obtain Mg-OM S-2.

Ruthenium was exchanged into Mg-OMS-2 by using 4mL of RuCl; (1mL
contains 5mg of Ru). This solution was added to 50mL of water and 1g of Mg-OM S-2
and stirred for 3h at 353K. After cooling to ambient temperature, NaBH, was added to
and stirred for 1h to reduce Ru, followed by filtration and washing with ethanol.

2.2.4. Preparation of carbon nitride nano tubes

Required amount of melamine (0.9068 g) was dissolved in 40 mL of ethylene
glycol to obtain saturated solution at ambient temperature. To this, aqueous nitric acid
(120 mL of 0.12 M) was added drop wise to get white precipitate. This precipitate
was washed with ethanol to remove residual nitric acid and ethylene glycol.
Subsequently, the product was dried at 333 K for 6 h and calcined at 623 K for 3 hin
ar [3].

2014 Ph.D. Thesis: Narasimharao Kanna, (CSR-NCL) SP. PuneUniversity 43|Page



Chapter 2: Experimental Methods and Characterization Techniques

2.3. Characterization of catalysts

Characterization of the above synthesized materials would help to understand
the properties of the catalysts in a better way, so that materials can be improved or it
is possible to design new materials to meet the catalyst requirements. A brief account
of the theory and principle of various characterization techniques used for the current
study is given below, followed by the procedure used for each experimental technique

to characterize the above materials.

2.3.1. Powder X-ray diffraction (XRD)

X-ray diffraction is one of the most essential and versatile techniques used in
catalyst characterization. It is quite useful for determining the structure of materials
that are characterized by long-range order. Crystalline phase(s) of the catalyst can be
studied by means of lattice structural parameters and crystallinity [4]. The frequency
of X-rays is intermediate between the ultra-violet (UV) and gamma radiations and
their wavelength (1) is in the range of 0.04 A to 1000 A. For diffraction applications,
only short wavelength X-rays in the range of a few A to 0.1 A (1 kev -12
keV) are used. Since, this wavelength is comparable to the size of atoms, they are

ideal for probing the structural arrangement of atomsin awide range of materials.

The diffraction method involves the interaction between the incident
monochromatized X-rays (like Cu K, or Mo K, source) with the atoms of a periodic

lattice. X-rays scattered by atoms in an ordered lattice interfere constructively as per

Bragg'slaw [5]:
n=2dsinf;n=1,2,3,... (2.1
""x Incident B L
“‘-{; _plane wave .f,.f" '
. A v L
e e edie el
o N
le o o x“,i“i'r'f; " ® @ Constructive interference
dsing when
e e o o o o ni =2dsin 0
Bragg’s Law

Fig. 2.1. Principle of Bragg's law.
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where A isthe wavelength of X-rays, d is the distance between two lattice planes, 0 is
the angle between the incoming X-rays and the normal to the reflecting | attice plane

and nistheinteger called order of the reflection.

By measuring the angle 260, under which constructively interfering X-rays
leave the crystal, the Bragg's equation gives the corresponding lattice spacing, which
is characteristic for a particular compound. Width of the diffraction peaks signifies the
dimension of the reflecting planes. It is known that the width of a diffraction peak
increases when the crystallite size is reduced below a certain limit (<100 nm).
Therefore, XRD patterns can be used to estimate the average crystalite size of small
crystallites using XRD line broadening by applying the Scherrer formula[6];

t = 0.92/ BCos 0 (2.2)

Where't is the thickness of the crystallites (A), A is the wavelength of x-rays, 0
is the diffraction angle and B is the full width at half maxima of the diffraction peak.
X-ray diffraction pattern of all the catalystsreported in this thesis were collected
using PANalytical X’pert Pro dual goniometer X-ray diffractometer. A proportional
counter detector was used for low angle experiments. The data were collected with a
step size of 0.02° at a scan rate of 0.5° min™’. The sample was rotated throughout the
scan for better counting statistics. The incident radiation used was Cu -K, (1.5418 A)
with Ni filter and the data collection was carried out using a flat holder in Bragg—
Brentano geometry (0.2°).

2.3.2. N, Physisorption and CO chemisor ption

The most accepted method of measuring surface area of catalytic materials is
the one that is based on the theory developed by Brunauer, Emmett and Teller in 1938
considering the multilayer adsorption. 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 is no inter molecular interaction,
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 completed. The Brunauer-Emmett-
Teller (BET) equation 2.3is[7];
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P/V (Po-P) = 1/CV i+ [(C-1)/CV ] (P/Py) (2.3

Where P is adsorption equilibrium pressure, Py is saturation vapor pressure of the
adsorbate at the experimental temperature, V is volume of gas adsorbed at pressure P,
Vn is the volume of adsorbate required for monolayer coverage and C is a constant
related to the heat of adsorption and liquefaction. A linear relationship between
P/V (Py/P) and P/Pyis required to obtain the quantity of nitrogen adsorbed. This linear
portion of the curve is restricted to a limited portion of the isotherm, generaly
between 0.05-0.30. The monolayer volume, Vn, is given by 1/(S+l), where S is the
dope and is equal to (C-1)/CV, and | is the intercept and is equal to 1/CV,. The
surface area of the catalyst (Sger) isrelated to Vi, by the equation,

Seer = (VM/22414) Ny 6 (2.4)

Where N, is Avogadro number and ¢ iS mean cross sectional area covered by
one adsorbate molecule. Nitrogen is the most widely used gas for surface area
determinations since it exhibits intermediate values (50-250) for the C on most solid
surfaces, precluding either localized adsorption or behavior as atwo dimensional gas.
Since it has been established that the C influences the value of the cross-sectional
area of an adsorbate, the acceptable range of C for nitrogen makes it possible to
calculate its cross-sectional area from its bulk liquid properties [8]. For the
hexagonal close-packed nitrogen monolayer at 77 K, the cross-sectional area ¢ for
nitrogen is 16.2 A

In the case of supported metal (or metal oxide) catalysts, it is important to
know what fraction of the active metal atoms are exposed. This is so because atoms
located in the interior of the metal particles do not participate in surface reactions,
hence not available for the purposes of catalytic processes. The metal dispersion,
D, is defined as the fraction of metal atoms found on the surface of active meta
particles; it is expressed as a percentage of al metal atoms present in the sample. The
higher the dispersion, the more exposed isthe meta surface and more efficient
is the catalyst. The value of D is obtained from the equation

D = Nm S M/100L (2.5)
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Where M and L are the molecular weight and percent loading of the supported

metal, S is adsorption stoichiometry, N, is monolayer uptake of chemisorbed gas
(umol/g).

The N, physisorption and H, chemisorption experiments were conducted
using Quantachrome autosorb 1Q analyser. Nitrogen physisorption was carried out at
77K, after degassing the samples at 573 K. The isotherms were analyzed in a
conventional manner in the relative pressure of region P/Py= 0.005 to 1.0. The tota
pore volume of a sample was obtained at P/Py= 0.95. Chemisorption (H,) experiments
were conducted at 313 K after reduction followed by evacuation at 573 K.

2.3.3. Electron microscopy

The electron microscopy has many variants. In this section, we deal only with
scanning electron microscopy and transmission electron microscopy. The former is
useful for the examination of physical features of the sample, like size and
shape of crystals in the material. On the other hand TEM is much more useful to
study the nano structure of the material alongwith metal dispersion.

2.3.3.1. Transmission electron microscopy (TEM)

The original form of electron microscopy, transmission electron microscopy
(TEM) involves a high voltage electron beam emitted by a cathode and formed 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. The spatia 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 amonitor or computer.

The ability to determine the positions of atoms within materials has made the
TEM an indispensable tool for nano-technologies research and development in many
fields, including heterogeneous catalysis and the development of semiconductor
devicesfor electronics and photonics.
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Materials used in this study were analyzed using a high-resolution
transmission electron microscope (HRTEM) Tecnai-T30 model at an accelerated
voltage of 300 kV. Samples were prepared by placing a droplet of sample suspension
in isopropyl alcohol on a carbon coated Cu grid for TEM measurements.

2.3.3.2. Scanning electron microscopy (SEM)

Unlike the TEM, where the electrons in the primary beam are transmitted
through the sample, 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. In SEM, the electron beam is scanned across the surface of
the sample in a raster pattern, with detectors building up an image by mapping the

detected signals with beam position.

The SEM micrographs of the samples were obtained on a Leo Leica
Cambridge UK Mode Stereoscan 440 scanning electron microscope. The samples
were loaded on stubs and sputtered with thin gold film to prevent surface charging
and also to protect from thermal damage due to electron beam [9]. The difference in

the alignment of the above two microscopy isdepicted in Fig. 2.2.

Scanning Electron Transmission
Microscope Electron Microscope

D Source D

E 3 |
S .
Condenser
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l l I I Projector Lens

e Screen
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Fig. 2.2. Alignment of SEM and TEM.
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2.3.4. X-Ray photoelectron spectroscopy (XPS)

X ray photoelectron spectroscopy has come into limelight as a result of the
pioneering work by Kai Siegbahn (Nobel prize winner, 1981) and his colleagues at
Uppsala university, Sweden. This technique is based on the photoelectric effect
discovered by Heinrich Hertz and explained later by Albert Einstein [10], which
involves the bombardment of a solid surface with X-rays and the measurement of the
concomitant photo emitted electrons. It is a widely used technique for obtaining
chemical information of various material surfaces. The low kinetic energy (81500
eV) of emitted photoelectrons limit the depth from which it can emerge, making XPS
a very surface-sensitive technique and the sample depth is in the range of few
nanometers. Photoel ectrons are collected and analyzed by the instrument to produce a

spectrum of emission intensity versus electron binding (or kinetic) energy.

XPS uses either monochromatic aluminum K, or non-monochromatic
magnesium K, X-rays to gect a photoelectron from an atom at the sample's surface.
An electron from a higher energy level then fals to fill the hole left behind and its
emitted radiation energy is used to gect an Auger electron. Thus, XPS emits both
photoel ectrons and auger electrons which can be seen in the spectrum. The electrons
gjected are analyzed with the help of XPS detector by measuring the kinetic energy of
electrons which provides the information to determine the kind of elements present in
the sample. Fig.2.3. illustrates the schematic representation of the X-ray

photoel ectron process.

Emitted Auger electron @ Photoelectron
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\

E’fenm' level
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Fig. 2.3. Principle of photoelectron process.
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The photoemitted electrons have discrete kinetic energy that is the characteristics of
the emitting atoms and their bonding states. The kinetic energy, Ex of these
photoel ectrons is determined from the energy of the incident X-ray radiation (hv) and
the electron binding energy (Eyp) is given as

Ek= hv- Eb (2-6)
The experimentally measured energies of the photoel ectrons are given as
Ek= hv— Eb- EW (2.7)

Where E,, is the work function of the spectrometer.

Each element produces a characteristic set of XPS peaks at different binding
energy values that directly identify each element present on the surface of the
material being analyzed. These characteristic peaks correspond to the el ectronic confi-
guration of the atoms, e.g., 1s, 2s, 2p, 3s, etc. To account for the multiplet splitting
and satellites accompanying the photoemission peaks, the photoel ectron spectra have
to be interpreted in terms of many-electron states of the final ionized state of the

sample, rather than the occupied one-electron states of the neutral species[11].

X-ray photoelectron spectroscopy analyses were performed on a VG Micro
Tech ESCA 3000 instrument at a pressure of ~ 1x10 ° Torr (pass energy of 50
eV, eectron take-off angle of 60° with overal resolution of ~0.1€V) using a non
monochromatized Mg K, (1253.6 eV) or Al K, radiation (1486.6 €V) operated
at an accelerating voltage of 12.5 kV. The powder sample was pressed into thin discs
and mounted on a sample rod to be placed ina pre-treatment chamber. After the pre-
treatment, sample was transferred into the analysis chamber, where the spectra of
required binding energy range was recorded. Charging effects were corrected by
adjusting the binding energy of C1s peak to a known position of 285 eV.

2.3.5. Inductively coupled plasma-optical emission spectroscopy (I CP-OES)

ICP-OES is one of the most powerful and popular analytical tools for the
determination of trace elements in a myriad of sample types. 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 [12]. The technique is based upon the spontaneous emission

of photons from atoms and ions that have been excited in a RF discharge. Liquid and
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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. Anayte
elements are liberated as free atoms in the gaseous state. Further collisional excitation
within the plasma imparts additional energy to the atoms, promoting them to the
excited states. Sufficient energy is often available 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 the emission of a photon. These
photons have characteristic energies that are determined by the quantized energy level
structure for the atoms or ions. 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.
Sampleintroduction is depicted in Fig. 2.4.

Detector |« |Brating | «

spray chamber

Nebulizer

lTn drain
angon gas

Fig. 2.4. Depiction of sample introduction to ICP-OES.

ICP-OES analysis was carried out on a Spectro Arcos instrument equipped
with the Winlab software. Metals can be analyzed by either aradia or an axial plasma
configuration. Standard solutions containing different elements were used for the
calibration purpose. The catalysts (OMS-1 and OMS-2) were dissolved using con HCI
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and the obtained solution were made up to 100ml and analyzed by using an ICP-OES

instrument.

2.3.6. Infrared Spectroscopy (IR)

Infrared spectroscopy (IR) is considered as the first and the foremost of the
modern spectroscopic techniques that found general acceptance in catalysis. The
technique is used to identify phases that are present in a catalyst materia or its
precursor, the adsorbed species, adsorption sites and the way in which the adsorbed

species are chemisorbed on the surface of the catalyst [13].

Infrared spectroscopy is the most common form of vibrational spectroscopy. It
depends on the vibrations of molecules in a material or in solid lattices by the
absorption of photons, which occurs if a dipole moment changes during the vibration.
The intensity of the infrared band is proportiona to the change in dipole moment. A
variety of IR techniques have been used to get information on the surface chemistry of
different solids. With respect to the characterization of metal oxide catalysts, two
techniques largely predominate, namely, the transmission/absorption and the diffuse
reflection techniques. In the first case, the sample consists typically of 10-100 mg of
catalyst, pressed into a self-supporting disc of approximately 1 cm?® and a few tenths
of a millimeter thickness. In diffuse reflectance mode (DRIFT), samples can be
measured by simply depositing on a sample holder, avoiding the tedious preparation
of wafers. This technique is especially useful for strongly scattering or absorption by

samples.

The infrared absorption spectrum is described by Kubelka Munk function [14]
F(R.) = (1-R.)%/2R,, = K/S (2.8)
Where K is the absorption coefficient, which is a function of the frequency v,
S is the scattering coefficient and R, is the reflectivity of a sample of infinite

thickness, measured as a function of v.

The Fourier transform-infrared spectra of the catalysts reported here were

recorded on Bruker Tensor 27 FT-IR spectrometer under ambient conditions. The
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spectra were recorded using thin self-supporting discs made by pressing the mixture

of the catalyst sample and KBr.

2.3.7. Thermal analysis

Thermo analytical techniques involve the measurements of the response of the
solid under study (energy or mass released or consumed) as a function of temperature
(or time) dynamicaly by application of a linear temperature program.
Thermogravimetry is a technique which measures the mass change of a material as a
function of temperature and time, in a controlled manner. This variation in mass can
be either aloss of mass (vapor emission) or a gain of mass (gas fixation). It isideally
used to assess volatile content, thermal stability, degradation characteristics,
aging/lifetime breakdown, sintering behavior and reaction kinetics. Differential
therma analysis is a technique which measures the temperature difference of the
sample versus a reference, caused by thermal eventsin a material. It isideally used to
determine melting point, glass transition temperature, crystallinity, degree of curing,

heat capacity, impurities present etc [15].

In the present work, thermogravimetry and differential thermal analysis
measurements of the as synthesized samples were performed with a Mettler Toledo
TGA/SDTA 851 apparatus equipped with a control and data acquisition system. The
analyses were carried out in air (40 mL min™) at a heating rate of 10 K min™using
about 10 mg samples in a Pt pan. Calcium oxalate was used to calibrate the

instrument.

2.3.8. Cyclic Voltammetry Studies

Cyclic voltammetry (CV) is an electrochemical technique which measures the
current that develops in an electrochemical cell under conditions where voltage is in
excess of that predicted by the Nernst equation. CV is performed by cycling the

potential of aworking electrode and measuring the resulting current.

A cyclic voltammogram is obtained by measuring the current at the working
electrode during the potential scans. Fig. 2.5 shows a cyclic voltammogram resulting
from a single electron reduction and oxidation. Consider the following reversible
reaction:
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Fig. 2.5. Voltammogram of a single electron oxidation-reduction.

In Fig 2.5, the reduction process occurs from (a) the initial potential to (d) the
switching potential. In this region the potential is scanned negatively to cause a
reduction. The resulting current is called cathodic current (ipc). The corresponding
peak potential occurs at (c), and is called the cathodic peak potential (Epc). The Eyc is
reached when al of the substrate at the surface of the electrode has been reduced.
After the switching potential has been reached (d), the potential scans positively from
(d) to (g). This results in anodic current (Ip) and oxidation to occur. The peak
potential at (f) is called the anodic peak potential (Eps), and is reached when all of the
substrate at the surface of the electrode has been oxidized [16].

CV can also be used to determine the electron stoichiometry of a system, the
diffusion coefficient of an analyte and the formal reduction potential, which can be
used as an identification tool. In addition, as concentration is proportional to current
in a reversible nernstian system, concentration of an unknown solution can be
determined by generating a calibration curve of current vs. concentration. The main
focus of the CV experimentsin the present thesis is to determine the oxygen reduction

reaction of the prepared catalysts.
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Cyclic Voltammetry and linear sweep voltammetry (LSV) were carried out on

an Autolab PGSTAT 30 instrument. The rotation rate of the electrode was controlled
by a Pine made rotating disk electrode (RDE) system. A large area Pt foil was used as

the counter electrode while and Hg/HgO was used as quasi reference electrode in
basic medium (0.IMKOH), while Ag/AgCI as reference electrode in acidic medium
(0.5M HCIOQy).
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Chapter 3

Selective oxidation of cyclohexane to adipic acid using

Co substituted K-OMS-2 catalysts
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3.1. Introduction

Selective oxidation of hydrocarbons is an important process in the chemical
industry, as it helps to manufacture of many useful chemicals like alcohols, aldehydes
and carboxylic acids [1]. Though there were many publications/patents that deal with
this area, it still remains a very significant research challenge as many processes need
green chemical routes and cost effective manufacturing. As a result, there is a
vigorous drive to develop green and efficient processes for the oxyfunctionalization of
hydrocarbons [2]. Usually; efficient activation of a hydrocarbon requires precious
metal catalyst and strong oxidizing agents (H,O,, TBHP and HNO3). The impact on
the environment would have been much greater, had it not been for continuous
improvement of various green technologies applied for production of various

chemicals [3].

Currently, partial oxidation processes are conducted either in the gas or liquid
phase using homogeneous/ heterogeneous catalysts. Since molecular oxygen is cheap
and omnipresent, it is the most practicable oxidant for partial oxidation processes.
But, most of the heterogeneous catalyst based processes offer poor selectivity for the
desired product when molecular oxygen is used as an oxidant. Large quantities of
energy are needed to separate the desired product from unwanted side products. In
addition, it leads to waste generation and inefficient use of starting materials [4].
Hence, achieving desired product selectivity remains an important task in the case of
selective oxidation of hydrocarbons using heterogeneous catalyst processes.

Adipic acid (AA) is an important selective oxidation product, which is
obtained starting from cyclohexane. The projected consumption of AA is expected to
be around 6 billion pounds by 2017 at a projected growth rate of 5-7 % [5]. Major part
of AA produced is used as a precursor for the synthesis of nylon-6,6. In addition, AA
is widely used for the production of polyesters, polyurethane resins, plasticizers in the
production of polyvinyl chloride (PVC) and polyvinyl butyral (PVB) [6]. Current
industrial production of AA involves multi steps as well as highly corrosive
environmentally hazardous acids. Thus, developing novel, clean and green routes for

AA production is an important research theme.
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3.2. Current industrial processes for the production of AA

Adipic acid is produced in a two step elective oxidation process. The first one
is (as in practice today) oxidation of cyclohexane with air to get a mixture of
cyclohexanone/cyclohexanol (called KA oil); the second one is the oxidation of KA

oil or cyclohexanol with nitric acid [7].

