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Chapterl

Introduction

1. Biomass

Biomass is an organic renewable material obtained from plants and animals. There are two
major types of biomasses available on earth, viz. lignocellulosic biomass and marine biomass
12 The lignocellulosic biomass is the most abundantly available biomass on earth with
181.5 billion metric tonnes produced annually. It is obtained from waste agro-materials, such
as crop residues, wood wastes, urban bio-wastes, forest products such as wood, logging
residues, trees, shrubs, energy crops (low cost crops grown for the production of fuel such as
the bio-ethanol) like starch crops such as corn, wheat, barley; sugar crops; grasses; woody
crops; vegetable oils; hydrocarbon plants, or aquatic biomass such as algae, water weed,
water hyacinth.®) Plants use carbon dioxide and water in the presence of solar energy to
produce carbohydrate and oxygen during the process of photosynthesis.*® Thus, biomass
consists of 75 wt. % of sugar polymers in the form of cellulose and hemicellulose.
Lignocellulosic biomass consists of polymers containing carbohydrates namely cellulose and
hemicellulose and lignin polymer containing aromatic moiety. ¢ 7 & Whereas, after cellulosic
biomass, chitin stands second most abundant biomass on earth with 100 billion tons produced
annually. Chitin biomass is obtained from crustaceans like crabs, lobsters, shrimps, crayfish,
arthropods as well as from cell wall of fungi and yeast. © 19 Cellulosic biomass on
valorization produces value added compounds containing mainly C, H, and O % 12 whereas,
marine biomass produces compounds containing not only C, H, and O but also the 7 wt. % of
the renewable N atom in the skeleton which may be otherwise produced by the highly energy

consuming ammonia synthesis. %

Both the lignocellulosic and marine biomass upon treatment with mineral acids depolymerise
to produce corresponding monomers, lignin (10-15), cellulose (38-50 %), hemicellulose (23-
32 %) Scheme | and chitin and chitosan, Scheme 111 B. @ 3 These on further catalytic
transformation results in formation of several value-added products such as fructose, HMF
(5-hydroxymethylfurfural), levulinic acid, 3-acetamidofuran (3AF), 3-acetamido-5-
acetylfuran (3A5AF), glycidol (GD) etc. These compounds have wide range of applications

in food, paint, chemical and pharmaceuticals industries.
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Scheme I: Hydrolysis of lignocellulosic biomass
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1.2 Need for biomass valorization

Around 87 % of the energy, world-wide comes from the non-renewable fossil fuels and its
rapid depletion urges a need for the development of an alternative renewable and green
energy resource. “® Due to rapid growth in the world population to around 8 billion in 2023,
there has been increasing demands in the use of coal, gas and oil obtained from natural
resources.®”) This has led to several alarming situations such as global warming, green house
effects, food and energy crisis.® 9 Thus, it has become very important to develop a cost
effective, simple and easy route for the valorization of biomass to value added compounds
such as commodity chemicals, platform chemicals, fuel additives and pharmaceuticals

scheme Il A.
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Both lignocellulosic and marine biomass face many challenges in terms of their
depolymerization to its corresponding monomeric units.?® 2 The existence of many
functional groups including heteroatoms (such as O and N) makes the procedure difficult and
causes a number of side reactions that result in the production of undesired compounds.®?
This is followed by further mineralization, deproteinization, and purification. For the pre-
treatment of lignocellulosic and marine biomass, destructive techniques like biological,
chemical, and thermal methods are necessary.®® In order to increase the digestibility of the
biomass feedstock, various techniques like acid hydrolysis (HCI, HNO3, HF, H2SQs, ionic
liquid, supercritical water treatment, hot water treatment, and hydro thermolysis, explosive
decompression technique, aqua and organo-solvolysis method, steam fractionation and
enzymatic treatment methods have been used. Thus, cellulose, hemicellulose and lignin are
the main components obtained from the lignocellulosic biomass whereas, chitin and chitosan

are obtained from the marine biomass upon its hydrolysis as shown below in scheme 11 B. ¢*