3.2.1. First step: Oxidation of cyclohexane with air

Cyclohexane (CyH) is produced either by the hydrogenation of benzene or
separated from the naphtha fraction in small amounts. Selective oxidation of CyH was
first demonstrated by Dupont in mid 20™ century. The process was successfully
conducted at 10-20 atm pressure, 423-453 K with Co and Mn organic salts as
catalysts. The process constitutes two steps. The first step is a partial oxidation to get
peroxide, which is carried out without catalyst. The second step is deperoxidation
which must be done always in the presence of a catalyst. The rate limiting step of the
process is the production of hydroperoxides, which is carried out in the absence of
transition metal complexes in the passivated reactors in order to avoid the
decomposition of hydroperoxides. The selectivity to KA oil is about 75-80%, the by-

products are carboxylic acids. The unconverted cyclohexane is recycled [8].

OH 0
H,0

Scheme 3.1. Cyclohexane oxidation to cyclohexanol and cyclohexanone.
Cyclohexane + %2 O, —  Cyclohexanol AHg = -47.4Kcal/mol
Cyclohexane + O, — Cyclohexanone + H,O AHg=-98Kcal/mol

The chemistry of the reaction is a homolytic auto oxidation. Alcohol is formed from
ROe radical (R = CgH11).

RH (CyH) + Co (1) (or Ine) — Re (cyclohexyl radical) + Co (1) + H* (or InH)
Re+ O, ——» ROOe
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ROQOe + RH — ROOH (cyclohexylhydroperoxide) + Re

The vital role of Co is to accelerate the reaction by decomposition of the intermediate
hydroperoxides, ROOH, leading to the formation of alkoxyl or peroxyl radicals
(Haber-Weiss mechanism) [9].
ROOH + Co (II) —— ROe + Co (Ill) + OH" (in non-polar solvents)
ROOH + Co (lll) — ROOe+ Co (1) + H* (in polar solvents)

Which corresponds to:
2 ROOH — ROe + ROOe + H,0
At high concentration of Co (Il) it competes with cyclohexane for the alkylperoxy
radical:
ROOe + Co (II) — ROOCo(ll1)
And therefore termination step would occur instead of propagation step. In that case

catalyst would act as an inhibitor of the reaction.

Russell mechanism of decomposition of secondary cyclohexylperoxy radicals is a
prevailing reaction for the formation of alcohol and ketone. It consist in coupling of
alkylperoxy radical, which then reacts by a non-radical, six-center 1,5H atom shift,

which is also a terminating step of the radical chain reaction.

2RO0e <«— ROOOOR
ROOOOR — CsH11OH + CzH11,0 + O,.

3.2.2. Second step: Oxidation of KA oil with nitric acid

O

OH
+ 15HNO; — 3 OYMO + 3/4N,0 + H,O
OH

OH

OH
+ 2HNO; — 3 OYMO + N,O + 2H,0
OH
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The second step in the production of adipic acid is oxidation of KA oil in
presence of large excess of 65% nitric acid (molar ratio of HNO3/KA oil is at least

7/1), in the presence of Cu (I1) ammonium metavanadate catalyst [10].

Cyclohexanone — AA AHr=-172 Kcal/mol
Cyclohexanol — AA AHg= -215 Kcal/mol
Scheme 3.2. Oxidation of cyclohexanol & cyclohexaone to adipic acid.

The reaction is carried out in two in-series reactors, first one operating at
333-353 K, the second one at 363-373 K at a pressure of 1-4 atm. The molar yield for
total KA oil conversion is 95%, the by products are glutaric acid (selectivity 3%) and

succinic acid (selectivity 2%).

3.2.3. Environmental impact of the second step

The intermediate of the nitric acid oxidation is HNO,, which ultimately
decomposes to NO and NO,. These two gases can be simply recovered in water
by absorption in a multistage column, yielding nitric acid solution, which can be

reused in the oxidation process .

2NO +0, —»2NO; (3.1)
3NO, + H,0 — 2HNO; + NO (3.2)

Because of the poor solubility of NOx in water, the key factors for this process
are the temperature and the pressure. However, it is possible to have a complete
recovery of NOx. Meanwhile the co-products of the nitric oxidation of KA oil, NO
and NO; are easily recoverable, as shown above (eq. 3.1, 3.2), co-production of N,O

represents a big drawback of the second step of the synthesis of AA.

Nitrous oxide belongs to so called long lived greenhouse gases LLGHGS
(other being CH4, CO, and radioactively active constituents such as ozone and
different types of aerosol), which contribute to the climatic changes [11]. The
estimated atmospheric lifetime of N,O is 150 years and the estimated impact of N,O

is a 6% increase in the ozone depletion layer. Although the absolute concentration of
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N0 is relatively low, 300 ppbv, it influences climatic changes as a result of one of its
stratospheric removal reaction:

N,O + O (1ID) — NO + NO (61.7%) (3.3)

—> N, + 0, (38.3%) (3.4)

The equations show that the major part of N,O is converted to NO, which is

unambiguously implicated in catalytic ozone destruction [12].

The emission factor of adipic acid is estimated to be about 300 kg of N,O per
ton of adipic acid, depending on the amount of catalyst used and KA oil composition.
In 1990, adipic acid production was the largest source of industrial N,O emissions. By
1999 all major adipic acid producers have implemented N,O abatement technologies
and, as a result, this source has been decreased substantially [13]. Consequently,

currently the production of nitric acid is the largest industrial source of N,O.

3.3. Alternate Pathways for AA production
In addition to the above discussed commercial process, there are alternative
routes for the production of AA.

3.3.1. Oxidation of cyclohexene

There were a plethora of reports in the literature for AA production from
cyclohexene. The best result was reported by Noyori [14] with 30% hydrogen
peroxide as oxidant and in the presence of small amounts of NawO, and phase
transfer catalyst (PTC) (in this case CH3(n-CgH17)NHSOy) in the absence of solvent.

(o]

(0]
— 0

l//OH OH
[0]

&CZ

Scheme 3.3. Single step oxidation of cyclohexene to adipic acid with aqueous H,0,
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3.3.2. Butadiene as a starting material

BASF has proposed a very innovative process, methoxycarbonylation of
butadiene in the presence of the Co-based catalyst [15]. Although a good amount of
AA vyield (~ 72%) was obtained using this system, the process didn’t lead to the
implementation, possibly because of the extreme reaction conditions used. First step

under 300 atm and the second step under the pressure of 150-200 atm) [16].

\ OMe
/\/ + co + CH3OH — /\/\H/ " oo T Eme
0

OH

(0]
-
(0]
o OMe

OH

OMe
[¢]

Scheme 3.4. Methoxycarbonylation of butadiene to adipic acid.

3.3.3. n-Hexane as a starting material

It is very well known that alkanes are difficult to oxidize. Performing
oxyfunctionalization selectively at terminal positions is almost impossible. This

reaction is catalyzed by enzymes with non-heme iron active center.

Robert Raja et al. reported production of AA from n-hexane using Co frame-
work substituted aluminophosphate catalyst (Co-AIPO-18, Co-AlPO-5) in air. After
24 hours of reaction at 373 K under air pressure of 1.5 MPa, 9.5% of n-hexane was
converted with 33.6% selectivity to AA. Among the other detected products were 2 —

hexanone and 2—hexanol [17].

3.3.4. D-Glucose as a starting material

Preparation of AA from renewable source like glucose has been proposed by
Frost [18]. It consist of enzymatic transformation of D-glucose to cis,cis-muconic via
3-dehydroshikimic acid, protocatechuic acid and catechol. The key parameter of these

steps is the presence of three enzymes not typically found in ESTERICHIA Coli. The
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final step of the reaction is hydrogenation of the cis,cis-muconic, using supported Ru,
Pt catalyst. Under the pressure of 3400 kPa of H, 97% of cis,cis-muconic acid into
AA can be converted after 2.5 hours of the reaction at the ambient temperature, see
scheme 3.5. Still the problems concerning scaling-up and process implementation

have to be solved and these problems could make this process economically viable.

HoocC
o OH
CO,H ‘
E Coli He? E Coli Pt
0
2
© OoH COOH OH
OH
Glucose 3-Dehydroshikimic acid Muconic Acid Adipic Acid

Scheme 3.5. Enzymatic transformation of D-glucose to adipic acid.

3.4. Literature overview of one step oxidation of cyclohexane

Single step production of AA from cyclohexane with air as an oxidant is a
highly tempting idea, because of the abundance and cost of the green oxidant.

Replacing the corrosive oxidizing agent with air also makes the investment cost low.

3.4.1. Homogeneous catalysts

Cyclohexane oxidation was carried out using Co and Mn containing catalyst.
By changing reaction conditions, it is possible to synthesize AA using the same
catalyst. In fact Asahi almost 70 years ago industrialized this process, using Co
acetate as catalyst and acetic acid as solvent, under 30 atm of O, pressure and at
temperature 363-373 K. Conversion of CyH 50-75% and 70% selectivity to AA was

achieved (the main byproduct was glutaric acid) [19].

In order to attain maximum AA vyield, many industries experimented with
different catalyst compositions and reaction conditions. For example in the Gulf
process the reaction is carried out at the same temperature as the original Asahi
process, using the same solvent but with higher concentration of catalyst, the AA
selectivity obtained was 70-75% with 80-85% conversion of CyH [20]. Amoco

process achieved 98% conversion of CyH with 88% vyield of AA under 70 atm of air
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pressure at 368 K [21]. However, all these were homogeneous catalyst based

processes.

3.4.2. Heterogeneous catalysts

Schuchardt et al. thoroughly reviewed both homogeneous and heterogeneous
catalytic systems, reported in the literature up to the year 2000 including those that
use oxidants other than oxygen (e.g., H,O, or TBHP) [22]. Recent review by Van de
Vyver et al. discussed emerging catalytic processes for the production of AA [23].
Sankar et al. obtained a very high selectivity to cyclohexanol/cyclohexanone, at 9.6 %
cyclohexane conversion (T=423 K) using Co-AIPO-36 as catalyst [24]. Good AA
yield was achieved by J.M.Thomas group by using Fe-AIPO-31 [25]. Still improved
yield was observed when they used a solid source of active oxygen (acetylperoxy
borate) and H,O, [26]. On CeO, supported on alumina, the oxidation of CyH was
performed under 15 atm pressure of O, in the presence of cyclohexanone as a
co-oxidant at 383 K. The conversion of cyclohexane was 36% with AA selectivity
of 42%. The by-products of the reaction were lower dicarboxylic acid (glutaric,
succinic), COx and caprolactone [27]. Using Ti-containing beta zeolite and hydrogen
peroxide as oxidant and 2-butanone as a solvent, 47% conversion of cyclohexane
with 54% selectivity to AA was obtained after 1 hour of reaction at 369 K [28].

Nano structured gold catalysts were also reported for the oxidation of CyH
which include catalysts like Au/graphite, Au/Al,O3 Au/TiO,, Au nano particles on Ti-
doped SiO,, AuU/MCM-41, Au/SBA-15 and Au/C [29]. Recently, Alshammari et al.
reported that by fine tuning Au particle size on TiO, supported catalysts, AA can be
obtained to some extent with acetonitrile as solvent and TBHP as an initiator [30].
Low yield of AA was the major issue in addition to the recovery of catalysts for the

scale up of above reported processes.

Ishii group had conducted the reaction using N-hydroxyphthalimide (NHPI,
10-20 mol %) as radical initiator and Mn and Co acetates as homogeneous catalysts
and got maximum selectivity of 73 mol% along with CyH conversion of 73%, which
was scaled up by Daicel chemical industry [31]. The major limitation in the Ishii

process was that metal salts contaminate the products which require one more step for
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purification. So, instead of metal salts a heterogeneous catalyst containing Co& Mn
should be used which can be easily separated from the product. Therefore there is a
need to get maximum selectivity and conversion with a heterogeneous catalysts using

molecular O, as oxygen source.

OH o
0
O, O  Ho
— — — OH
0
Cyclohexane Cyclohexanol Cyclohexanone Adipic Acid (AA)
02¢ -CO,
OoH
o, Ho 0
o -
o co,
o) OH
Succinic Acid (SA) Glutaric Acid (GA)

Scheme 3.6. Oxidation of cyclohexane and their products.
3.5. Experimental procedures
3.5.1. Materials

Potassium permanganate, manganese (I1) sulphate and cobalt nitrate were used
(Loba chemical Ltd.) for the preparation of K-OMS-2. acetic acid, methanol, NHPI
(N-hydroxyphthalimide) and sodium hydroxide were purchased from Thomas Baker
Pvt. Ltd. N-acetoxyphthalimide (NAPI) was prepared in laboratory. All the chemicals

were used without any further purification.

3.5.2. Initiator Preparation

N-Acetoxyphthalimide (NAPI)

N-Hydroxyphthalimide (0.7 g, 4.35 mmol), acetic acid (HOAc, 258uL, 4.35
mmol), and dicyclohexylcarbodiimide (DCC 0.85 g, 4.35 mmol) were added to dry
ethyl acetate (EtOAc, 125mL) and the mixture was stirred for 3h at room temperature
and then filtered. The filtrate was dried (Na,SO,), and the residue was crystallized

from ethanol to give a white solid [32].
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O
DCC o
N-OH : ol _
ACOH N—OCOCH,
O o)
NHPI NAPI

Scheme 3.7. Acylation of N-hydroxyphthalimide.

3.5.3. Experimental setup

Selective oxidation of CyH was performed in a 50 ml titanium lined Parr
Reactor (4842) which was connected to an O, cylinder. In a typical run, reactor was
charged with 8 mmol of CyH, 20 mol % of NAPI and 20 mL of acetic acid and 150
mg of catalyst. The whole mixture was stirred at 373 K at 500 rpm. After reaching to
desired temperature, O, was filled into the reactor to reach the desired pressure. After
completion of reaction, solid part was separated by simple filtration and liquid portion
was analyzed by GC (Agilent 7890) equipped with HP-5 capillary column to arrive at
conversion of cyclohexane, selectivity’s of cyclohexanol and cyclohexanone. The
product mixture with solvent (acetic acid) was subjected to rotavaporator so that the
solvent can be evaporated; the remaining solid was dissolved in 10ml of millipore
water and filtered to obtain soluble diacids in water, with initiator being insoluble.

The soluble part was made up to 10 mL.

3.6. Analytical procedure
3.6.1. Esterification procedure of diacids

Part (2 mL) of the above solution was esterified using (4 mL) 4% BF3;
methanol solution for 12h at 353 K. To this mixture, 4 mL of millipore water and 4
mL dichloromethane was added, since the required esters dissolves in DCM. Agueous
and organic layers were separated by using separating funnel. The final DCM mixture
was analyzed by GC for finding the selectivity of diacids.

3.7. Textural Characterization of Catalysts

3.7.1. Powder X-ray diffraction (PXRD)
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The XRD patterns of K-OMS-2 and Co-K-OMS-2 are given in Fig. 3.1. XRD
peaks of all catalysts match with the reported data of cryptomelane OMS-2 (JCPDS
05-0681). Peaks in Co-OMS catalysts are sharp and similar to the OMS-2, showing
that the substituted cobalt OMS-2 materials also crystallized with cryptomelane
structure. It also confirms that cryptomelane structure of OMS-2 material is retained
even after substitution of cobalt. No additional peaks corresponding to cobalt oxides
were observed, indicating the absence of any other cobalt containing oxides, which

confirms the substitution of Co into OMS-2.
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Fig 3.1. XRD pattern of (a) K-OMS-2, (b) Co-OMS-1 (0.58 wt %), (c) Co-OMS-I1I
(1.03 wt %), (d) Co-OMS-I1I (2.26 wt %) (e) Co-OMS-IV (2.98 wt %).

3.7.2. N, Physisorption

The N, adsorption/desorption isotherms of parent and Co doped samples are
given in Fig. 3.2. (A). All the samples showed a characteristic Type Il sorption and
Hs-type hysteresis loop for P/Py > 0.6 that can be attributed to inter crystalline
mesopores between particles with non uniform size or shapes. With increasing Co
content in the sample, surface area, pore volume of the material dropped. This
decrease may be attributed to partial blockage of pores by extra lattice cobalt oxide
which is not detected by XRD due to its very low content. Micropore and total pore

volume of the sample also decreased with Co doping but the H-K pore size of the
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Volume @ STP (cc/g)

material is increased which was tabulated in Table 3.1. The H-K plot of parent and Co

doped OMS-2 materials are illustrated in Fig. 3.2. (B).

Table 3.1. N, physisorption data of the prepared materials

Catalyst Co BET Pore Volume | Micropore Pore Size
conte Surface (cclg) volume A)
nt Area @p/po = 0.95 (cclg) H-K
(m?/g) DR Method Method
K-OMS-2 -- 97.6 0.27 0.031 5.025
Co-OMS-I 0.58 815 0.17 0.026 5.075
Co-OMS-11 | 1.03 79.0 0.16 0.024 5174
Co-OMS-1II | 2.26 74.8 0.14 0.023 5.175
Co-OMS-1V | 2.98 60.4 0.11 0.021 5.525
300 0.016
(A) ? 0.014 -
:g 0.012
200 T § 0.010 -
. g 0.008
4§
2 0.006 -
100 - ° 2
8 ° A g 0.004
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‘ 0 : A A AR A A A A b
0 - , 0.000 et - o
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Relative Pressure, P/P0 Pore width (A)

Fig. 3.2. (A) N adsorption/ desorption isotherms; (B) H-K plots of (a) K-OMS-2,
(b) Co-OMS-1 (0.58 wt %), (c) Co-OMS-11 (1.03 wt %), (d) Co-OMS-III
(2.26 wt %) (e) Co-OMS-1V (2.98 wt %).

3.7.3. Raman spectroscopy

Raman spectroscopy was used to probe the effect of Co substitution and also
look for the presence of segregated metal oxides. The regular OMS-2 (cryptomelane)
belongs to the 14/m space group [33]. Using Factor group analysis, [34] the following
irreducible representations (without tunnel cations contribution) can be attributed to

the Mn-O lattice vibrations within the MnOg octahedral double chain:

I = 6Ag+ 6By + 3E,+ 2A, + 3B, + 5E,
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Where the Ay, By and E4 (double-degenerated) modes are Raman active, the
A, and E, (double-degenerated) modes are IR active and the B, mode is silent. The
Raman spectrum obtained for the regular OMS-2 material only shows six Raman
peaks at around 750, 647, 582, 480, 392 and 187 cm™ as opposed to fifteen peaks
predicted from Factor group analysis (Fig. 3.3). This could be because of low

polarizabilities of some of these modes and low resolution of other modes [34].

The two strong, sharp peaks at 647 and 582 cm' correspond to Ag
spectroscopic modes whereas the peaks at 480 cm™' correspond to the Fag
spectroscopic species [35]. The two sharp peaks at 647 cm ' and 582 cm™' are
associated with Mn-O vibrations that are orthogonal and along the direction of the
MnOg octahedral double chains, respectively, which are indicative of a well-

developed tetragonal structure with 2x2 tunnels [36].

There was no segregated undoped cobalt oxide peaks expected at 455 and 675
cm™ [37]. The Raman spectra, with respect to the crystallinity are in good agreement

with the structural data obtained by XRD for these materials.
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Fig. 3.3. Raman spectra of (a) K-OMS-2, (b) Co-OMS-I (0.58 wt %), (c) Co-OMS-II
(1.03 wt %), (d) Co-OMS-I11 (2.26 wt %) and (e) Co-OMS-1V (2.98 wt %).
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3.7.4. Fourier-Transform infrared spectroscopy

On substitution of Mn in the octahedral OMS-2 framework by other
isomorphous metal ions, the local environment of oxygen coordination around the
octahedral site changes along with the masses of the lattice vibrators hence, the bond
length and force constant. Consequently, the lattice vibrations and spectral features of
the bulk OMS-2 material changes. As a result, the peak positions will shift and/or the
peak intensities will vary [38]. Because of the sensitivity of IR spectroscopy towards
lattice vibrational changes, this technique was used to probe the effect of multiple

substitution(s) on the spectral features of cryptomelane.

The results of the IR spectrum of the as-synthesized regular OMS-2 material
shows features similar to those previously reported; namely, absorption bands at
around 720, 590, 530, and 470 cm™ [36]. These bands are ascribed to the regular Mn-
O lattice vibrations of the MnOg octahedra framework (Fig. 3.4). Upon doping of Co
into the OMS-2 structure, a dramatic fall in peak intensities was observed. This
attenuation of peak intensity needs to be investigated further. The IR data depicted the
absence of segregated metal oxide impurities and therefore corroborates the Raman

and the XRD data, that showed no extra peaks attributed to segregated metal oxide.
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Fig. 3.4. FT-IR spectra of (a) K-OMS-2, (b) Co-OMS-I (0.58 wt %), (c) Co-OMS-II
(1.03 wt %), (d) Co-OMS-I1I (2.26 wt %) and (e) Co-OMS-1V (2.98 wt %).
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3.7.5. Thermo gravimetric analysis

Thermal stability of Co-OMS- 2 materials was studied through thermo

gravimetric analysis (TGA) in air flow in the temperature range 293-1273 K at a

ramping rate of 10 K/min, which are depicted in Fig. 3.6.
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Fig. 3.5. TGA in air of (a) K-OMS-2, (b) Co-OMS-I (0.58 wt %), (c) Co-OMS-1
(1.03 wt %), (d) Co-OMS-111 (2.26 wt %) and (€) Co-OMS-IV (2.98 wt %).
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Parent K-OMS-2 material synthesized by reflux method shows weight loss in
the temperature range between 293-1273 K. The initial weight loss (2.5%) in the
temperature range of 323-543 K is attributed to the loss of water in the sample. The
second weight loss of about 6.4 % in the 543-973 K temperature zone is due to loss of
lattice oxygen, as the manganese cations reduce to lower oxidation state forming

manganese oxide such as bixbyite (Mn,03) [41].

The third weight loss of about 2.7%, observed in the temperature zone of 973-
1173 K is attributed to a further loss of oxygen from bixbyite leading to the formation
of more stable spinel hausmanite (Mn3O,) [42]. The general trend remained similar
for each temperature zone but the weight loss differed based on cobalt content in the
OMS-2 structures. The weight losses attributed to water loss in the samples was 2.7%
for Co-OMS-I, 3.3% for Co-OMS-II, 3.9% for Co-OMS-III, and 4.2% for Co-OMS-
IV. The first weight loss increases with Co loading which suggest that water in the
lattice increases with Co loading

The 2™ weight loss is due to change in phase of manganese from KMngOys to
Mn,O3 in the mid temperature zone of 543-973 K. The weight loss slightly increases

with Co loading. The weight losses were 5.9, 6.4, 6.5 and 7.2 wt % for Co-OMS-I,
C0-OMS-I1, Co-OMS-I11 and Co-OMS-IV respectively. The 3™ weight loss, for phase
transition from Mn,0O3 to Mn30,, was almost similar as that of K-OMS-2 without any
trend. The weight losses were 3.0, 3.1, 2.8, and 2.8 wt% for Co-OMS-I, Co-OMS-Il,
Co-OMS-11l and Co-OMS-1V respectively. The DTG of materials found that the
major weight loss occurred at 870 K and 1135K. Substituted OMS-2 materials show
slightly lower thermal stability, which in turn may be attributed to the substitution of
Co into OMS-2 lattice.

3.7.6. Scanning Electron Microscopy

The scanning electron micrographs show fibrous needle-like morphology of
K-OMS-2 and Co-K-OMS-2 (Fig. 3.6). The morphology of K-OMS-2 is similar to
that of Co-K-OMS-2 with 20 to 200 nm size fiber length. The length and breadth of

the rods increased with Co doping. The result shows that the Co substitution affects
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the rod dimensions and morphology. The fibrous morphology of the produced

materials is indicative of an anisotropic growth behavior of OMS-2 [43].

During the crystallization process of the undoped synthetic OMS-2 material
the crystal growth in the c-direction [44] leads to the formation of fibrous/nanorods
with 1x1 and 2x2 tunnels running along the length of the nanofibers /nanorods. The
increase in width and length of our Co doped materials was probably due to a slight
distortion of the tetragonal crystal structure of cryptomelane to the monoclinic
geometry. No particles as secondary phases were observed in the products, an

indication of highly pure nanofibers as synthesized products.

Fig. 3.6. SEM of () K-OMS-2 and (b) Co-OMS-IV (2.98 wt %).

3.7.7. Transmission electron microscopy (TEM)

High resolution TEM images of materials K-OMS-2 and Co-K-OMS-2 are
given in Fig. 3.7. They show the nanoscale size of the fibers self-assembled into the
complex hollow structures. The well-defined lattice planes observed in the high-
resolution TEM (HRTEM) images of undoped, Co doped K-OMS-2 confirmed the
excellent crystallinity of these nano materials. The lattice fringe spacing of 0.47 &
0.69 nm in the undoped K-OMS-2 can be attributed to the (2 0 0) and (1 1 0) planes
respectively which corresponds to the planes of the cryptomelane structure [45]. In
Co-OMS-1 & Co-OMS-1V, the (2 0 0) plane was identified which is in agreement
with parent K-OMS-2 structure.
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Fig. 3.7. TEM of (a) K-OMS-2, (b) Co-OMS-1 (0.58 wt %), (c) Co-OMS-I1I
(2.26 Wt %), (d) Co-OMS-1V (2.98 wt %).

In case of Co-OMS-III, the 0.23 nm and 0.33 nm spacing’s can be assigned to
(2 11)and (3 10) planes of its crystal structure. Perfect surface structures were
observed; hence, no obvious surface defect sites were formed in the typical structures
of undoped, Co doped K-OMS-2 material.

3.7.8. Hy-Temperature programmed reduction

The H,-TPR profiles of the synthesized materials are shown in Fig. 3.8. Four
prominent peaks were observed in the TPR analysis. The assignment of each peaks is

as follows: Peak I, relates to the consumption of structural oxygen close to the
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surface, without decomposition of the material; Peak Il, Peak Ill and Peak IV are
related to the following reduction processes: MnO,—Mn,03 (Peak II),
Mn,03—Mn304 (Peak 111) and Mn3O,—MnO (Peak 1V) [39]. It is evident that with
increasing Co loading, there is a slight reduction in the temperature of I, 11, and Ill
reduction peaks. The data suggests that the oxygen available for reduction is strongly
influenced by the presence of Co in the samples, which is related to oxygen mobility.
The doping cation (Co in this case) substantially effects the change in reactivity and
availability of oxygen due to heat of formation of corresponding oxides and their
electro negativity properties [40]. Accordingly, the presence of Co in the material
influences the reactivity of the oxygen in the Mn—O-Co bridges. Since Co (1.88) has
higher electro negativity compared to Mn (1.55), there will be electron delocalization
and consequently weaker Mn-O bond. The reduction temperature of the
MnzO;—MnO (Peak 1V) hardly changed, on modifying with doping cation,
suggesting an important role of the structural and morphological properties of the

material in the reactivity of lattice oxygen

TCD Signal (a.u.)

33 473 575 o3 | 773 803 978
Temperature (K)
Fig. 3.8. H,-TPR of (a) K-OMS-2, (b) Co-OMS-I (0.58 wt %), (c) Co-OMS-II
(1.03 wt %), (d) Co-OMS-II (2.26 wt %) and (e) Co-OMS-1V (2.98 wt %).

3.7.9. X-ray Photoelectron Spectroscopy

XPS measurements were carried out to investigate the oxidation state, surface

composition and atomic environment of Mn, O and Co Species.
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3.7.9.1. Mn 2p spectra

The Mn 2p3/, spectra of the OMS-2 nanorod samples are given in Fig.3.9.
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Fig. 3.9. Mn 2p spectra of (a) K-OMS-2, (b) Co-OMS-I (0.58 wt %), (c) Co-OMS-II
(1.03 wt %), (d) Co-OMS-I11 (2.26 wt %) and €) Co-OMS-1V (2.98 wt %).

These spectra were deconvoluted into two peaks around 642.1 and 643.4 eV (Fig.

3.9), which are attributed to the Mn** and Mn** species [46]. Considerable change in

Mn**/Mn*? intensity ratios with Co loading was observed, which is tabulated in Table

3.2 (a). This change in the ratio is attributed to replacement of Mn** by Co*® (0.685

A) which has similar crystal radius like Mn** (0.67 A). Hence, with increase in Co

doping, Mn**/Mn*? ratios were found to decrease.

Table 3.2 (a) Variation of Mn**/Mn™?

ratio with Co loading.

CATA Mn**/Mn*?
K-OMS-2 1.30
Co-OMS-I 1.19
Co-OMS-II 1.15
Co-OMS-IlIl [ 1.04
Co-OMS-IV | 0.97

Table 3.2(b) Binding energies of Mn 2p

in K-OMS-2
Mn 2p 3/2 (eV) Mn 2p 1/2 (eV)
Mn™  [Mn™ [ Mn® | Mn™
642.18 | 643.46 | 653.77 |654.9
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3.7.9.2. Oxygen 1s spectra

Fig. 3.10. shows the Oxygen 1s spectra of the K-OMS-2 and Co substituted
materials. Based on the peak positions, three types of oxygen species can be
identified: the lower binding energy peak (O, ~ 529.7 ev), which is attributed to lattice
oxygen or oxygen ions bonded to metal cations in coordinatively saturated
environment (O%), the medium value binding energy peak (O;~531.3 ev) assigned to
surface adsorbed oxygen or oxygen ions bonded to metal ions in coordinatively
unsaturated environment (O* or O, —OH groups and oxygen vacancies) and
finally the high binding energy peak (O,;,~533.1 ev), likely associated with adsorbed
molecular water [47]. The peak positions and relative abundance of O,, O;; and Oy
species are listed in Table 3.3. The principal component corresponds to the lattice
oxygen, followed by the peak Oy, of adsorbed oxygen and Oy, of adsorbed water. The
relative abundances of O, and Oy, species are listed in the table below. The ratio of
Oy/O, increases with the increasing of cobalt content (from 20.1% to 27%), implies
that more cobalt is incorporated into the framework of the OMS-2 results in higher
surface metal cations in a low coordination environment, implying that there was
gradual increase in oxygen vacancies with Co doping. The interaction of these point
defects with molecular oxygen and/or water leads to generation of peroxides,
superoxides and hydroxyl species [48]. Thus, insertion of Co in the oxide structure
enhances the oxygen lability and reducibility of the material which is in agreement

with earlier discussed TPR results.

Table 3.3 Variation of oxygen species with Co loading

CATA O, (%) On (%) OIII(%)

(Lattice) (Surface) (H20)

K-OMS-2 71.3 23.5 5.0
Co-OMS-I 66.6 27.2 6.0
Co-OMS-1I 63.9 315 4.4
Co-OMS-IIl | 59.7 34.5 5.5
Co-OMS-1IV | 545 40.4 5.0
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Fig. 3.10. O 1s spectra of a) K-OMS-2, (b) Co-OMS-IV (2.98 wt %).

3.7.9.3. Co 2p spectra

The Co 2p spectrum of cobalt doped OMS-2 is given in Fig. 3.11. All Co-
containing samples consisted of two main peaks at about 777 and 795 eV,
corresponding to Co 2ps, and Co 2pip, respectively. A spectral feature that
distinguishes between Co?*" and Co** is that the main Co?* peaks present a satellite,
arising from interaction of photoemitted electrons with core vacancy and valence
electrons, whereas Co®* peaks do not [49]. All Co doped samples exhibited a satellite
(788.9 ev) at higher BE by about 6 eV compared to Co 2ps,, indicating the presence
of Co*™. With increasing in Co loading, the intensity ratio of the 2pa, satellite to the
relevant main peak decreased from lgai/Imain = 0.39, close to the value reported for CoO
[50], to0 lsat /main = 0.32, indicating the presence of an increasing amount of Co**. The
spin-orbit separation between Co 2ps, and Co 2py, is around 16.2 eV, thus

confirming a parallel increase in Co®".
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Table 3.4 XPS parameters of Co-OMS-1V

CATA Co"/C0*™ | Isat/l main | Spinorbit
Separation
(A12-312)

Co-OMS-IV | 2.57 0.39 16.2 eV

Intensity (c.p.s)
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Fig. 3.11. Co 2p spectra (a) Co-OMS-1V (2.98 wt %).

3.8. Catalytic Activity-Single step selective oxidation of cyclohexane to
adipic Acid

For the preparation of adipic acid from cyclohexane in a single step, a
heterogeneous catalyst was chosen in such a way that it contains both Co & Mn, since
both metals work synergitically in oxidation reactions. The heterogeneous catalyst
should have metal (Mn or Co) with different oxidation states, as it is important for
partial oxidation reactions that metal should have variable oxidation states. The
catalyst should be non toxic and cheap for commercial use of the process. The above

oxidation reaction should be possible to carry out with molecular oxygen. Following
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these criteria, cobalt substituted manganese containing octahedral molecular sieves
were chosen. Instead of NHPI (N-Hydroxyphthalimide) as radical initiator, which was
used in the Ishii process, we have tested NAPI (N-Acetoxyphthalimide) which is a
acetylated derivative of NHPI [21].

3.8.1. Effect of temperature on Adipic acid yield

The effect of the reaction temperature on the catalytic activity of Co-OMS-2 in
the oxidation of CyH is given in Table.3.5. As one would expect, with increasing
reaction temperature, the conversion of CyH increased significantly. At 353 K, CyH
conversion was 52.8 % with 90.6 % selectivity for AA. By increasing the temperature
further, the selectivity’s of by-products succinic and glutaric acids increased. Tinker
et al. have also observed similar effect. Increasing reaction temperature leads to
enhanced decarboxylation rate of adipic acid [51]. Hence, in order to have high yield
of AA, reaction was optimized at 363 K. With K-OMS as catalyst, the yield of AA
was low due to the low conversion of CyH (entry 5). This shows that by substituting
Mn with cobalt in OMS-2, the reaction rate is accelerated as a result of synergistic
effect.

Table 3.5. Influence of reaction temperature on selective oxidation of cyclohexane

. | Temp | Conversion AA
No | (K) of CyH Product Selectivity (mol %0o) (Yield%o)
(mol %) Cyclo Cyclo | Succinic | Glutaric | Adipic
hexanol | hexanon acid acid acid
1 353 52.8 2.9 0.2 0.5 5.7 90.6 47.9
2 363 96.9 0.0 0.9 3.8 9.5 84.2 81.7
3 373 95.6 0.4 0.7 2.8 11.7 83.2 79.6
4 383 98.7 0.0 1.2 6.6 13.7 78.3 77.3
363 54.9 2.2 0.2 1.1 7.2 89.1 48.9

Conditions: Cyclohexane = 8 mmol, NAPI = 20 mol%, Acetic acid = 20 mL, Time =
3h, Co-OMS-I = 150 mg, 20 bar O,,* Catalyst K-OMS-2 (150mg)

3.8.2. Effect of reaction time on AA yield

The effect of the reaction time on the catalytic activity and selectivity of

different products in oxidation of CyH is given in Fig. 3.12. After one hour of
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reaction, CyH conversion was 56.6% with AA selectivity at 89.8 %. With increase in
reaction time to 2h, conversion has increased to 76.3 mol% with AA selectivity nearly
same at 89.6 %. After 3 hours, conversion further increased to 95.8 %, but AA
selectivity decreased to 84.1%. After 4 hours of reaction, conversion almost remained
unchanged (96.2%), but AA selectivity decreased to 80.3%. With increasing reaction
time, the yield of adipic acid increased as a result of increase in CyH conversion.
However, on further increasing time, the rate of side reactions (degradation) gradually

increased to form GA followed by SA.
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Fig. 3.12. Effect of reaction time on cyclohexane oxidation.

Conditions: Cyclohexane = 8 mmol, NAPI = 20 mol%, Acetic acid = 20 mL,
Co-OMS-1 = 150 mg, Temp = 363 K, 20 bar O,.

Kollar et al. have also made similar observations in the selective oxidation of
cyclohexane to AA [52]. Even though the AA selectivity decreased after 3h, we have
optimized the reaction time to 3h, to get higher conversion of CyH that lead to higher
AA yield.

3.8.3. Effect of Catalyst content on AA yield

The effect of the catalyst content on catalytic activity in the selective oxidation
of CyH is illustrated in Fig. 3.13. With a catalyst content of 50mg, CyH conversion
was 69.9% with AA selectivity at 90.2%. With increasing the amount of catalyst the
CyH conversion also increased, which shows the promotional effect of increasing
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catalytic sites on the reaction. With100 mg of catalyst, 80.8% CyH conversion and
90.7% AA selectivity were obtained, whereas the selectivity for by products GA, SA
increased slightly. However, when the amount of catalyst is further increased to 150
mg, the conversion reached to a maximum of 97%, while selectivity of AA decreased
to 84.2% and there was two fold increase in GA and SA selectivity’s. The overall
yield of AA was maximum after 3h due to the increase in conversion. With time on
stream, the selectivity’s of the decarboxylated by products increased due to Co**
catalyzed degradation of dicarboxylic acid. The rate of degradation of acid increased

with temperature and cobalt catalyst concentration [51].
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Fig. 3.13. Influence of catalyst content on cyclohexane oxidation.

Conditions: Cyclohexane = 8 mmol, NAPI = 20 mol%, Acetic acid = 20 mL,
Temp =363 K, Time = 3 h, Co-OMS-I, 20 bar O,.

3.8.4. Effect of initiator amount on the yield of AA

Figure 3.14 shows the effect of the initiator content on the catalytic activity in
the selective oxidation of CyH. Initiator content plays a vital role in hydrocarbon
oxidation. CyH conversion increased with increasing initiator content. Conversion of
64.2, 73.8, 84.6 and 95.8% were obtained for initiator contents a 5, 10, 15 and 20
mol%, respectively after 3h of reaction. Kerry et al. also reported similar effect of
increase in conversion with initiator content [53]. The AA selectivity is independent
of initiator content, which implies that the role of initiator is just to initiates the

reaction by forming the radical producing species of substrate and has nothing to do
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with the product selectivity’s. At 20 mol% of the initiator, the rate of reaction was fast

and yield of AA was high after 3h of reaction itself.
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Fig, 3.14. Effect of initiator content on selective cyclohexane oxidation.

Conditions: Cyclohexane = 8 mmol, Acetic acid = 20 mL, Co-OMS-I = 150 mg,
Temp =363 K, Time = 3 h, 20 bar O..

3.8.5. Effect of Co content in the catalyst on the yield of AA

The influence of Co content in the catalyst on CyH selective oxidation was
examined and the results are shown in Fig. 3.15. With increasing Co content,
conversion of CyH increased, while the AA selectivity decreased. Selectivity of AA
was found to be 82.2, 79.8, 77.5 and 73.1% for the catalyst Co-OMS-1, Co-OMS-II,
Co-OMS-I1Il and Co-OMS-IV respectively. The decrease in AA selectivity and
simultaneous increase in by-product (SA and GA) selectivity’s indicate degradation of
AA in subsequent steps. With Co-OMS-IV catalyst, high amount of by-products were
found. Hence, at higher temperatures and high Co concentrations, the rate of
degradation of AA is higher. Belkhir et al. reported almost similar observations of Co
concentration effect in AA selectivity in their investigations using Co molecular

sieves [54]. These results substantiate our observations on catalyst content study.
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Conditions: Cyclohexane = 8 mmol, Acetic acid = 20 mL, NAPI =20 mol%
Catalyst=150 mg, Temp = 363 K, Time = 3 h, 20 bar O..