27)

Scheme Il A: Biomass to value addition
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Scheme: 11 B
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1.3 Composition of lignocellulosic biomass:
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The main structural component of plant is the cell wall. It comprises of cellulose,

hemicellulose, lignin, pectin and minerals collectively known as lignocellulosic biomass as

shown in the Fig.1.1. @ The other components present in biomass include oil, fat, lipids,

proteins, triglycerides etc. These different components of lignocellulosic biomass have varied
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unique properties which require chemical and enzymatic pre-treatment methods for their

transformation into value added products. 8 29)
1.3.1 Cellulose:

Cellulose is the major component of lignocellulosic biomass and it accounts for 35-50 % of
dry wood mass. Cellulose is a linear polysaccharide in which the D-glucopyranoside
monomer units are linked to each other through B-1, 4 glycosidic linkages with characteristic
folded chains. 9 It is a linear polymeric chain composed of complex polysaccharide units
with basic structural unit as 4-0-p-D-glucopyranosyl-D-glucopyranose as shown in the Fig
1.2. The presence of H-bonding stabilizes the flat and linear structure of the cellulose
polymer. Cellulose has highly stable and crystalline structure due to the presence of
intermolecular H-bonding between the -OH group of the third carbon atom and the oxygen

atom of the glycosidic ring of cellulose and this provides it resistance to hydrolysis.

COMPOSITION OF LIGNOCELLULOSIC BIOMASS

HLIGNIN VIICE M CELLULOSE ™ OTHER COMPOUNDS

Fig. 1.1 Composition of lignocellulosic biomass

It is hydrolysed into cellobiose (dimer), cellotriose (trimer) and cellotetrose (tetramer) upon
partial acid hydrolysis. Whereas, on complete hydrolysis it yields glucose monomers. The
density of crystalline cellulose is slightly lower than that of amorphous cellulose (difference

of 0.088 g/cm®). Amorphous cellulose upon hydrolysis yields glucose monomers.©V
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Cellulose has become one of the most important components of plant cell wall with wide
range of applications in food, chemical, paper, pulp, textile and pharmaceutical industries and

one of the major feedstocks for synthesis of renewable biofuels. ¢

: OH
OH
HO O//
1 o)
HO ~N o)
OH OH

Fig. 1.2 Structure of cellulose

1.3.2 Hemicellulose:

It is an amorphous, two-dimensional sugar co-polymer that is found in plant cell walls. As
shown in the Fig. 1.3 it is a branched polysaccharide and due to its amorphous nature, it can
be hydrolysed easily. It makes up 23-32 % of the dry wood mass. It is a complex
polysaccharide made up of five distinct sugars, including hexoses (glucose, mannose, and
galactose) and pentoses (Xylose and arabinose). Hemicellulose, one of these five sugars,
primarily consists of xylose.®® Hemicellulose is simpler to hydrolyse than cellulose because

it is more branched and amorphous. It has structural irregularities and is soluble in water.®¥
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Fig. 1.3 Structure of hemicelluloses
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1.3.3 Lignin:

Lignin is composed of 3-D network of phenylpropane monomer units linked to each other
thereby forming an aromatic polymer, amorphous in nature as shown in Fig. 1.4. By joining
cellulose and hemicellulose, lignin gives strength to the plant cell wall. 15-25 % of the dry
wood mass is made up of lignin, a complex, branching, aromatic polymer with three
dimensions. The majority of lignin is present in woody biomass, resulting in soft wood lignin
that includes coniferyl alcohol and hard wood lignin that contains both types of alcohols. ©*
%) Contrarily, the lignin found in grass wood is a combination of coumaryl, coniferyl, and
sinapyl alcohols. A polymer called lignin is created by the enzymatic process of free radical
polymerization and is made up of an uneven network of phenylpropane units connected by C-

O and C-C connections.
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Fig 1.4 Structure of lignin

1.4 Composition of Marine biomass:

Marine biomass comprises of chitin, chitosan, minerals and proteins. Marine biomass is
found in the waste of the crustaceans such as crabs, lobsters, shrimp shells, cell wall of fungi
etc as shown in Fig. 1.5. The marine biomass waste on treatment with acid followed by

depolymerization and demineralization leads to the formation of the corresponding polymers
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chitin and chitosan. Chitosan is obtained by deacetylation of chitin.®” Chitin and chitosan are
amino biopolymers containing rigid structure which provides strength to the exoskeleton of

the marine flora and fauna.