3.8.6. Recycle study of the catalyst

To study the recyclability of Co-K-OMS-2 catalyst in selective oxidation of

CyH, catalyst was recovered after the completion of reaction by centrifugation,

washed with methanol till it is free from organic substrate and dried at 373 K for 4h.
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Fig. 3.16. Catalyst reusability study in cyclohexane oxidation
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Conditions: Cyclohexane = 8 mmol, Acetic acid = 20 mL, NAPI= 20 mol%,

Co-OMS-1 =150 mg, Temp = 363 K, Time = 3h, 20 bar O,.
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This catalyst was re-used for the reaction with fresh reactant. The catalyst was found
to be quite stable even after the 5 recycles. After the 1% recycle, there was some loss
in conversion; however, no further loss in conversion was observed in subsequent
runs. The AA selectivity was almost stable, though slight reduction in GA selectivity
was observed. The spent catalyst (after the 5™ recycle) was characterized by ICP-
OES. No loss in Co or Mn content was detected in the used catalyst. The results
are given in Fig. 3.16., which shows that catalyst was recycled at least five times with

not much loss in activity.

3.9. Proposed reaction mechanism
From the experimental data and literature reports a tentative reaction scheme

was proposed for the oxidation of CyH to adipic acid as follows:

Cyclohexane —» Cyclohexylradical —» Cyclohexylhydroperoxide —— Cyclo-
hexan-ol & -one — a-keto radical —Adipic Acid — Succinic & Glutaric

acids.

The conversion of CyH in the presence of Co & Mn catalysts with NAPI involves
series of steps including inert C-H bond activation, enolization of ketone, electron

transfer oxidation, redox decomposition of hydroperoxides.

The possible mechanism of Co-K-OMS-2 & NAPI catalyzed oxidation of
cyclohexane is presented in Scheme 3.8. It proceeds in three steps. The first step
involves the generation of phthalimido-N-oxyl radical (PINO) from NAPI. The
generated radical abstracts hydrogen from the inert C-H bond of hydrocarbon to form
cyclohexyl radical [55] (eg. 3.5). The produced highly reactive radical rapidly reacts
with O, to form cyclohexyl hydroperoxide (CHHP) which in turn generates

cyclohexanol and cyclohexanone by the decomposition assisted by Co (111) (eq. 3.6).

The second step involves the generation of o-keto radicals from
cyclohexanone in the presence of bifunctional Mn (1V) ion (Lewis acid & redox). Mn-
(1), which forms Mn (IV) by oxidation with peroxylradicals via oxidation of the enol
form of the ketone, is essential for the cleavage of the cyclohexanone, formed at first
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instance in the autoxidation [56]. This cleavage proceeds through the formation of the
a-keto radicals via oxidation of the enol form of the ketone (eq 3.7). Once formed, the
a-keto radicals are quickly trapped by oxygen, leading to the formation of adipic acid

(eg. 3.8, 3.9 & 3.10) [57].

Step 1 (Oxidation of cyclohexane to ol and one)

O Of— Oy
: O Co(lll)
O =0~ OO ™

Step 2: (Oxidation of cyclohexanone to Adipic acid)

o o—Mn(IV)

O (o]
Mn(1V)
— > Mnamny + - : (3.7)
(0] O
% % _0O. (3.8)
4+ O —>
(0]
00. OOH
+ Mn(y 4 WY - é/ +  Mn(IV) (3.9)
(0] [e]
OOH 0.
+  Co(ll) — + OH™ + Co(ll) (3.10)
—

COOH-(CH,),-COOH

CHO-(CHp,-CO. Adipic Acid
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Step — 3 (Decarboxylation of AA to GA and SA)

COOH-~(CH);-COOH  + Co(Ill) ——=  COOH-(CHy);. +CO, +Co? + H*

l (3.11)
Co(l11)- Co(11)
COOH-(CH),-COOH o = COOH-(CHy);-COOH
ini i Glutaric Acid
Succinic Acid - CO,, -H*

Scheme 3.8. Plausible mechanism for the oxidation of cyclohexane.

The third step proceeds via the decarboxylation of product adipic acid in to glutaric
and succinic acids. The decarboxylation of AA proceeds via the generation of alkyl
radical R* (COOH-(CHjy)4¢) with CO; as by product in the presence of Co (lIl). The
originated radical undergoes terminal oxidation to form glutaric acid which is the
decarboxylated product of AA. The GA undergoes further decarboxylation to generate
succinic acid [56] (eq 3.11).

The availability of Mn (IV) and Mn (lll) in the catalyst play key role in
electron transfer oxidation (eq 3.7), while the Co (111, I1) is more effective in the redox
decomposition of the hydroperoxides (eq 3.10).

3.10. Conclusions

In the present investigation, Co substituted octahedral molecular sieves (Co-K-
OMS-2) were synthesized, characterized and used as selective oxidation catalysts for
CyH conversion. Catalysts with different Co content were prepared through a
simple reflux method. They were characterized by different physico-chemical
techniques to understand their structural and textural characteristics. No
perceptible changes were observed in the cryptomelane phase of KOMS-2 on
substitution of cobalt. Similarly, no additional phases belonging to cobalt or
cobalt oxide were observed through powder XRD investigations. The Co-OMS-2
catalysts show well resolved sharp XRD peaks. Compared to the KOMS-2, cobalt
substituted Co-OMS-2 catalysts have relatively lower surface area and pore volume.
Scanning electron microscopy confirmed formation of pure phases of cryptomelane

with fibrous morphology for parent K-OMS-2, but the width and length of the rod
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increased with Co loading. TEM images of both parent and doped samples were used
for calculating lattice planes and d-spacings. Profiles of H,-TPR confirm that Mn-O
bond strength weakens on Co doping. Raman and IR spectroscopy demonstrated the
absence of peaks that corresponds to the segregated cobalt oxide. Thermo gravimetric
analysis of Co-OMS-2 materials indicate similarity in weight losses in different
temperature regimes when compared to K-OMS-2 materials, but slightly lower
thermal stabilities were seen as compared to the K-OMS-2. From XPS data it was
found that, with increase in Co doping the Mn**/Mn*? ratio was found to decrease,

surface oxygen content increased and Co™ is present in higher content.

The Co-K-OMS-2 catalysts were investigated for selective oxidation of CyH
to adipic acid. The catalysts showed their utility and versatility for the oxidation
reaction. The catalysts were highly active for the above oxidation giving good
conversion, AA selectivity at short reaction times. High conversion (95.6%) of
CyH was obtained with 83.2% adipic acid selectivity. Temperature, time, catalyst
content, initiator amount, Co content plays vital role and on AA vyield depends on
them. Further, the catalysts are stable under the reaction conditions and retain good
activity and selectivity for at least upto five successive runs. The catalysts reported
here are easy to prepare, the initiator and the process are a step forward in the
direction for potential commercial exploitation of these materials for selective
heterogeneously catalyzed oxidations.
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4.1. Introduction

Hydrocarbons from petroleum and natural gas are most abundant and low cost
feedstocks. Many petrochemical technologies have emerged to convert these hydrocarbon
feedstocks to energy, fuels and chemicals. Functionalised hydrocarbons are of great
interest as feedstocks in the chemical industry [1]. Alcohols are very important chemicals
in the world market and are the most versatile feedstocks [2]. Therefore; transformation
of these saturated alkanes to more valuable products, such as alcohols, ketones,
acids and peroxides is important in the field of catalysis chemistry. There are plethora of
methods available to convert these hydrocarbons through oxidation, hydrogenation,

dehydrogenation, dehydroxylation into value added products [3].

Selective oxyfunctionalization of hydrocarbons, especially hydrocarbons like inert
alkanes, to valuable oxygenates is an extremely important area of contemporary industrial
chemistry [4]. Currently, selective oxidation processes are conducted either in gas phase
or liquid phase using homogeneous/ heterogeneous catalysts. Since molecular oxygen is
cheap and omnipresent, it is the most practical oxidant for selective oxidation processes
[5]. But due to triplet ground state structure of oxygen, it is difficult to activate it,
especially to react with stable C-H bonds of hydrocarbons [6]. With dioxygen as oxidant,
attaining desired product selectively among all possible oxidize products is also
important. In view of environmental and economical concerns, there is a strong move to
develop sustainable catalytic oxidation process which use dioxygen as oxidant, whiile
being corresive solvent free. The catalyst should also be recyclable with good conversion

and selectivity leading to high yield of desired products [7].

4.1.1. Elemental Sustainability

Elemental sustainability is a concept whereby the sustainability of each element in
the periodic table is assured. Inorder to make the element sustinable, its use by this
current generation should not impair or restrict future generations from utilising that

element.
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All elements within the earth’s crust are available in finite and limited quatities,
though some, like aluminium, iron and silicon, are available in many orders of magnitude
higher in abundance than compared to Pt, Ru, Rh and selenium [8]. Each element in the
periodic table also has varying levels use and demand. This demand undergoes change as

new technological advances come on-stream, while others become antiquate.

As shown in Fig. 1.1, large number of elements fall into the range where they will
be exhausted within 50 years if the current rates of extraction are maintained. Because of
the very low abundancy, some of these elements are at high risk and these include the

precious metals where only 200 tonnes is produced annually[9].

1 Remaining years 2

H until depletion of He
1.00794 known reserves 4002602
3 a (based on current rate of 5 6 7 8 9 10

= extraction)

Li Be B C N (o} F Ne
6.941 9.012182 10.811 12.0107 14.00674 15.9994 18.99840 20.1797
11 12 50-100 years 13 14 15 16 17 18

Na Mg 100-500 years Al Si P S Cl Ar
22.98977 24.3050 26.98153 28.0855 39.97376 | 32.066 35.4527 39.948
19 20 21 22 23 24 34 35 36

K Ca S¢ Ti Vv Cr Se Br Kr
39.0983 40.078 4495591 47.867 50.9415 7896 79.904 83.80
37 39 40 a1 52 53 54

Rb Y Zr Nb Te I Xe
85.4678 88.9085 91.224 92.90638 127.60 1269044 | 131.29
55 56 57 73 84 85 86

Cs Ba | La* Ta Po At Rn
132.9054 | 137.327 138.9055 180.9479 (209) (210) (222)
87 88 89 104 105 116 117 118

Fr Ra | Ac# Rf Db Lv Uus | Uuo
(223) 226.025 (227) (257) (260) (263) (272) (292)

58 59 60 61 62 63 64 65 66 67 68 69 70 n
Lanthanides * | Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
140.9077 14424 (145) 150.36 151.964 157.25 158.9253 158.9253 162.50 164.9303 167.26 168.9342 173.04 174.967
90 91 93 94 95 96 97 98 99 100 101 102 103
Actinides¥ | Th Pa Np Pu | Am | Cm Bk cf Es Fm | Md | No Lr
2320381 231.0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)

Fig. 4.1. Number of years remaining of rare and precious metal reserves if consumption
continues at present rate [10]

All the major industrial reactions are catalyzed by metals. Because of the
elemental unsustainability, these process will be defunct in future. So, designing a metal

free catalyst for the industrially significant process will be a great demand in future.
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Recently, researchers are focussing their attention towards nitrogen containing
carbon materials as metal free heterogeneous catalysts for hydrocarbon oxidations. The
efficient use of carbon nitride as catalyst for hydrocarbon oxidation was first studied by
Wang et.al [11] tested oxidation of cyclohexane with B and N doped mesoporous carbon
nitride polymers. The reactions were carried out at 150 °C using H,O, as oxidant.The
catalysts showed remarkably high selectivity towards the formation of cyclohexanone
(99% selectivity). Catalysts were highly stable and could be recycled several times.

In 2011, Li et al. proposed metal free activation of moleuclar oxygen for
oxidation of hydrocarbons. They have found out that graphene/carbon nitride composite
material can sucessfully oxidize saturated hydrocarbons [12]. The authors have reported
that the graphene and carbon nitride nanocomposites exhibit high-performance to activate
molecular oxygen for selective oxidation of secondary C-H bonds of saturated alkanes

with good conversion and high selectivity to the corresponding ketone.

Yu et al. conceptualized the use of metal-free catalysts for selective oxidation of
hydrocarbons. Authors demonstrated that carbon materials can be used as a metal-free
catalyst for the aerobic oxidation of hydrocarbons. Excellent performance was achieved
by using multiwalled carbon nanotubes produced by chemical vapor deposition.
However, high cost of the catalysts and requirement of solvent are the drawbacks of this

process [13].

A very recent communication by Gao et al. showed the possibility of a variety of
hydrocarbon oxidations with a metal free carbon catalyst. Nitrogen-doped sp®-hybridized
carbon provided quantitative yield of oxidized products from aryl alkanes exhibiting
supeior performance for the oxidation [14]. The authors demonstrated that the
incorporated nitrogen (mostly graphitic-type sites) in layered carbon catalysts is pivotal
for the C-H bond activation reaction. The nitrogen dopant did not participate in the
activation of reactant, but instead changed the electronic structure of the adjacent carbon

atoms and promoted/stimulated their chemical reactivity.
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Nitrogen doped carbons were reported to have diverse applications in catalysis,
particularly as electrocatalysts [15], photocatalysts [16] and as heterogeneous catalysts
[17]. From the literature, it was found that N- doping enhances the activity of the catalyst,
hence N content is directly proportional to the rate of reaction. Among differnt types of
nitrogen, graphitic nitrogen is found to be effective active centre for the oxidation
reaction. Recently chen et al. reported that pyrdinic nitrogen can also promote the oxygen
reduction [18]. Compared to sp®, sp® carbon has been found to be more active in selective
oxidations [19]. So, it is recommended to choose a nitrogen doped carbon that consists of

sp carbon and high nitrogen content with more of pyridinc and graphitic nitrogen.

Carbon nitride nano tubes (CNNT) exhibit semiconductior properties, high
chemical stability and high sunlight harvesting capability. They were found to be
excellent visible light photocatalysts [20]. Their nanostructures (tubes, wires, rods,
sheets, spheres,etc.) were found to be more efficient than their bulk counterparts. When
used in supercapacitors and as photocatalysts their performance has been found to be

better due to their larger specific surface areas and more suitable bandgaps [21].

The selective oxidation of CyH is extremely important in the modern chemical
industry, as its products, KA oil, is starting-material for the synthesis of adipic acid and
caprolactam, intermediates of nylon-66 and nylon-6 polymers [22]. Single step oxidation
of cyclohexane to adipic acid using molecular oxygen and heterogeneous catalyst is one
of the most challenging reactions. Adipic acid is an important industrial chemical and
typically ranks top 10 in terms of the volume used annually by the chemical industry.
Present day processes for AA involve multiple steps; also use highly corrosive and
environmentally harmful acids [23]. Thus, developing novel, clean and green routes for

AA production is an important research theme

Through our present investigations, we demonstrate that CNNTs containing
nitrogen atoms can act as a new class of metal-free catalyst that can afford excellent

activity in the aerobic oxidation of cyclohexane. CNNT’s were proven to promote the
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cyclohexane conversion with high selectivity towards AA. These catalysts were also

tested for other important hydrocarbon oxidations.

4.2. Experimental procedures
4.2.1 Materials

Melamine, ethylene glycol and nitric acid were used (Thomas Baker Pvt Ltd.) for
the preparation of carbon nitride nano tubes. All the laboratory grade chemicals were

used without any further purification

4.2.2 Experimental set up for selective oxidation

Selective oxidation reactions were performed in a 50 ml Parr autoclave. Reactant
along with the catalyst was transferred in to the Parr reactor and purged with oxygen.
After heating the reaction mixture to the desired temperature, reactor was pressurized
with oxygen. Conversion of reactant and product selectivity’s were monitored using GC
and HPLC analysis respectively. Product mixture was analyzed using Agilent HPLC,
equipped with RI detector and Rezex ROA-Organic Acid H* column (300 mm x 7.8 mm)

with 5mM H,S0, as the mobile phase at a flow rate of 0.6 mL.min™.

4.3. Textural and morphological characterization of the catalysts
The above synthesized catalysts were characterized with the help of a variety of

physic-chemical and spectroscopic techniques.
4.3.1 Powder XRD

The structural aspects of the catalysts were investigated by powder X-ray
diffraction. Figure 4.3 (a) shows two peaks. The most intense peak at around 27.2°
corresponds to interlayer distance d=0.336 nm, close to the characteristic peak of the
(002) plane in the g-C3N4 structure (d =0.336 nm) which is reported for graphite-like
carbon nitride (d = 0.321, or 0.328 nm) [24]. The Peak characteristic to in-plane structural
packing motif of the nanotube appears at 17.8° (d=0.49 nm), close to the theoretical

d=0.47 nm [25]. Experimental distances of the s-triazine based structure of carbon nitride
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Intensity(a.u.)

anotube is different from that of tri-s-triazine-based g-CsN4 (26=13°, d=0.681 nm) [26].

So it is evident from XRD that the present nanotube acquires a s-triazine based structure

rather than the reported commonly known tri-s-triazine unit (Fig. 4.2 b) [27]. Hence, Fig.

4.3 (b) depicts the clear transformation of melamine to carbon nitride nano tubes.
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Fig 4.2. (a) Schematic illustration of the formation of the carbon nitride nanotubes.
(b) Molecular structure of carbon nitride nano tubes.
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Fig. 4.3. (a) XRD of carbon nitride nano tubes, (b) At different stages of preparation

Upon addition of nitric acid to melamine, the amino group of the melamine gets

protonated and it is conceived that the obtained white precipitate is formed by nitrate ions

and melamine with a protonated amino group. The self-assembly of NH;" and NO3 into
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fibrous structures is believed to be a solvent mediated process by the combined effect of
two factors. One is that the NH, group of the melamine gets easily protonated with the
addition of HNO3 because of its high basicity. This protonation decreases the solubility of
melamine in ethylene glycol. The other is increase in polarity of the ethylene glycol
solution because of the high polarity of nitrate ion and water. Hence, the decrease in
solubility of the melamine leads to its precipitation. The existence of both H" and NO3z~

are essential for the self assembly fibrous material.

The nano tubular transformation from fibrous structures was thus conjectured
to involve two steps. In the first step, on thermal treatment, protonated amine gets
polymerized along the fibrous longitude to form the s-triazine ring based molecular
ribbons. These ribbons get stabilized and stacked on each other because of the TT-I1
electron interaction. The second step is that the formed stacking layers after reaching a
certain thickness, tends to curl into nanotubes. Minimization of the surface free energy is
the sole reason for this curling process. Schematic representation of CNNT is shown in
Fig. 4.2 (a).

4.3.2 IR spectra of as synthesized materials

The IR spectra of melamine, nanofibers and nano tubes are illustrated in Fig.
4.4. The strong absorption peaks in the 3330-3550 cm™ range are attributed to the
stretching vibrations of NH, and NH groups. The above modes were absent in the
nanotubes, suggesting that deamination occurs during calcination of nanofibers, which
destroys most of the N-H bonds. The similarity of all the spectra is clearly evidenced by
the sharp semicircle ring stretch at around 800 cm™, which indicates that all the samples
are built up from heptazine or triazine units. A peak at 1550 cm™ show that nanofibers
were formed by the protonation of amine which eventually forms NH;" [28]. Thus, it may
be believed that the fibrous crystal is a class of salt composed of protonated melamine
and nitric ions probably maintained hydrogen bonding, electrostatic attraction and I'T-TT
stacking interactions. Nitrate ions in the white precipitate may also decompose into

nitrous oxide and oxygen because of its low stability over 443 K [29].
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Fig. 4.4. FT-IR of (a) Melamine, (b) Melamine nanofibers, (c) CNNT

4.3.3. UV-visible spectra of carbon nitride nanotubes

UV-Vis provides information about the ability of samples to absorb light in the
visible and near-UV range of the electromagnetic spectrum. Hence, CNNT catalyst was
investigated using UV-vis spectroscopy. Figure 4.5 illustrates the UV-vis spectra of
carbon nitride. It shows the absorption edge at 440 nm centered around 300 nm,

originating from IT-TT* electronic transition in the aromatic 1, 3, 5-triazine compound

[30]. Band gap of the material was found to be 2.8 eV.
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wavelength (nm)

Fig. 4.5. UV visible spectra of CNNT.
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4.3.4. Scanning electron microscopy

Scanning electron microscopy was used to investigate the morphology of CNNT.

S4800C-MET 5_Qk\] 1 S4800C-MET 5.0kV'8.5mim x50.0k

Fig. 4.6. SEM images of CNNT

The SEM micrographs (Fig. 4.6) show nanotube like morphology of carbon nitride. The
FE-SEM images reveal high yield of elegant, flexible and ultra-long nanotubes. The
nanotube is of a general average outer diameter of 1.5u with lengths up to several
millimetres. The resulting aspect ratio of the length to diameter is higher than 10 000. As

reported, very little particle- and sheet-like morphology was observed [31].

4.3.5. Transmission electron microscopy

To further confirm tubular morphology, investigations were carried out using TEM.

(c)

0.5 pm

Fig. 4.7. (a,b) TEM images of CNNT, (c) TEM image of melamine nano fiber.
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The TEM images given in Fig.4.7 show nanorods with clear lattice fringes. The
magnified TEM images reveal that carbon nitride nanotube wall consists of several layers
analogous to multiwall carbon nanotubes. The d-spacings (0.36 nm & 0.49 nm) obtained
from TEM images are in agreement with the XRD results. Figure 4.7c shows fibre like

shape of the nanofibres.

4.3.6. X-ray Photo electron spectroscopy

The elemental composition and nature of the chemical states of the elements
present studied by X-ray photoelectron spectroscopy. The XPS of C 1s spectrum of
CNNT is given in Fig. 4.8(b). The peak at 287.4 eV corresponds to sp® carbon bonded
with nitrogen and the peak around 284.5 eV is assigned to surface adventitious carbon
[32]. Similarly N 1s spectrum (Fig. 4.8(a)) has three peaks at around 398.5, 399.95 and
401.0 eV which correspond to pyridinc, pyrrolic and graphitic respectively. The first two
peaks may be attributed to sp* C—N bonds while the third one is due to a N—sp?C bond,

which proves that there is bonding between the nitrogen and carbon atoms [33].

(@)
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Binding energy (eV) Binding energy (eV)

Fig. 4.8. X-ray phototelectron spectroscopy of (a) N 1s, (b) Cls.

4.3.7. Cyclic voltammetry

The electro catalytic activity of the synthesized CNNT’s was examined using

cyclic voltammetry (CV) and rotating disc electrode (RDE) voltammetry. The CV
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profiles of the materials in an oxygen-saturated 0.1M solution of KOH and 0.5M solution
of HCIO,, cycled between 1.2 and -0.8 V versus NHE at different voltagramms are
shown in Fig. 4.9 a & b respectively. In the basic medium, oxygen was getting reduced in
a potential range between -0.3 to -0.5 V and subsequently getting oxidized in the
potential range of -0.2 and 0.1. The RDE voltammograms of the catalysts in 0.1M KOH
throws better information on the ORR activity of this system (Fig 4.9. c). The study
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Fig. 4.9. Cyclic Voltammetry of CNNT catalysts in (a) 0.1M KOH, (c) 0.5M HCIQ.,.
Linear sweep cyclic voltammetry in (b) 0.1M KOH, (d) 0.5M HCIO,.

confirms significant ORR activity of carbon nitride nanotubes, as shown from the linear
sweep voltammograms (LSVs) at different RPM. The onset potential of the material is

around -0.01V. In the acidic medium, oxygen was getting reduced at potentials 0.5 - 0.1
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V and subsequently getting oxidized in the potential range of 0.0 - 0.4 V. The RDE
voltammograms of the catalysts in 0.5M HCIO,4 confirms significant ORR activity of
carbon nitride nano tubes, as shown from the linear sweep voltammograms (LSVs) at
different RPM (Fig. 4.9 d). The onset potential of the material was found to be around
0.6V. The above described CV measurements show that the material has redox sites that

can reduce O even in the absence of any metal.

4.4 Selective oxidation of cyclohexane to adipic acid in single step

Selective oxidation of cyclohexane (CyH) to adipic acid was carried out using
CNNT catalysts. Optimization of various experimental parameters was carried out to get

high adipic acid yields.

4.4.1 Effect of temperature

The effect of temperature on selective oxidation of CyH is shown in Fig. 4.10. It
may be seen that CyH conversion as well as AA selectivity increased initially with
temperature, but the AA vyield drops after reaching a maximum. On the other hand, CyH
conversion increased continuously with temperature with about 24% at 398 K to reach 86

mol% at 413 K. Cyclohexanol and cyclohexanone were also seen in the product mixture,
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Fig. 4.10. Effect of temperature on adipic acid yield during selective CyH oxidation
Conditions: Cyclohexane-12.6g, Acetonitrile-6.1g, catalyst -50mg, 4h, 20 bar O,.
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particularly at low reaction temperatures, implying that the K-A oil is formed as primary

product, which is further oxidized to AA in a subsequent step.

When the temperature was raised, the rate of consecutive oxidation increased,
accelerating the conversion of cyclohexanol to cyclohexanone and then to AA. Hence,
the AA selectivity increased with increasing temperature up to 403 K. However, further
rise in temperature led to the formation of undesired products, mainly the glutaric and
succinic acids. These results guide us to a optimum temperature of 403 K, where we can
get reasonably high conversion along with high selectivity to AA. Hence, this
temperature was chosen for further investigations. Similar observations that increase in
selectivity of AA with increase in temperature were also reported by Alshammari et al.
[34]

4.4.2. Effect of reaction time

Effect of reaction time on conversion of cyclohexane and AA selectivity is
shown in Fig 4.11. The AA selectivity increased with time, reaching a maximum after 4
hours. The cyclohexanol (Ol) and cyclohexanone (One) selectivity’s decreased with
increasing time. Between 2-4 h, the selectivity of AA increased at the expense of K-A oil.
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Fig. 4.11. Effect of reaction time on adipic acid yield during selective CyH oxidation

Conditions: Cyclohexane-12.6g, Acetonitrile-6.1g, 403 K, Catalyst-50mg, 20 bar O..
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After 4™ hour, the AA selectivity decreased due to its degradation to glutaric acid (GA)
and succinic acid (SA). This data shows that the KA concentration was high in the initial
stages (induction period) of the reaction, which subsequently converts to AA with
increasing TOS. Hao et al. also reported similar observation that initially OL and ONE

are the major products which eventually converts to AA with time [13].

4.4.3. Effect of catalyst content

Influence of catalyst content on the progress of reaction and product concentration
in the reaction mixture is shown in Fig. 4.12. The same substrate quantity was maintained
for all runs. With increasing catalyst content, conversion of cyclohexane has increased,
which reached a maximum at around 50mg for 12.6g of substrate (CyH). Conversion gets
further increase with increasing the catalyst content from 50 -100mg. So clearly catalyst
has the promotional effect in the cyclohexane conversion. At lower catalysts content,
selectivity of least oxidized products like ‘Ol’ and ‘One’ are prominent, but at higher
catalyst amounts, selectivity of over oxidized products increased. Alshammari et al.
reported similar effects with catalyst content [34]. So it is important to find the best
catalyst content which can give maximum yield of AA. On optimization, we have found
that 50mg is best for good yield of AA.
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Fig. 4.12. Effect of catalyst content on AA yield during selective CyH oxidation
Conditions: Cyclohexane-12.6g, Acetonitrile-6.1g, 403 K, 4h, 20 bar O..
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4.4.4 Effect of oxygen pressure

Figure 4.13 demonstrates the influence of oxygen pressure on reaction and
product pattern. It is evident that with increase in oxygen pressure from 5- 20bar,
conversion of cyclohexane has increased significantly from 10 to 70 mol%. At lower O,
partial pressure, mostly K-A oil has formed. Further increase in O, pressure led to the
higher AA formation. But, over-oxidation also led to the formation of byproduct
dicarboxylic acids (GA and SA). The results clearly show that oxygen pressure plays
vital role in AA vyield. Yuan et. al observed similar observation that with increase in O,

pressure leads to the enhanced formation of dicarboxylic acids [35].

Conversion / selectivity %

O Pressure (bar)

Fig. 4.13. Effect of O, pressure on AA vyield
Conditions: Cyclohexane-12.6g, Acetonitrile-6.1g, Catalyst-50mg, 403 K, 4h.

4.4.5. Recyclability of the catalyst

To check the reusability and stability of the catalyst, recycling tests were carried
out, after washing the catalyst with acetonitrile prior to its re-use. The catalyst was used
for five such cycles. There was no significant change either in catalytic activity or AA

selectivity even after 5th recycle as can be seen from Fig. 4.14.
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Fig. 4.14. Recyclability study of the catalyst during CyH oxidation
Conditions: Cyclohexane, Acetonitrile, catalyst = 50mg, 403 K, 4h, 20 bar O,.

45.0 Solvent free oxidation of cyclohexane

For a selective oxidation process to be called ‘green’, in addition to use of
environmental friendly oxygen source such as O, no solvent should be used for carrying
out the reaction. When no solvent is used, it leads to saving of energy, as there is no need
to separate the solvent from products and un-reacted substrates. Hence, we have
conducted selective oxidation of cyclohexane in solvent free conditions. Effect of various

parameters has been investigated; results of these experiments are illustrated below.

4.5.1. Effect of temperature

Effect of temperature on the yield of AA in solvent free conditions is show in Fig.
4.15. 1t can be clearly seen, CyH conversion increased with temperature upto 71 mol% at
413 K, as was the case when solvent was used for the reaction. The AA selectivity also
increased, but it reached a maximum at 403 K and there after it decreased with increasing
temperature. Cyclohexanol and cyclohexanone were present in significant quantities at
lower reaction temperature, as they are the primary products of the reaction. Since, at

higher temperatures, subsequent oxidation is favoured, it leads to the formation of AA
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from cyclohexanol and cyclohexanone. As a result, the AA selectivity increased with
increasing temperature up to 403 K.
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Fig. 4.15. Effect of reaction temperature on CyH conversion and AA yield
Conditions: Cyclohexane-15.58g, 4 h, Catalyst-50mg, 20 bar O..

Further increase in temperature to 408-413 K led to the formation of undesirable
GA and SA by-products. These results show that even in the absence of solvent, reaction
temperature of 403 K seems to be optimum for achieving high CyH conversion and AA
selectivity. However, both these values are on lower side as compared to the conversion
and yields achieved in the presence of solvent.

4.5.2 Effect of time

The effect of reaction time on CyH conversion and AA vyield in solvent free
conditions is shown in Fig. 4.16. With TOS, conversion of cyclohexane has increased
monotonously, but the AA selectivity increased to a maximum after 4" hour and dropped
further on stream. The selectivity’s of ‘One’ and ‘OI’ also decreased with increasing time
on stream. Between 1-4 h, the AA selectivity increased at the expense of KA oil. These
results indicate that the AA formation is favoured with increasing reaction time. But,
after 4™ hour, the AA selectivity decreased due to its degradation to by products such as
GA and SA.
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Fig. 4.16. Effect of reaction time on CyH conversion and AA vyield
Conditions: Cyclohexane=15.58g, 403 K, Catalyst=50mg, 20 bar Os.

4.6. Comparison of various catalysts in the selective oxidation of cyclohexane

Table 4.1: Performance of various catalysts in selective oxidation of cyclohexane

S.No Catalyst Cyclohexane| Conv. Selectivity (mole %)
- Acetonitrile} mol% ol one |[Glutaric|Succinic| Adipic
acid acid acid
1 Melamine carbon 1: 1 10.2 73 | 21.0 8.78 3.2 61.2
nano fibers(after | (12.6:6.19)
HNO; treatment)
2 | Carbon nitride nano 1. 1 89.5 10.2 | 18.2 13.4 5.9 45.3
tubes® (12.6:8.7 g)
3 | Carbon nitride nano 1:1 69.7 4.7 9.9 6.0 35 72.4
tubes@ (12.6: 6.19)
4 | Carbon nitride nano 1:1 0.6 - - - - -
tubes” (12.6: 6.19)
5 | Carbon nitride nano 15.69 62.6 104 | 149 3.9 2.7 65.2
tubes”

Conditions: 403 K, 4h, 20bar O,, 50 mg catalyst
$- Acetone as solvent, @ -Acetonitrile as solvent
*- putylated hydroxytoluene (10mol %)
#- in the absence of solvent
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Under blank reaction conditions, without any catalyst the conversion of
cyclohexane was negligible. The CyH conversion was high, as reaction rate has increased
with acetone as solvent, but AA selectivity was low. Melamine carbon nano fibers,
obtained on HNOj3 treatment of melamine, but before the calcinations at 350 °C, did not
offer good result. Use of radical scavenger BHT terminates the oxidation process by
capturing the superoxide radical which shows that the reaction is initiated by superoxide

radical.

4.7. Proposed reaction mechanism

After the completion of the reaction, IR spectra were recorded for the liquid
reaction product mixture. Peak at 1750 cm™ corresponds to C=0 stretching frequency of
cyclohexanone. Peaks at 1452, 1413 and 1361 Cm™ corresponds to the CH, bending
modes of cyclohexyl hydroperoxides (CHHP).The presence of CHHP suggests that the
reaction is going through the formation of CHHP intermediate.
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Fig. 4.17. IR spectrum of cyclohexane reaction mixture after completion of reaction.

Since the catalyst is a semiconductor (band gap of 2.8 eV), with thermal energy the
electrons from conduction band (LUMO) gets excited to reach valence band (HOMO).

The excited electrons reduce the molecular oxygen to form *O,  , which stays surface
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bound to the catalyst to compensate the positive charge of the hole. At the same time, the
substrates are oxidized by the HOMO (positive hole) of catalyst and then react with the
surface-bound °*O,, to generate cyclohexyl hydroperoxide. The CHHP formed is
subsequently dissociated to cyclohexanol and cyclohexanone. On -C-C scission to form
o-formyl radicals, which in turn undergoes terminal oxidation to yield adipic acid. The
formed AA can undergo decarboxylation to form lower dicarboxylic acids like glutaric

acid and succinic acids.
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Scheme 4.1. Plausible mechanism for cyclohexane oxidation with CNNT.

4.8. Carbon nitride nanotube as catalyst for other selective oxidation processes

Carbon nitride nanotube catalysts were also investigated for selective oxidation of other

hydrocarbons.
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4.8.1. Oxidation of cyclohexanone to Adipic Acid

Since the cyclohexane to AA reaction goes through cyclohexanone as intermediate, we

have tested CNNT catalyst for selective oxidation of cyclohexanone to adipic acid.

o
OH OH
o) (6) OH o)
— o + + (@)
OH OH o OH

AA GA SA
Scheme 4.2 Selective oxidation of cyclohexanone.
4.8.1.1 Effect of temperature

The effect of the reaction temperature on catalytic activity in the selective
oxidation of cyclohexanone to AA is shown in Fig. 4.18. Increasing the reaction
temperature has promoted the conversion of cyclohexanone. Selectivity of AA reached
maximum at 393 K, but decreased beyond this temperature. The decrease in AA
selectivity is attributed to the decarboxylation at higher reaction temperatures leading to
the formation of Cs, C, dicarboxylic acids. Edwin et al. reported similar results on

variation of temperature [36]
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Fig. 4.18. Effect of temperature on cyclohexanone oxidation

Conditions: Cyclohexanone- 9 g, Acetonitrile-7 g, H,O- 2 g, 4h, catalyst 50mg, 20bar O,.
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4.8.1.2 Effect of reaction time

Effect of reaction time on catalytic activity of CNNT in the selective oxidation of
cyclohexanone is given in Fig. 4.19. Conversion has increased with increasing time on
stream, while AA yield was found to decrease with time as a result of increased
decarboxylation of AA. So in order to achieve higher amount of AA, choosing optimum
reaction time is important for this reaction. Cavani et.al also observed similar trend in

cyclohexanone oxidation with heteropolyacids as catalysts [37].

Conversion / Selectivity %

Time (h)

Fig. 4.19. Effect of time on selective oxidation of cyclohexanone
Conditions: 9g cyclohexanone, Acetonitrile 7g, 393 K, CNNT 50mg, 20bar O,

4.8.2. Selective oxidation ethyl benzene to acetophenone

Selective oxidation of ethyl benzene (EB) to value added products such as
acetophenone (AcPO) has received increasing attention because of its commercial
applications as an intermediate for the manufacture of perfumes, pharmaceuticals, resins,
alcohols, esters and aldehydes. Production of this ketone is traditionally carried out
through Friedel-Crafts acylation of benzene by an acyl halide or acid anhydride in the
presence of stoichiometric quantities of homogeneous Lewis acids (e.g., AICl3;, BFsj,
FeCls, ZnCl,, SnCly, TiCly) or strong protic acids (e.g., H.SO4, HF). Unfortunately, these
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reagents are not only expensive but also produce large quantities of noxious and

corrosive waste [38]. To make this process green, we have investigated the utility of

carbon nitride nanotube catalysts for this reaction.

SSEST

Scheme 4.3. Ethyl benzene oxidation to various possible products.

4.8.2.1. Effect of reaction temperature

Effect of reaction temperature on the catalytic activity of carbon nitride

nanotube in the selective oxidation of EB is shown in Fig. 4.20. As expected, when the

reaction temperature is increased, conversion of EB also has increased. At 393 K, EB

conversion was 34.1 % with 49.0 % selectivity for acetophenone (AcPO) and 27.4 % for

1-phenylethyl alcohol (PEA). When the reaction temperature was increased in the range

of 398-403 K, EB conversion and selectivity to AcPO also increased. On the other hand,

Conversion / Selectivity %

60 4

50 +

40 4

30 +

20 +

10 ~

—— Conversion
—&— 1-phenylethyl alcohol
—@— Acetophenone
~fe— Benzaldehyde
- Benzoic acid

Temperature (K)

Fig. 4.20. Effect of temperature on EB conversion acetophenone selectivity.
Conditions: 6.0g EB, 12.7mL Acetonitrile, 100mg CNNT, 8h, 20bar O,.
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the PEA and benzaldehyde selectivity decreased with increasing temperature. However,
benzoic acid (BzA) formation was favoured, as its concentration increased at higher
temperatures. It appears that p-C-C cleavage of the 1-phenylethyl oxy radical is favoured
to form benzaldehyde (BA) [39]. These results show that the reaction temperature is a
key factor for the oxidation of EB to AcPO. Jin et al. also observed similar trend in the
distribution of products [40]

4.9.2.2. Effect of reaction time

Figure 4.21 shows the effect of reaction time on the catalytic activity of CNNT in
the selective oxidation of EB. Conversion of EB and AcPO selectivity increased sharply
with reaction time upto 6 h, after which conversion reached a plateau. But the AcPO
selectivity drops after this, which indicates that the side reactions gradually increased as
the reaction progressed, thus leading to a lower selectivity for AcPO. On the other hand,
the selectivity’s for both PEA and BA decreased with increasing reaction time. The
results manifest that PEA was the initial product which was efficiently converted to
oxidized products by catalyst, such as AcPO. After 8 h of reaction time, 56.2 %

conversion of EB and 65.9 % selectivity for AcPO were obtained.