Chitin is a polymer containing N-acetyl-d-glucosamine as a repeating unit linked to each
other by 1, 4-glycosidic linkage thus forming long polymeric chains. Chitin is present in three
different allomorphic forms which are crystalline in nature namely a, B, y form of chitin
chain. o -chitin is composed of N, N-diacetylchitobiose unit linked together thus forming
intramolecular H-bonding thus forming polymeric chains.®® These chains further form sheets
due to the presence of N-H bonds thus providing rigidity and crystallinity to the structure.
The B-chitin has N, N-diacetylchitobiose as the repeating monomeric unit which sheet like
structure due to the presence of only intermolecular H-bonding. Whereas, y-chitin contains
both parallel as well as anti-parallel orientations of the dimeric chain. The presence of acetyl-
amino group imparts unique physico-chemical properties to chitin and chitosan.®® These
unique properties impart chitin and chitosan with various applications in catalysis, waste
water treatment, biomedical applications, food processing industries, paint and textile

industries etc.“%

Fig. 1.5 Chitin and chitosan biomass resource
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1.5 The biorefinery concept:

A facility that integrates a biomass conversion process and equipment to create power, value-
added chemicals, commodity chemicals, and biofuel is referred to as a biorefinery.
Biorefinery seeks to utilise ecologically friendly and economically advantageous technology
for the manufacturing of platform chemicals and value-added compounds for biofuel and
petrochemical applications, thus aims to reduce the carbon and water footprints.Y The idea
of a bio-refinery was the beginning of many technological and industrial advancements. The
fundamental idea behind bio-refineries is to increase the value of biomass waste while
producing the minimum amount of waste possibly during the process.®? Thus, sustainable
production of value-added chemicals, biofuels, and commodity chemicals can be achieved by
incorporating the idea of green chemistry into bio-refineries and using sophisticated
technology with little environmental impact. The bio-refinery can be divided into seven
categories based on the sorts of sources it uses: agricultural, forestry, oilseed, cereal,
lignocellulosic, green, and industrial waste. In contrast, certain biorefineries are divided into
groups based on the source of their feedstock, including first-generation biorefineries (food
crops, animal fat, and energy crops), second-generation biorefineries (lignocellulosic
biomass), third-generation biorefineries (microbes and algae), and fourth-generation
biorefineries (algae).“> 44 Thus, the concept of integrated bio-refinery has been proposed in
order to enhance the efficiency of bio-refinery towards the eco-friendly production of value-
added products from biomass waste through conversion processes such as thermochemical,
biochemical and chemo-catalytic pathways. “® 46 This involves the integration of various
advanced technologies for biomass conversion in a cost effective and environmentally benign
way as depicted in the Fig 1.6. Thus, integrated bio-refinery makes use of multiple biomass
feedstock to generate value added products. But the designing of the bio-refinery and
integrated bio-refinery is very challenging as the properties and the characteristics of several
feedstocks are different from others and it also involves process designing and development
of various analytical tools and technologies. “7 %8 The efficiency of the bio-refinery depends
upon the conversion process utilized for biomass transformation that includes namely,
biochemical, thermochemical and chemo- catalytic process. Thus, by involving the concept
of process integration the economical and environmental performance of the bio-refinery can

be enhanced.
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Biomass Biorefinery