70

60 4

50 4 —— Conversion
~de— 1-Phenylethyl alcohol

~—@— Acetophenone

Conversion / Selectivity %

40
~—fe— Benzaldehyde
—H— Benzoic Acid
30 4
20 4
10 4
O ) ] ) ] ]
2 4 6 8 10

Time (h)

Fig.4.21. Effect of reaction time on EB conversion and acetophenone selectivity.
Conditions: 6.0g EB, 12.7mL Acetonitrile, 100mg CNNT, 403 K, 20bar O,.
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However with further increase of reaction time, the conversion did not change
significantly anymore and the selectivity for AcPO slightly decreased because of the
formation of more byproducts (BzA). These results reveal that 8 h reaction period is

adequate. Increase in selectivity of AcPO with time is also reported by Song et al. [41]
4.8.2.3. Effect of catalyst content

The effect of catalyst content on the catalytic activity in the oxidation of EB
IS given in Figure 4.22. Results show that with CNNT content of 50 mg, EB conversion
was 33.6 % with AcPO selectivity of 67.6 %. With increasing CNNT catalyst content to
100mg, conversion of EB has increased, while there was slight drop in AcPO selectivity.
The reason for this reduction in selectivity is attributed to a small increase in BzA and
BA selectivity. However, when the amount of CNNT is increased further to 150 mg,
there was no noticeable change in EB conversion. Jin et al. also observed that with

increase in catalyst content, conversion of EB has improved.[40]
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60 4

50 +
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Conversion / Selectivity %
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0 Ll ) T
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Fig. 4.22. Effect of catalyst content on EB conversion and product selectivity.
Conditions: 6.0g EB, 12.7 mL Acetonitrile, 8 h, 403 K, 20 bar O,.
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4.8.3 Baeyer-Villiger oxidation of cyclohexanone to Caprolactone

Baeyer-Villiger reaction is an important oxidation process because of its wide
applicability in the preparation of pharmaceutical intermediates and fine chemicals [36].
This reaction provides single step pathway for the conversion of ketones to lactones with

organic peracids and peroxides as oxidants [37].

g-caprolactone is a vital chemical used in the preparation of polyesters. The
current production in industry is carried out by oxidation of cyclohexanone with m-
chlorobenzoic acid as oxidant [38]. A variety of metal based catalysts were tested for the
Baeyer villiger oxidation, such as Fe-MCM-41 [39], Sn-MCM-41 [40], Fe,O3 [41] and
Al,O3; [42]. However, there are drawbacks in the use of metal based catalysts: low
selectivity, high cost and detrimental environmental effects caused by catalyst residues
and unwanted side products. Hence, it is advisable to search for effective catalysts that
are metal free. The CNNT catalysts were also tested for Bayer-Villiger oxidation of

cyclohexanone to caprolactone.

O,, Cata
—»

PhCHO PhCOOH

Figure 4.23 shows the effect of reaction time on Bayer-Villiger oxidation of
cyclohexanone to caprolactone. With increase in reaction time, the conversion of
cyclohexanone has increased. Similar observations were also made by Yue-Fang et al.

that both cyclohexanone conversion and caprolactone selectivity improved with time [43]
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Scheme 4.4 Bayer villager oxidation of cyclohexanone to caprolactone.
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Fig. 4.23 Effect of time on the yield of caprolactone.
Conditions: 10mmol ‘One’, 20mmol benzaldehyde, 50mg Catalyst, 323 K 10bar O,

4.10. Conclusions

Carbon nitride nano tube catalyst was prepared and investigated for single step
oxidation of cyclohexane to adipic acid and selective oxidation of other hydrocarbons.
The detailed characterization of carbon nitride nano tube catalysts helped to understand
these materials. Powder XRD of the CNNT suggests that the material is constructed
through repetition of triazine rings. The IR spectrum of CNNT confirms the absence of
free amine groups which are condensed during the polymerization process. Scanning and
transmission electron microscopic technique substantiates the tube structure and the d-
spacing obtained with this technique is in line with that obtained using XRD. Presence of
pyridinc and graphitic nitrogen in the material is confirmed by XPS. Their respective
ratios were determined with this technique. The oxygen reducing capacity of material is
studied with cyclic voltammetry in both alkaline and acidic environment. The CV
measurements show that the material has redox sites that can reduce O, even in the

absence of any metal.

2014 Ph.D. Thesis: Narasimharao Kanna, (CSIR-NCL) S.P. Pune University 121|Page



Chapter 4: Metal free carbon nitride catalysts for hydrocarbon oxidations

The catalytic activity of CNNT catalysts was investigated for the selective
oxidation of CyH as well as other hydrocarbons. Cyclohexane oxidation was conducted
both in presence and absence of solvent. The parameters like temperature, time, catalyst
content, oxygen pressure etc play important role in selectivity of AA and CyH
conversion. Very good conversion of (~70%) cyclohexane and AA selectivity (~70%)
were found on CNNT catalysts. Such high (~49%) yield of AA in single step is being
reported for the first time. However, this catalyst system needs intensive investigations to
for further improving the AA vyield and to suppress glutaric acid (GA) and succinic acid
yields. It is also important to investigate the respective role of pyridinic and glutaric acid
during cyclohexane conversion to AA. Oxidation of cyclohexanone, ethyl benzene and
Bayer-Villiger oxidation of cyclohexanone were also studied with metal free carbon
nitride catalysts and the CNNT catalysts were found to be good for even these selective
oxidations. However, more investigations are required for fine tuning of process

conditions.
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5.1. Introduction

Effective utilization of biomass for the sustainable production of chemicals and
fuels is important to minimize dependence on fossil fuels, which helps to contain net CO,
emissions to the atmosphere [1]. Towards this goal, researchers have been focusing on
technologies that can facilitate the conversion of renewable biomass into fuels and
chemicals [2]. Moreover, in future, economic and industrial growth of a nation will
depend upon its ability to utilize locally available sustainable feedstock (biomass) for fuel
and chemical production [3]. In addition, shift away from traditional petroleum and coal

based feedstocks will help to preserve ecology thus benefiting the humanity [4].

Lignocelluloses biomass is a major source of carbon. Designing process
technologies for its selective hydrolysis with efficient separation techniques to get lignin,
cellulose and hemicelluloses is one of the most challenging tasks in future [5]. Major
fraction of lignocellulose is cellulose (~ 40%), a polymer of glucose. The efficient
utilization of the cellulose via chemical transformations into potential platform chemicals

is expected to play a crucial role in the transition to bio-refinery schemes [6].

Bearing in mind the utilization of biomass, several sustainable feedstocks have
been suggested. Hexoses are abundant monosaccharides existing in nature. Among them
D- glucose and fructose are economical and most suitable to be used as the chemical
feedstocks [7]. Selective hydrolysis of hexoses gives a potential platform chemical called
5-hydroxymethylfurfural (HMF). It is a biomass derived component, obtained without
fermentation, qualifying it as a potential "carbon-neutral" feedstock for fuels and
chemicals. HMF on selective oxidation gives 2,5-furandicarboxylic acid (FDCA), which

has many applications [8].

5.2. HMF — A precursor for commercial chemicals

As described above, carbohydrates are one of the most important types of biomass
feedstock. Sugars, in the form of mono- and disaccharides are readily available from
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various biomass sources, e.g. enzymatic hydrolysis and form part of useful feedstock for
the production of versatile chemicals (Fig. 5.1). Presently, most research on saccharides
conversion into HMF comprises dehydration of fructose, glucose or cellulose in water,

high-boiling organic solvents or ionic liquids [9].

H20 CO2

W

RECYCLABLE
{2
s

PLASTIC le) / \ (o)
N o
HO OH

Fig. 5.1. Lifecycle of biomass as a renewable feedstock for plastics and polymers.

HMF is listed as one of the top twelve most important chemicals from biomass by
the U.S. Department of Energy [10]. Because of its diversity, it is also considered a
"platform chemical”. HMF is used in many applications in different industries. It has
been extensively covered in several reviews [11] and is primarily considered to be a
starting material for the production of other chemicals with important applications, such

as monomers for plastics, solvents and fuels (Fig. 5.2.).
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Fig. 5.2. Transformation of HMF in to variety of chemicals.

5.3. FDCA- a polymer building block

In 2004, the US Department of Energy (DOE) sought to enlist the molecules with
the greatest potential for use as value-added chemicals from biomass [12]. One of these
molecules is 2,5-furandicarboxylic acid (FDCA). This molecule is of great interest as it
has potential to replace terephthalic acid, a monomer used in the production of
polyethylene terephthalate (PET plastics) and polybutylene terephthalate (PBT plastics).
FDCA can be used as a monomer in the production of biomass-derived polymers.
Terephthalic acid and the structural similarity between FDCA and terephthalic acid is
highlighted in Scheme 5.1.

Q o HO / \ o
o
HO oH 5 OH

Terephthalic Acid 2,5-Furandicarboxylic Acid

Scheme 5.1. Structural similarity between TPA and 2,5-FDCA.
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The physical and chemical properties of plastics made from FDCA polymers
(Polyethylene furanoate, PEF) have been shown to be similar to PET plastics [13].
Avantium (renewable chemicals company) has recently announced a multi million Euro
project in the development of a commercial facility for the large scale production of PEF
and other FDCA based polymers [14]. Very recently, the synthesis of poly (butylene 2,5-
furandicarboxylate, PBF) was reported, as a potential renewable alternative to petroleum-
derived thermoplastic PBT [15]. But FDCA is more applications and can be applied as
chemical building block in a wide variety of industrial applications. Fig.5.3. shows

enormous market potential FDCA.

PEF Resin for bottles Water / CSD bottles

PEF Fibers

Carpets / textiles

Polyesters

PEF Film

Flexible packaging

Co-polyesters

Engineering resins

Furan polyamides

Engineering plastics

Polyamides Furan polyamides Nylons / fibers

Furan aramides

Bullet proof vests

Polyurethanes B TPU Footwear

Thermosets Polyester resin Ca POWder coatings

PVC cables

Plasticizers

Fig. 5.3. Derivates of 2,5-FDCA.

5.4. Literature overview on selective oxidation of HMF to 2,5-FDCA.

HMF can be readily oxidized into FDCA through various reaction routes. Several
reviews cover the topic of FDCA production from HMF [16]. For instance, Lewkowski
reports a vast variety of chemical methods for HMF oxidation to FDCA, including, the
use of barium and potassium permanganates, nitric acid and chromium trioxide and also
via electrochemical oxidation. The present chapter focuses on some of the reported

catalytic routes for the oxidation of HMF into FDCA (scheme 5.2), including recent ones.
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HO 0 HO O
_ o] OH
\ Cata \
HMF 2,5-FDCA

Scheme 5.2. Selective oxidation of 5-HMF to 2,5-FDCA.

Partenheimer and Grushin [17] carried out the HMF oxidation using metal
bromide catalysts (Co/Mn/Zr/Br). The reactions were carried out in acetic acid at
1-70 bar of air pressure; to get FDCA vyield of over 60%. Bifunctional cobalt
acetylacetonate encapsulated silica (acidic and redox) was used as a catalyst by Ribeiro
and Schuchardt [18]. Selectivity to FDCA was 99% at 72% conversion of fructose.
Kroger proposed an in situ oxidation of HMF to FDCA starting from fructose described
a way of producing FDCA via acid-catalyzed formation and subsequent oxidation
of HMF in MIBK/water mixture using solid acids for fructose transformation and PtBi-
catalyst encapsulated in silicone and swollen in MIBK [19, 20]. The reaction was carried
out in a reactor divided with a PTFE-membrane in order to prevent the oxidation of
fructose. Though in principle the integration of the process is demonstrated, FDCA yields
remain quite low at 25% of fructose.

Noble metals were used in the oxidation of HMF to FDCA by Vinke et al. [21].
They used Ru, Pt and Pd supported on catalysts for the aerobic oxidation. Though all of
them showed good catalytic activity, only Pt supported on Al,O3; remained active and
stable, to give quantitative yields of FDCA. The reactions were carried out in agueous
medium at pH 9 at a temperature of 333 K and oxygen partial pressure of 0.2Mpa. Lilga
et al. have proposed an industrially viable method to oxidize HMF to FDCA to get an
yield of 98 % under 1MPa oxygen pressure at 373 K using a Pt/ZrO; catalyst [22] . Later,
the same group reported the oxidation of HMF in a fixed-bed continuous flow reactor
[23]. Basic, neutral and acidic feeds of HMF were oxidized using Pt catalysts supported
on carbon and ZrO,. With neutral and acidic supports they have observed that most of

product is an intermediated oxidized product diformyl Furan (DFF).
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Supported gold nano particle catalysts have drawn wider attention for oxidation
reactions. Corma et al. [24] performed the aerobic oxidation of HMF in agueous
solutions with external base using gold nanoparticles supported on iron oxide, titania,
ceria and carbon at different concentrations of NaOH. Quantitative yields of FDCA were
obtained in the temperature range of 298-403 K at different oxygen pressures. Au/TiO,
and Au/CeO, catalysts proved to be most effective for HMF oxidation to FDCA. Under
the optimized conditions of 403 K, 1000 KPa O, and 4:1 ratio NaOH: HMF, >99 % yield
of FDCA was obtained after 8 h of reaction over Au/CeO,. Hutchings et al. [25]
performed HMF oxidation using Au-Cu nanoparticles supported on titania. Oxidation of
HMF was conducted at 373 K, 10bar oxygen pressure using 4 equivalents of base. High
yield of FDCA (95%) was achieved without much loss in recycle activity. Xu et al.
obtained FDCA from HMF using gold nanoclusters confined in a super cage of Y Zeolite
as a catalyst. The reactions were carried out in water, 0.3Mpa O, and at 333 K; that gave
FDCA vyield of over 99 % in the presence of base [26].

Davis et al.[27] conducted a comparative study of Pt, Pd and Au catalysts
for the aerobic oxidation of HMF at high pH. It was found that the rate of oxidation of
HMF on Au catalysts was an order of magnitude higher under the standard conditions
of 295 K, 690 kPa Oy, 0.15 M HMF and 0.3M NaOH. However, the rapid conversion of
HMF over the Au catalysts resulted in the formation of intermediate product 5-
(hydroxymethyl) furan carboxylic acid (HMFCA) as a result of partial oxidation of the
aldehyde group in HMF. Under identical conditions, Pt and Pd were shown to provide
high yields of FDCA, indicating that Pt and Pd can activate the alcohol side chain of
HMFCA while Au cannot do the same. Thus, gold catalysts required high pressures of O,
and high concentrations of base to efficiently oxidize HMF to FDA.

Another approach to the oxidation of HMF, which leads to the formation of furan-
2,5-dimethylcarboxylate (FDMC) was first reported by Taarning group [28]. The authors
oxidized HMF in methanol solutions to form furan-2,5-methyldicarboxylate (FDMC)
with Au/TiO, catalyst under 4 bar of O, at 403 K to get 60% isolated yield of FDMC.
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Oxidative esterification of HMF in various alcohols over catalysts comprising gold
nanoparticles supported on carbon and iron, cerium, titanium oxides was reported by
Corma et al. [29]. Among all the supports, CeO, catalyst was shown to be an efficient
catalyst for the oxidation of HMF to FDMC without added base at different oxidant
pressures and temperatures. Under optimized conditions, 100 % yields of FDMC were
obtained. Also, the effect of adding water to the reaction was found to be negative
for the oxidation towards FDMC.

The addition of external homogeneous base, however has an environmental
impact, as high pH of the medium is corrosive and the product salts need to be
neutralized. Hence, there has been a recent push to find alternatives to the use of

homogeneous bases.

Though the above reported process produces high yield of FDCA, use of
homogeneous base (1-20 equiv. NaOH) and high O, pressure (10-20 bar) makes them
difficult to scale up. In order to make the process free of corrosive base, researchers have
conducted the above reaction without base. Recent communication by Ebitani et al.
showed possibility of carrying out HMF oxidation with no added homogeneous external
base [30]. Gold nanoparticles supported on hydrotalcite gave quantitative yield of FDCA
in the aerobic oxidation of HMF in water at 368 K under an ambient oxygen pressure.
Recyclability of the above catalyst is an issue due to the leaching of OH™ and HCO3~
groups after reaction from the support. Riisager and his co workers have worked over
spinel supported Ru catalyst, but the yield of FDCA was not good [31]. Hence, there is a

need to design a base free process and catalyst which can produce high yield of FDCA.

In view of the above reported work, metal catalysts employed for the synthesis of
FDCA impose technical constrains like lack of recyclability as a result of leaching of
metal, lower reaction time, poor yield of the FDCA and requirement of external base. To
overcome these shortcomings we have developed alternative, cost-effective and

recyclable catalyst comprising metal and alkaline earth exchanged octahedral molecular
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sieve; having both redox and basic sites. The basic site is part of the structure and does
not leach out during the reaction giving very good yields of FDCA within short span of
reaction time. Further the said catalyst is highly active for selective oxidation of HMF to

give high yield of FDCA in short reaction time.

5.5. Experimental procedures
5.5.1. Materials

Potassium permanganate, manganese acetate, sodium hydroxide, magnesium
chloride and magnesium acetate were used (Thomas Baker Chemical Ltd.) for the
preparation of Mg-OMS-1. Ruthenium chloride, HMF, 2,5-FDCA (for standard) were
procured from Sigma-Aldrich. All the chemicals were used without any further

purification.

5.5.2. Standard procedure for HMF selective oxidation

HMF (99%) oxidation was performed in a 50 mL Titanium lined Parr Reactor
(4842) which was connected to a O, Cylinder. In a typical run, reactor was charged with
reactant, 20 mL of water and catalyst. The mixture was stirred at 500 rpm and oxygen
was introduced after attaining the desired temperature. At the end of reaction, 1mL of 1.0
M NaOH was added to the reaction mixture to make sure that FDCA is completely
soluble. The aqueous samples were filtered using 0.22 um nylon filter and the filtrate was
analyzed using HPLC, equipped with RI detector and Resex ROA-Organic Acid H*
column (300 mm x 7.8 mm). Mobile phase, 5mM H,SO,, was pumped at a flow rate of
0.6 mL.min. HMF conversion and FDCA yield were quantified by HPLC through
standard calibration method.

5.6. Textural characterization of catalysts
5.6.1. Powder X-ray diffraction (PXRD)

Figure 5.4. shows the PXRD profiles of the catalyst at different stages of
preparation. It was observed that the two peaks at 26 = 12.6° and 25.2° in half stabilized
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Na-Buserite increased in intensity after second stabilization corresponding to birnessite
phase. The peak at of 19.5° has considerably narrowed compared to other peaks which is
due to feitknechtite, also known as B-MnOOH, a brownish solid which is formed from
the oxidation of Mn(OH), with the coproduction of hausmanite [32] (y-Mn304, JCPDS
card 24-0734). A broad peak at 26 = 37° is quite likely due to oxidized hausmanite [33].
However; many other manganese oxides with MnOg units may have some XRD

reflections in this region.
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Fig. 5.4. XRD patterns of as synthesized materials.

XRD pattern of Mg-OMS-1 clearly show that all peaks are well resolved and
assigned to parent Mg-OMS-1. The major peaks (1 0 0), (0 0 2), (0 0 3) that correspond
to d-spacings of 9.8, 4.9 and 3.3 A respectively match with the reported data of
Todorokite Mg-OMS-1 (JCPDS 13-164). The change in the relative intensities of XRD
reflections at 4.9 and 9.8 A suggest a gradual transformation from buserite to todorokite
(OMS-1). It is clearly observed in Fig. 5.4. that (a) to (d) is the clear translation of
disordered to ordered structure. Ruthenium exchange into Mg-OMS-1 doesn’t lead to any
noticeable change in powder XRD spectra, suggesting no structural changes on Ru
exchange.
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Volume@STP (CClg)

5.6.2. N2 physisorption

The BET specific surface area values for Mg-OMS-1 and 2% Ru-Mg-OMS-1 is
given in Table 5.1 herein below. The support Mg-OMS-1 has surface area of 98.7 m%g™
which has increased to 119.8 m?g™ after exchanging with Ru. The Ru exchanged sample
has higher external surface area compared to the parent as determined by t-method (Table
5.1). The increase in surface area after Ru exchanged is attributed to the high surface area
of exchanged metal compared to the support. Whereas, the internal surface area, total
pore volume, H-K method pore diameter after Ru exchange material has declined due to

the replacement of magnesium by heavier Ru leading to the partial blockage of pores.

Table 5.1. N, adsorption results of the materials

Catalyst Surface | H-K method Pore | T-method surface
Area Pore size volume area
(m*g™) (A) (cclg) Ext Int
Mg-OMS-1 98.2 7.7 0.61 97.0 1.25
Ru-Mg-OMS-1 118.6 7.3 0.40 118.6 0
120 4 0.0035 +
100 < 0.0030
‘E‘ 0.0025 -
80 E
% 0.0020 -
>
60 @
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Fig. 5.5. (a) Mg-OMS-1, (b) 2wt% Ru-Mg-OMS-1. (A) N, adsorption &
desorption isotherm. (B) H-K plot for the pore size
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5.6.3. H, Chemisorption of 2wt% Ru-Mg-OMS-1 catalyst

Hydrogen chemisorption results are given in Table 5.2. These clearly demonstrate
that Ru is finely dispersed in the catalyst. The size of the crystallites was found to be 1.62
nm.
Table. 5.2. H, Chemisorption of 2wt% Ru-Mg-OMS-1

Analysis Monolayer Active metal Average Metal
gas uptake surface crystallite | Dispersion %
(umol/g) area (m2/g) size (A)
Hydrogen 159.8 5.9 16.2 82.9

5.6.4. Chemical analysis of the prepared materials

Chemical analysis of various catalysts used was carried out using ICP-OES. It
was observed that on Ru exchange, Mg content was found to decrease in OMS-1 catalyst.
This observation suggests that Ru was exchanged in place of magnesium due to their

similar ionic radii.

Table 5.3: ICP-OES Analysis of the catalyst for chemical composition

Catalyst Metal wt %
Ru Mn Mg K
Mg-OMS-1 -- 44.45 | 3.34 -
Ru-Mg-OMS-1 1.98 44,13 | 2.51 --
K-OMS-2 -- 51.33 - 3.16
Mg-K-OMS-2 -- 51.29 | 0.73 | 2.01
Ru-Mg-OMS-2 1.79 |51.32| 0.76 | 248

5.6.5. Thermo gravimetric analysis

Thermo gravimetric analysis results of the materials were carried out in air
flow in the temperature range of 295-1250 K, while heating the sample at a rate of
10 K/ min. The TGA curves of Mg-OMS-1 and Ru-Mg-OMS-1 showed that it loses
weight in three steps at temperatures 323-523 K, 523-673 K and 673-873 K respectively
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(Fig. 5.6a and b). Weight loss upto 523 K may probably be due to the loss of physically
adsorbed water on the internal surface. The second weight loss is attributed to the water

bound to the tunnels (confirmed by heating the sample at 573 K and found that the
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Micro volts (endoup)

Micro volts (endoup)

(d) 2wt% Ru-Mg-OMS-2 in air flow

Weight loss %

78 4

T T T T T T L T L
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)

—TGA

92 4

Weight loss %

90 4

88 -

86 -

T L) L) T T L) L) L) L}
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)

-0.0007

-0.0006

-0.0005

-0.0004

-0.0003

-0.0002

-0.0001

0.0000

-0.0008

-0.0006

-0.0004

-0.0002

0.0000

0.0002

0.0004

structure is intact (by XRD). As the temperature increased, Mn gets reduced releasing

oxygen which led to the break down of octahedral framework. The last step of weight

loss could be attributed to the destruction and collapse of tunnel structure, which

corresponds to the formation of MgMn,0, [34]. TGA curve shows that the OMS-1 can

stay thermally stable up to 673 K, which is similar to the thermal stability of OMS-1
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prepared by other methods [35]. DTG analysis of the materials shows a major weight loss
around 595K and 900K which corresponds to loss of water in tunnel and loss of lattice

oxygen respectively.

The TGA curves obtained for Mg-OMS-2 and Ru-Mg-OMS-2 were similar
to that of K-OMS-2, which were discussed in chapter 3. Major weight loss occurred in
the temperature regions 543-973K and 973-1173K as a result of loss of lattice oxygen
that led to the formation of bixbyite (Mn,O3) and hausmanite (Mn3O,4) from K-OMS-2

respectively.

5.6.6. Scanning electron microscopy

‘ mag'l pressure | WD | HV | det|————2 ym ———|
50000 x| 2.12E-3Pa 5.0 mm 20.00 kV ETD| NCL - PUNE.

Fig. 5.7. SEM images of (a) Mg-OMS-1, (b) 2wt% Ru-Mg-OMS-1, (¢) Mg-OMS-2 and
(d) 2wt%Ru-Mg-OMS-2.
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The scanning electron micrographs of Mg-OMS-1 and Ru-Mg-OMS-1 show
fibrous needle and platelet like morphology (Fig. 5.7). The morphology of Mg-OMS-1 is
similar to that of Ru-Mg-OMS-1. The results show that the Ru exchange has no effect on
the morphology. Both parent and Ru loaded Mg-OMS-2 show characteristic rod like

morphology. So in case of OMS-2 also Ru substitution has no affect on its morphology.

5.6.7. Transmission electron microscopy

TEM images of Mg-OMS-1 and Ru-Mg-OMS-1 show (Fig. 5.8) fibrous nanorods
with clear lattice fringes. The length of the fiber is mostly in the range of 20 to 200 nm.
Similar images were obtained for Ru exchanged material. This indicates that no changes
occurred in Todorokite structure upon exchange. Existence of Ru nano particle on

catalyst surface was confirmed by conducting EDAX by both SEM and TEM.

Fig. 5.8. TEM images of (a) Mg-OMS-1, (b) 2wt% Ru-Mg-OMS-1.

5.6.8. Temperature programmed desorption of CO,

The CO,-TPD profile of Mg-OMS-1 is given in Figure 5.9. It shows two
desorption peaks. The first peak begins at 373 K with center at 443 K. The second
prominent peak starts at 573 K and centered at 648 K. The later was found to be sharp

and symmetric.
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Fig. 5.9. CO, TPD of Mg-OMS-1

The first peak may arise from the desorption of CO, from the undoped, weak Mg
ions on the surface of the catalyst. The Mg ions which were present in octahedral
positions and tunnels give rise to the second CO, desorption peak. The above result

substantiates the fact that the majority of magnesium is in octahedral position.

5.6.9. X-ray photoelectron microscopy (XPS)
In order to understand the nature of chemical states of the elements, XPS of

catalysts were studied. After background subtraction, the curves were deconvoluated to
their components using using Gaussian—Lorentzian (G-L) functions. Photoelectron

spectra of Ru 3d, Mn 2p, O1s are shown in Fig. 5.10.

The Ru 3d spectrum in Fig. 5.10 (a) it can be resolved into two groups of doublets
and a single peak. Pure metallic ruthenium (Ru®) constitutes the spin—orbit doublet peaks
at 280.7eV and 285.8 eV corresponding to Ru® 3ds;, and Ru® 3dsy,, respectively [36]. The
doublet peaks at 281.8 and 287.3 eV originate from ruthenium oxide (RuO,) due to Ru**
3ds;, and Ru™ 3da, respectively [37]. The prominent single peak at 284.5 eV is related to
C 1s due to carbon contamination. Figure 5.10(a) clearly illustrates that Ru mostly exists

in (+4) oxidation state. The reduced Ru is prone to oxidize on exposure to air [38].
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The O1s spectrum clearly shows three components which were illustrated in Figure 5.10
(b). According to the peak positions, three types of oxygen species can be identified:
the low binding energy peak (530.32 eV), O', which is associated to lattice oxygen (0%,
the medium binding energy peak (531.93 eV), 0", attributed to surface oxygen (O* or
O), OH groups and oxygen vacancies; finally the high binding energy peak (533.1 eV),

0" assigned to the adsorbed molecular water [39]. The principal component
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Fig. 5.10. XPS of (a) Ru 3d, (b) O 1S, (c) Mn 2p.

corresponds to the lattice oxygen, followed by the peak O" of adsorbed oxygen
and O"' of adsorbed water. The nature of the O" species in these materials may be

related to the presence of oxygen vacancies that creates defects. The interaction of
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these point defects with molecular oxygen and/or water generates peroxides, super oxides

and hydroxyl species [40].

Fig. 5.10 (c) shows the XPS spectra of Mn 2p in OMS catalyst. The prominent peaks at
643.2 and 654.7 eV correspond to Mn 2ps, and Mn 2py;, respectively for +4 oxidation
state. The peaks at 641.7 and 652.3 eV corresponds to Mn 2ps, and Mn 2py, respectively
for +3 oxidation state. Binding energy of each species is tabulated in Table 5.4.

Table 5.4. Percent abundance of different elemental species derived from XPS

Element Species B.E (eV) | % of Abundance
Oxygen o' 530.32 67.4
o" 531.93 21.5
o" 533.06 10.9
Mn(+4) Mn 2par 643.37 51.76
Mn 2paj, 654.7 30.92
Mn(+3) Mn 2paz2 641.7 12.31
Mn 2ps, 652.1 5.00
Ru (0) Ru 3dsp, 280.7 21.6
Ru 3dsp 285.8 34.7
Ru (+4) Ru 3ds, 281.8 13.2
Ru 3d3p, 287.3 30.33

5.7. Base free oxidation of 5-HMF to 2,5-FDCA with 2Wt% Ru-Mg-OMS-1

Selective oxidation of HMF to get 2,5-FDCA was studied in the absence of homo-
geneous base. Various process parameters such as temperature, O, pressure, reaction
time, HMF/Ru mole ratio, variation of precious metal and the influence of OMS structure

were investigated. At the end, recyclability of the catalyst was also investigated.
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5.7.1. Effect of temperature and reaction time on the yield

The effect of reaction temperature and reaction time on HMF selective oxidation
to FDCA was examined and results are shown in Fig. 5.11. Complete conversion of HMF
was achieved at all temperatures within 2h. Increasing the temperature from 363-383 K
has a positive influence on the yield of FDCA. At 363 K, yield of FDCA increased
continuously with time and reached maximum after 8 h. However, at higher reaction
temperatures (373-393 K), the yield increased with reaction time initially, but after
reaching maximum, it decreased with time. This fall in yield may be attributed to the
condensation of acid (FDCA) and alcohol (HMFCA), catalyzed by acidic Mn*" ion.
Initially, HMFCA (5-hydroxymethyl-2-furancarboxylic acid) is formed on oxidation of
HMF, which subsequently converted to FDCA, a more stable product. It has to be
pointed out that hardly any FDCA is formed before all HMF was converted into
HMFCA, indicating the lower reactivity of HMFCA compared with HMF. The time
taken to convert HMF to HMFCA is much lower compared to the time needed to convert
HMFCA to FDCA. The above observation was also reported by Casanova et al. [29]
Therefore, oxidative conversion of HMFCA to FDCA was found to be the rate

determining step for the reaction.
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Fig. 5.11. Influence of temperature on the yield of FDCA with TOS.
Conditions: 1.3 mmol HMF, 20 mL water, HMF/Ru mole ratio = 100, 2 bar O..
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5.7.2. Effect of HMF/Ru mole ratio on the yield

The effect of substrate to metal ratio on HMF oxidation was investigated and
results are shown in Fig. 5.12. Since we got highest yield at 373 K, effect of substrate to
metal ratio with TOS was studied at this temperature. Maximum yield was achieved after
8 h (53.7%) for 200 ratio, while yield was 90.2% after 8h at 100 ratio. For HMF/Ru mole
ratio 50, yield was 97.8% after 6 h. On the other hand, at 383 K, 96.6 % vyield was
achieved in 4 h, but fell with further increase of time. With decreasing HMF/Ru ratio, the
time taken to achieve maximum yield was reduced as more active sites are available to
drive the reaction for an early completion. This dependence of FDCA vyield with substrate
mole ratio was also observed by Gupta et al.[30] From the temp study we had found that
increasing temperature leads to improved yield of FDCA, so instead of HMF/Ru ratio 50
simply increasing the reaction temperature by 10 K helped to achieve maximum yield of
FDCA at 383 K, with HMF/Ru mole ratio of 100.
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Fig. 5.12. Influence of HMF/Ru molar ratio on the yield of FDCA.

Conditions: 1.3 mmol HMF, 20 mL water, 2 bar O,. Values in the parenthesis
indicate the HMF/Ru ratio (mole/mole).
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5.7.3. Effect of oxygen pressure on FDCA yield

The effect of oxygen pressure on HMF oxidation was investigated and results are
shown in Fig. 5.13. Oxygen pressure has a marked effect on the yield of FDCA. When
oxygen pressure was varied from 2 to 20 bar. Conversion of HMF was nearly 100% at
all oxygen pressures. However, as seen from Fig. 5.13., FDCA formation was higher
(93% at the end of 8 h) when the pressure was 1 bar than when it was 10 or 20bar (85%).
This shows that higher oxygen pressure leads to adverse effect on the FDCA vyield. An
optimum pressure of 2 bar was sufficient to oxidize the intermediates especially the

primary alcohol substituent of the furan derivatives.
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Fig. 5.13. Influence of oxygen pressure on the yield of FDCA with TOS.
Conditions: 1.3 mmol HMF, 20 mL water, HMF/Ru mole ratio = 100, 373 K.

5.7.4. Effect of OMS structure on FDCA yield

The effect OMS structure, its pore size and the basic metal of the support was
investigated on HMF selective oxidation. These results are shown in the Fig. 5.14. So far
investigated OMS-1 has pore size of 6.9 A, which is bigger than the OMS-2 which has
pore size of 4.6 A, though both belong to same family. In order to find out the role of

pore size effect, reaction was conducted with Ru-Mg-OMS-2 catalyst.
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The results given in Fig. 5.14. show that the yield of FDCA was much lower
compared to the OMS-1 support under the same conditions. The lower yield may be
attributed to the fact that substrate is not able to enter in to the tunnels of the OMS-2

structure. Hence, it is not able to access Mg and Ru, which are present in the tunnels.

Figure 5.14 also demonstrates the effect of basic metal (Mg and K) on the yield.
Nearly 1.1 wt % of Mg was exchanged in the Mg-OMS-2 lattice for Ru incorporation.
With Mg exchange, K content was found to be decrease (from ICP) .Compared to the

potassium, magnesium exchanged support showed better yield.
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Fig.5.14. Influence of OMS structure on the yield of FDCA vyield.
Conditions: 1.3 mmol HMF, 20 mL H,O, HMF/Ru mole ratio 100, 373 K, 2 bar O,.

In order to study the effect of support; parent Mg-OMS-1 was also used as the
catalyst. Complete conversion of HMF was obtained but instead of FDCA, formation of
HMFCA was observed. In the catalyst the major percentage of Mn was in +4 oxidation
state. Since support has Mn**/Mn** redox couple [41], it drove the oxidation of more
reactive aldehyde group to acid to form HMFCA. While the above redox couple potential

was not sufficient to oxidize the much less reactive alcohol group of HMF.
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5.7.5. Effect of noble metal on the yield of FDCA

The effect of noble metal on HMF oxidation was investigated and the results are
shown in Table 5.5. Catalysts were prepared by exchanging Au, Pt and Pd into Mg-
OMS-1 structure

Table 5.5: Effect of different Nobel metals on FDCA yield

S.No Catalyst FDCA Yield
(mol %)
1 2wt % Ru-Mg-OMS-1 89.1
2 2wt% Au-Mg-OMS-1 68.25
3 2wt% Pt-Mg-OMS-1 52.36
4 | 2wt% Pd-Mg-OMS-1 44.22

Conditions: 1 mmol HMF, 20 mL water, 8h, HMF/metal mole ratio=100, 373 K, 2 bar O,

The selective oxidation reaction was conducted with different precious metals on
the same support. From the table 5.5, one can see that the yield of FDCA follows the
following trend Ru > Au > Pt > Pd.

5.7.6. Recyclability of Catalyst

Most of the reports suggest that when heterogeneous catalysts are used for
biomass related reactions, they tend to deactivate rapidly or cannot be recycled. Hence,
Ru-Mg-OMS-1 was recycled many times to check the catalytic activity. The optimized
condition for the recycle study were temperature at 383 K, 2bar O,, HMF/Ru molar ratio
100. The products were monitored after 4 hours. After the completion of reaction,
required amount of base was added to make sure that FDCA is completely dissolved.
Catalyst was recovered on centrifugation, washed with double distilled water and dried.
The obtained catalyst was again reduced by NaBH, and tested for next run.
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Figure 5.15. Shows the recycle study which were conducted for 3 runs. Catalyst
was successfully recycled. From Run 1 to 3, only a slight decrease in the yield of FDCA
was observed. From ICP analysis, we observed that some Mg (0.2 wt %) was found to
leach after 3 rd recycle. This decrease in yield of FDCA was because of incomplete
conversion of intermediate product at that particular span of time. This minimal leaching
of Mg may lead to incomplete conversion of intermediate into FDCA

100
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X |
©
£ 60-
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Fig. 5.15. Recyclability of 2wt%Ru-Mg-OMS-1 catalyst.
Conditions: 1.3mmol HMF, 20mL water, HMF/Ru mole ratio = 100, 383 K, 2 bar O,, 4h.

5.7.7. Possible Mechanism of HMF selective oxidation to FDCA

The results so far discussed show that without adding base to the reaction mixture,
it is possible to get good yields of FDCA from HMF. This was possible by the use of
solid base as support for precious metal catalysts where the electron donating capacity of
the redox metal (Ru) to oxygen enhanced with the aid of basic metal in the support. Thus,
oxygen is reduced to generate hydroxide. To implement the above idea, we have selected
Ru exchanged Mg and Mn containing octahedral molecular sieve as basic support for the
base free process. Magnesium in the OMS-1 catalyst imparts basic character to the
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catalyst which in turn provides optimum pH for the reaction. In addition, Mg can donate
electrons to Ru to keep the metal in reduced state that facilitates the redox cycle. Electron
donating atoms like Mg provide electrons to catalyst surface which in combination with
redox metal (Ru) will promote the dissociation of H,O with oxygen to hydroxide through

hydroperoxides intermediate.

Ox* + HO* —  OOH* + HO*
OOH* + H,0* — H,0,*+HO*
HO*+e < HO +*

Where * represents a metallic site on the catalyst.

Activation of O, occurs through formation of peroxide intermediates. In the next
step, the peroxide intermediate most likely undergoes further reduction to form
hydroxide. Thus, O, is suggested to undergo reduction by removing the electrons
deposited into the metal particles during the adsorption and reaction of hydroxide ions,

thereby completing the catalytic redox cycle

We propose that the oxidation of HMF in base-free solution proceeds rapid
reversible hydration to a geminal diol via nucleophilic addition of a hydroxide ion to the
carbonyl and subsequent proton transfer from water to the alkoxy ion intermediate
(Scheme 5.4, step 1). Oxidation of the geminal diol to carboxylic acid is likely to occur
on the catalyst surface, via dehydrogenation of the geminal diol intermediate, facilitated
by the hydroxide ions adsorbed on the metal surface (Scheme 5.4, step 2). The base is
believed to deprotonate the alcohol side-chain to form an alkoxy intermediate, a step that
may occur primarily in the solution [42]. Hydroxide ions on the catalyst surface then
facilitate the activation of the C—H bond in the alcohol side-chain to form the aldehyde
intermediate, 5-formyl-2-furancarboxylic acid (FCA) (Scheme 5.4, step 3). The next two
steps (Scheme 5.4, steps 4 and 5) oxidize the aldehyde side-chain of FCA to form FDCA
by depositing a two more electrons on the metal surface. These two steps are expected to

proceed analogously to steps 1 and 2 for oxidation of HMF to HFCA.
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It is also proposed that the role of dioxygen in HMF oxidation in base-free
solution is to scavenge electrons from the metal surface, being reduced to peroxide and

other species, thus closing the catalytic cycle in the process.