Fig. 1.6. Hierarchy of a biorefinery Value added product

1.6 Green chemistry, platform molecules and their commercial potential:

Green chemistry is the branch of sustainable chemistry that involves the amalgamation of the
chemical research as well as engineering skills for the designing and developing of chemical
products and chemical processes that invigorate the minimum use and minimum generation
of hazardous waste during the transformation and process intensification. The twelve
principles of green chemistry that aid in the sustainable development of environmentally

benign products and chemical processes are as follows:
1. Prevention of waste generation

2. Renewable feedstock

3. Exclude unnecessary derivatization

4. Designing degradable products

5. Atom economy

6. Use and generation of less hazardous substances

10
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7. Development of less toxic and environmentally benign products
8. Minimal use of solvents and use of additives must be avoided

9. Ambient temperature and pressure

10. Selective use of catalysts

11. In process monitoring of pollution prevention

12. Safety management

The development of bio-refineries as an alternative to petrochemicals has improved the
production of bio-based value-added chemicals. The development of sustainable technologies
for the manufacture of chemicals, biofuel, and plastics has advanced as a result of the
depletion of fossil fuels, the energy crisis, the food crisis, and rising health concerns. Platform
chemicals were described as "bio-derived chemicals whose constituting elements totally
originated from biomass and could be used as building blocks for the production of
commodity and refined chemicals" by the US Department of Energy (US DOE).“9)

These include the production of commodity chemicals, fuel additives and chemical
intermediates by employing bio-chemical pathway. Twelve of the most important building
block chemicals have been selected by the US DOE as platform chemicals with potential
industrial uses. These 12 platform chemicals, which can be created from sugars by
biochemical pathways, include ethanol, lactic acid, furfural, glycerol, hydroxy-propanoic
acid, 5-hydroxymethyl furfural (HMF), levulinic acid, succinic acid, sorbitol, xylitol, 2, 5-
furan-dicarboxylic acid (FDCA), and isoprene unit as shown in the Fig. 1.7.69 The
dehydration of glucose and fructose yields 5-HMF, a renewable platform chemical with
numerous uses in the manufacture of plastic, chemicals, medicines, fine chemicals, and

solvents.

5-HMF undergoes several transformations such as esterification, reduction, oxidation etc.
due to the presence of formyl and hydroxyl functional group as well as reactive furan ring in
the molecule. Due to the presence of this multifunctionality and versatility in reactivity it is
termed as sleeping Giant available from biomass.®? The oxidation of 5-HMF produces one
of the promising platform chemical 2, 5-furandicarboxylic acid which acts as a building
block for the formation of polymers. Thus, it can be used as an alternative to the polyethylene

terephthalate (PET) and terephthalic acid in polyester.®? Levulinic acid also called as 4-

11
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oxopentanoic acid is a 5-carbon organic keto acid and contains two functional groups
carbonyl of keto and carboxylic acid. It finds wide range of applications in the production of
cosmetics, pesticides, pharmaceuticals, plastics, fuel additives and food industries. The
compound 5-amino levulinic acid a derivative of levulinic acid acts as a very important drug

in the treatment of skin cancer.®3-%5)

Furfural is a very important platform chemical and can be transformed into several value-
added chemicals such as furfural alcohol, tetrahydrofuran, levulinic acid and bio-fuel etc.
Furfural is the dehydration product of pentose sugar xylose derived from lignocellulosic
biomass.®® 57 Glycerol is one of the most important platform chemicals obtained as a by-
product of biorefinery. Abundant availability of glycerol through biodiesel synthesis made
enforcement for the use of glycerol as a feedstock for the synthesis of various attractive
chemicals like, diols, carbonates (both linear and cyclic), esters, lactic acid etc. Glycerol is
considered one of the top most 12 bio-derived platform molecules. The most interesting
aspect of glycerol is its versatile reactivity to produce broad spectrum of compounds like
acrolein, acrylic acid, lactic acid, 1,2-propanediol, 1,3-propanediol, allyl alcohol,
dihydroxyacetone, hydroxy acetone, glycerol carbonate, and glycidol. (-9