HO o HO O HO o)
(@) I/ 02 \O/ 02 (@]
\ L - OH —> o \ / OH
HMF HMFCA 2,5-FDCA

Scheme 5.3. HMF oxidation to FDCA via HMFCA

HO O

\ / + H,0 OH~ \\(% (Step 1)
~ \ / | “on
H
0 i Ru HO 0
+
\_/ { OH 20H — 0 +2H,0 + 2¢°  (Step 2)
\ /' “on
HO o) o o o
o) _ u
T20H gy L_o +2H,0 +2¢°  (Step 3)
\ /' “om \ /' “on
O 0
HO
Lo +HO  OH’ "ol T (Step 4)
\ /" “on —~  n’ \/ “on

0] - Ru
+20H > o +2H,0 +2¢°  (Step 5)
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Scheme 5.4. Proposed mechanism of HMF oxidation to 2,5-FDCA.
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Part 11 base free Oxidation of Furfural

5.8. Introduction to base free Oxidation of Furfural to 2-Furoic acid.

2-Furoic Acid (FA) is an important intermediate, which is mainly obtained by
selective oxidation of furfural. Commercial production of FA can be carried out using

microbial biocatalytic organism called ‘Nocardia coralline’ [43].

5.8.1 Applications and literature overview of 2-furoic Acid

2-Furoic acid is used as preservative because of its bactericide and fungicide
properties. It is also considered as an acceptable flavoring agent and is generally
recognized as safe (GRAS) in 1995. 2-Furoic acid has an important role in the field
of optic technology. Studies concerning the preparation of 2-furoic acid crystals have
shown indication of several favorable properties of non linear optical materials (NLO)
[44]. It is often used as a starting material for the production of furoate esters. Its
derivatives also aid in the production of nylons which are often used in biomedical

research. It helps to sterilize and pasteurize many foods [45].

Oxidation of furfural to FA was carried by researchers with different
homogeneous catalysts such as MnO, [46], KMnO, [47] and NaOCI [48]. The excess
usage of the above reagents is more than the stoichiometric quantity, leads to highly
polluted effluents. Heterogeneous catalysts like Ag.O [49], mixture of metallic oxides
such as Cu, Fe and noble metals like Pt were also used. [50] Verdeguer et al. reported

Pb/ Pt on charcoal as catalyst for the furfural to FA reaction [51].

But, so far, all the processed reported for the selective oxidation of furfural to FA
were conducted with the aid of external base. Therefore to make the process
environmentally benign, we have conducted the above reaction in the absence of an
external base. The, above discussed Ru exchanged Mg-OMS-1 catalyst was investigated

for furfural oxidation, as it can generate hydroxides on dissociation of water and oxygen.
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5.9. Standard operating procedure for furfural selective oxidation reaction

The selective oxidation of furfural was performed in a 50 ml Titanium lined Parr
reactor (4842) which was connected to O, cylinder. In a typical run, reactor was charged
with Immol of reactant, 25mL of water and 100 mg of catalyst. The mixture was stirred
at 600 rpm speed while maintaining the temperature at 373 K. After reaching the desired
temperature, pure oxygen was introduced into the reactor and maintained at the desired
O, pressure. At the end of the reaction, the aqueous samples were filtered using 0.22 pum
nylon filter and the filtrate was analyzed using HPLC, equipped with RI detector and
Resex ROA-Organic Acid H" column (300 mm x 7.8 mm) with 5mM H,SO, as the
mobile phase (flow rate of 0.6 mL.min™). The column temperature was kept at 60 °C.
Furfural conversion and furoic Acid yield were quantified by HPLC through standard

calibration curves.

/o \ T\ e
O\CATA o

Scheme 5.5. Oxidation of 2-furfural to 2-furoic acid.

5.10. Catalytic activity of 2wt% Ru-Mg-OMS-1 for selective oxidation of furfural

The catalysts that were used for HMF to FDCA reaction were also investigated

for selective oxidation of furfural.

5.10.1. Effect of temperature and time

Reaction temperature and time are important parameters that play important role
in attaining desired product selectivity in any oxidation reactions. The effect of
temperature and time on furfural oxidation was investigated and results are shown in Fig.
5.16. Increasing the temperature from 363 to 383 K led to enhancement of 2-furfural

conversion. At 363 K, the FA yield increased continuously with reaction time. Increasing

2014 Ph.D. Thesis: Narasimharao Kanna, (CSIR-NCL) S.P. Pune University = 153|Page



Chapter 5: Base free oxidation of biomass derived feedstocks

reaction temperature to 373 K helped to reach maximum vyields rapidly, but further
increase in temperature to 383 K has led to a drop in FA selectivity. This decrease in FA
selectivity beyond 373 K may be attributed to the degradation of furfural through

secondary reactions. Hence, maintaining optimum temperature is very important.
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Fig. 5.16. Effect of Temperature on 2-furfural oxidation to 2-furoic acid.
Conditions: 1.3 mmol 2-furfural, 20 mL water, HMF/Ru mole ratio = 70, 2 bar O,.

5.10.2. Effect of substrate to metal mole ratio

The influence of the substrate to metal ratio on FA oxidation was studied and
found to be extremely important. Rate of conversion of FA increased from higher to
lower substrate to metal mole ratio. Conversion was found to increase with reaction time
irrespective of the ratio. But, comparatively steep rise in conversion was observed at
lower substrate to metal ratios. Formation of FA from furfural is higher at lower substrate
to metal ratio as more catalytic sites are available. Major issue for this reaction is at

higher TOS, as the FA formed tends to degrade in to secondary products with prolonged
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contact time. So, in order to achieve maximum yield of FA, it is recommended that the
reaction must be stopped before the degradation of FA begins. The Fig. 5.17. clearly

shows the role of substrate to metal ratio.
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Fig. 5.17 Effect of substrate to Ru molar ratio on selective oxidation of 2-furfural
Conditions: 1.3 mmol 2-furfural, 20 mL water, 373 K, 2 bar O.
HMF /Ru molar ratio (a) 70, (b) 88, (c) 135, (c) 180.

5.10.3. Variation of precious metals on selective oxidation of 2-furfural

Effect of various metals on the yield of FA was studied and tabulated in Table
5.6. It was observed that the Ru metal was the most active among all other precious
metals. Bimetallic supported OMS-1 catalyst was found to be more selective to FA even
though the rate of conversion is low. The increasing order of activity with the precious

metals is as follows Ru > Au-Pt > Pt > Au.
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Table 5.6. Variartion of precious metals on the yield of 2-furoic acid.

S.No Catalyst Time | Conversion of Selectivity of 2-furoic
furfural (mol%) acid (mol%)

1 | 2Wt%Ru-Mg-OMS-1 | 6 95.2 96.0
12 99.6 82.6

1 2W1t%Au-Mg-OMS-1 6 17.3 74.5
12 22.1 68.4

2 2W1t%Pt-Mg-OMS-1 6 49.3 60.2
12 61.7 63.7

3 Au-Pt(1:1wt%)Mg- 6 21.7 88.0
OMS-1 12 58.1 92.9

Conditions: 1.3 mmol furfural, 25 mL water, Substrate: metal ratio= 88, 373 K, 2bar O,

5.10.4. Role of support on selective oxidation of 2-furfural
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Fig. 5.18. Role of support on the yield of FA
(@) Mg-OMS-1, (b) 2wt% Ru-Mg-OMS-1
Conditions: 1.3 mmol furfural, 20 mL water, Mg-OMS-1= 100 mg, 373 K, 2 bar O,
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In order to investigate the role of support, the selective oxidation of furfural was
conducted with Mg-OMS-1 catalyst and compared with 2%Ru-Mg-OMS-1. The results
are shown in the Fig 5.18. It was observed that conversion increases with TOS
monotonously. But, the selectivity of FA was found to be low. The decrease in both
conversion and selectivity were because of the absence of redox metal. Furfural degrades
with TOS and secondary reactions become predominant. So, it is inferred that redox

metal is essential for the selective oxidation of furfural to FA.
5.11. Possible Mechanism for the oxidation of 2-furfural to 2-furoic acid

As described for HMF to FDCA reaction, the catalyst reduces H,O to genrate
OH initially. The aldehyde side chain is believed to undergo rapid reversible hydration to
a geminal diol via nucleophilic addition of a hydroxide ion to the carbonyl and
subsequent proton transfer from water to the alkoxy ion intermediate. The second step is
the dehydrogenation of the geminal diol intermediate, facilitated by the hydroxide ions
adsorbed on the metal surface, to produce the carboxylic acid. Hence, Ru-Mg-OMS-1
catalyst can be used as stable catalyst for the base free process of oxidation of furfural to

/\ H,0  OH H
U O

+ OH

o]
H
/ \ OH Ru / \ oH
+ 20H" 3
(o) + 2H,04 2e”
(0)

OH

(0]

furoic acid.

Scheme 5.6 Proposed mechanism for furfural oxidation to furoic acid

The present process not only gave a high yield of furoic acid but it is also

environmentally benign in the absence of external base. Results show that we are
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successful in developing base free oxidation of furfural. The present process is benign

compared to any other process reported so far.

5.12. Conclusions

Ruthenium loaded Mg-OMS-1 catalyst was synthesized and characterized with
different physico-chemical techniques. Powder XRD demonstrated the formation of pure
Mg-OMS-1 phase. The change in the relative intensities of XRD reflections at 4.9 and
9.8 A suggested gradual transformation of buserite to todorokite (OMS-1) structure.
Chemical analysis suggests that Ru exchanged into magnesium positions due to their
similar ionic radii. Hydrogen chemisorption results clearly demonstrate that Ru is finely
dispersed in the catalyst, with a crystallite size of 1.62 nm. Photoelectron spectroscopy
studies show that Ru is present in +4 as well as zero valent sates.

The prepared catalysts were investigated for selective base free oxidation of HMF
and furfural. The catalysts were highly active to give close to 100% HMF conversion and
very high selectivity at short contact time. Reaction conditions used for oxidation
reactions were very moderate. The yields of FDCA & FA were highly dependent on
reaction time, temperature and pressure. Compared to other precious metals, Ru was
found to be more active. Further, the catalysts were stable under the reaction conditions
and retained high activity and selectivity for at least upto three successive cycles. The
catalysts reported here are easy to prepare, and the present process is a step
forward for the development of an alternative base free process for selective oxidation of

biomass derivatives and their commercial exploitation as renewable feed stocks.
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6.1 Summary & Conclusions

The present thesis has covered different approaches on oxidation of hydrocarbons
and biomass derived feedstocks using porous metal oxides and metal free carbon nitride
nanotube catalysts. The characterization of the catalysts was carried out using X -ray
diffraction (XRD), Raman spectroscopy, temperature programmed desorption (TPD)
and reduction (TPR), elemental analysis, X-ray photoelectron spectroscopy (XPS),
thermo gravimetric analysis (TGA), Infrared spectroscopy (IR), cyclic voltammetry
(CV) and N sorption for BET surface area and micropore analysis by BJH and t-plot
method. The materials synthesized, Co substituted OMS-2 were used for selective
oxidation of cyclohexane to AA in presence of an initiator NAPI. To avoid addition of
initiator, a novel carbon nitride nanotube catalyst was prepared and used for selective
oxidation of cyclohexane to AA, in single step, with O, as the oxidant. Simialrly, Mg-
OMS-1was prepared and exchanged with Ru to apply it for base free oxidation of HMF
to 2,5-FDCA. When compared to Ru exchanged Mg-OMS-2, the Mg-OMS-1 exchanged
with Ru was found to be a superior catalyst. Based on these investigations, the thesis is
divided into 6 chapters which includes a chapter for summarization of the work carried

out for this dissertation.

Chapter 1 provides a brief introduction to heterogeneous catalysis. It gives an
outlook about green chemistry and reactivity of oxygen. This chapter also presents an
introduction to selective oxidation of hydrocarbon and biomass derived HMF. It
underlines the significance of these industrially important organic transformations. Basic
principles of biomass valorization and composition of the biomass is also discussed. It
discusses the brief development history of carbon nitride and its various structures. It also
gives literature background about variety of manganese oxide mineral structures. This
chapter enumerates all the conclusions drawn upon the investigations conducted with
regard to various catalysts in the selective oxidation of hydrocarbons as well as biomass

components.

Chapter 2 describes the methods of catalyst synthesis and important experimental

techniques employed for their characterization. The catalysts synthesized were Co
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substituted K-OMS-2, Ru exchanged Mg-OMS-1 and carbon nitride nano tubes (CNNT).
It also described various experimental techniques deployed for their characterization. The
characterization of these materials was carried out using powder XRD, by N, sorption
(for BET surface area), SEM, TEM, UV-Vis, IR and XPS to correlate the results with
their catalyst properties. A detailed description of these techniques, their theory and

experimental procedures have been outlined in this chapter.

Chapter 3 begins with an extensive introduction to selective oxidation of
cyclohexane to adipic acid. Thereafter, it describes the results of investigations pertaining
to selective oxidation of CyH on Co-K-OMS-2 in presence of an initiator. This chapter is
divided into two parts, viz., Part A and Part B. Part A deals with detailed studies on
structural, spectroscopic and electronic structure of Co substituted Manganese containing
octahedral molecular sieves. XRD of the Co doped material shows similar peaks that of
parent K-OMS-2. Absence of any extraneous peaks belonging to Co impurities in the
XRD confirms the substitution of Co into OMS-2 lattice. The IR and Raman data also
demonstrated the absence of segregated metal oxide impurities which corroborate the
XRD data, with regard to impurity phases of metal oxides. Transmission electron
microscopy and SEM confirm the fibrous needle like morphology of Co doped samples.
Photoelectron spectroscopy (XPS) results of the Co in Co-OMS-2 loading reveals that
Co™ is substituted in place of Mn** and the surface oxygen is found to increase with Co
loading. In addition, the results of TGA investigations and N, sorption etc were discussed

in detail.

Part-B deals with the applications of Co-OMS-2 catalysts in the selective
oxidation of hydrocarbons. These catalysts show high activity towards single step
oxidation of cyclohexane to adipic acid. Cyclohexane was converted to adipic acid with
high selectivity at 97% conversion using N-Acetoxyphthalimide as free radical initiator
and molecular oxygen as the oxidant. Temperature, time and Co content have marked
effect on the catalytic activity. The catalysts were found to b recyclable without any loss

in activity. Conclusions drawn from the catalytic cyclohexane oxidation reaction studies
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and their correlation with the characterization results, is described at the end of this

section.

Chapter 4 starts with the introduction to elemental sustainability and description
of metal free carbon nitride catalysts. This chapter is divided in to two parts. Part-A
provides the detail studies on characterization of carbon nitride nano tube catalysts.
Powder XRD of the CNNT catalyst suggests that the material is constructed through
repetition of triazine rings. The IR spectrum of CNNT confirms the absence of free amine
groups which are condensed during the polymerization process. Scanning and
transmission electron microscopic techniques substantiate the tube structure and
correlates the d-spacings that are obtained with XRD. Presence of pyridinc and graphitic
nitrogen in the material is confirmed by XPS. Their respective ratios were determined
with this technique. The oxygen reducing capacity of material has been studied with
cyclic voltammetry in both alkaline and acidic environment.

Part-B presents the catalytic activity of CNNT catalysts in the selective oxidation
of CyH and also other hydrocarbons. Cyclohexane oxidation was conducted both in
presence and absence of solvent. The parameters like temperature, time, catalyst content,
oxygen pressure etc play important role in selectivity of AA and CyH conversion.
Oxidation of cyclohexanone, ethyl benzene and Bayer-Villiger oxidation of
cyclohexanone were also studied with metal free carbon nitride catalysts. At the end of
the chapter, conclusions were drawn and catalytic activity was correlated with

characterization results.

Chapter 5 at the stat provides introduction to biomass utilization, especially
oxidative transformations of biomass derived compounds. This chapter is also divided
into two parts. Part-A describes the detailed results of characterization of Ru exchanged
OMS-1catalysts. XRD of the prepared materials clearly showed the transformation of
amorphous material to crystalline structure. Hydrogen chemisorption results provide the
information about size of Ru nano particles. Scanning and transmission electron
microscopic analysis suggest rod or flake like morphology and also d-spacing of the
material respectively. Photoelectron spectra of the material shows that Ru existed mostly
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in (+4) and (0) oxidation states. The zero valent Ru is outside framework. Thermal

stability of the material was studied by TGA analysis.

Part- B describes the catalytic activity of the metal exchanged OMS-1 material in
the selective oxidation of 5-HMF and 2-furfural. Temperature, metal to substrate mole
ratio, oxygen pressure and OMS structure were found to be key factors in order to attain
maximum selectivity towards acids. Catalyst recyclability was also successfully
demonstrated. In the present study, oxidation of biomass derived compounds was carried
out in the absence of external base which is an important breakthrough for the biomass
utilization. The mechanism for the above oxidations has been proposed and possible

reasons for the high catalytic activity of these catalysts was also examined.

It is mandatory at the end of all chapters in a dissertation to summarize the
research work undertaken for the advantage of the reader. Hence, 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 glimpses of
results at the end. This section also offers suggestions for further research work in given

areas and scope of their applications.

6.2. Suggestions for future research

The aim of the present investigation was to develop processes which are
environmentally benign for the selective 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. Cobalt substituted K-OMS-2 catalyst gave good yield of
AA from cyclohexane oxidation in presence of an initiator. The developed catalysts were
easy to prepare, inexpensive and the key metals required to prepare these catalysts are

abundant. Therefore, there is a great opportunity to test different kinds of hydrocarbon
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oxidations with these catalysts. It is also important to convert these process into a

commercially viable one by scaling up to the desirable levels.

Currently, chemical industry is keen to practice green processes that have no
environmental impact, with 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 (cyclohexane) utilizes homogeneous metal catalyst, which are
corrosive and prone to leaching. Moreover, most processes constitute multi steps. The
industrially practiced process for AA from cyclohexane, utilizes corrosive oxidants
(HNO3), which in turn releases toxic NOx gases. These gases damage the ozone layer and
have significant negative impact on global climate, ocean currents and on the overall
environment. 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 nano tube catalyst (CNNT) was prepared and applied for selective oxidation of
hydrocarbons. These CNNT catalysts were proved to be excellent for cyclohexane
oxidation to give adipic acid. The advantages of these catalysts is that they do not contain
any metal, hence no problem of leaching during reaction. These catalysts are sustainable,
recyclable and inexpensive. These CNNT catalysts can successfully overcome the
disadvantages of present industrial process because there is no usage of metals, corrosive
solvents, oxidants and single step process. Because of the above advantages, the CNNT
catalysts can replace the present existing industrial catalysts. The catalysts reported here
are easy to prepare, renewable and the process will be a huge step forward in the
direction of commercially exploiting these materials for selective heterogeneously
catalyzed oxidation reactions.

Researchers are focusing on technologies that can facilitate the conversion of

renewable biomass into fuels and chemicals, as a result of its easy availability and
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distribution. Utilization of biomass to 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 in producing 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 a process which doesn’t require addition of a
base. Ruthenium exchanged Mg-OMS-1 bifunctional catalyst was designed and base free
oxidations of 5-HMF, 2-furfural were conducted. The experiments demonstrated high
yield of corresponding acids even in the absence of base as it contains Mg in the form of
base. The catalysts were found to be recyclable. We believe metal exchanged Mg-OMS-1
catalyst could be tested for variety of biomass oxidations like glucose, 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 to value added chemicals. It describes an eco-friendly,
sustainable and green methodology by means of using heterogeneous catalysts and
greener 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 achievable success. The processes involving these

catalysts, i am sure will find industrial application in the very foreseeable future.
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