Ethanol is a primary alcohol and a renewable fuel with two carbon atoms obtained from
corn, starch, sugarcane, wood chips etc. It is colourless, transparent and flammable liquid
with high octane number than gasoline. Around 10 % of ethanol is blended with gasoline to
attain the desired octane number in order to prevent the engine knocking. It has various
applications in beverages, medicines, solvent, cosmetics, perfumes, tonics.®% 62 Lactic acid
is a 3-carbon organic acid readily soluble in water. It is produced by the fermentation of
carbohydrates in the presence of enzymes or by chemical pathways. It has applications food
industry as food additive, flavouring agent and is used in the synthesis of biopolymer

polylactic acid.(®3 64

Succinic acid is a 4-carbon organic acid and is produced by the fermentation process. It is
used in the production of several valuable chemicals such as pharmaceuticals, food additives,
perfumes, paints, plasticizers, bio-polymers, polyurethanes etc. succinic acid and its esters
find application in the synthesis of petrochemical products such as 1,4-butanediol,

tetrahydrofuran and pyrrolidinone derivatives.©> 6

12
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Fig. 1.7. Platform Chemicals

1.7 Catalytic reactions for the conversion of lignocellulosic and marine biomass derived

platform molecules

Acidic conditions are necessary for the conversion of lignocellulosic and marine biomass into
value added compounds. Lignocellulosic biomass in the presence of acidic condition results
in the formation of lignin, cellulose, hemicellulose, pectin and minerals. Cellulose and
hemicellulose can be further depolymerised by acid catalysed hydrolysis to produce
corresponding monomers such as glucose, fructose and xylose respectively. The acidic
condition is required for the cleavage of the glycosidic bond between the sugar units in the

polymers to produce corresponding monomers.(©7: 68)
Scheme: 111 A Lignocellulosic biomass to lignin, cellulose and hemicellulose

The lignocellulosic biomass comprises of the lignin, cellulose and hemicellulose as the three
major components as shown in scheme 111 A (Fig. 1.8-1.10). The lignocellulosic biomass
upon hydrolysis in the presence of mineral acids leads to the formation of the corresponding
polymers lignin, cellulose and hemicellulose which on further depolymerization results in the
formation of the corresponding monomers which can be further functionalized into several

derivatives having wide range of commercial applications.

The concentrated HCI is the most widely used industrial pathway for the production of C-5
and C-6 sugars from cellulose and hemicellulose but it suffers from several drawbacks such

13
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as poor recovery of the acid, difficulty in separation of the products from the reaction

mixture. The different sources/feedstock for the lignocellulosic biomass has varied

composition of the cellulose, hemicellulose and lignin.

Thus, the depolymerization and deoxygenation (transportation chemicals and fuels)

step

remain the main basis for the transformation of the lignocellulosic biomass into value added

products. Several Bio-catalytic as well as chemo-catalytic pathways have been employed for

the transformation of the lignocellulosic biomass to form value added chemicals such as

commaodity chemicals, platform chemicals and pharmaceuticals.

Scheme: 111 A Lignocellulosic biomass to lignin, cellulose and hemicellulose
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0
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Fig. 1.8 Structure of lignin Fig. 1.9 Structure of cellulose

COOH

Fig. 1.10 Structure of hemicellulose
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Scheme: 111 B Marine biomass to chitin and chitosan

Sources of marine biomass
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The marine biomass is second most abundantly available renewable on earth and therefore

can be explored for the production of several value-added compounds. The marine biomass

obtained from the sea waste particularly from the crustaceans such as the crabs, lobsters,

shrimp shells and the cell wall of fungi on treatment with the mineral acids or green solvents

such as ionic liquids followed by deproteinization and demineralization can be further

hydrolysed to the corresponding polymers chitin and chitosan as shown in the Fig. 1.11 and

Fig. 1.12 respectively. These polymers can be further depolymerised into its corresponding

monomers N-acetyl-D-glucosamine (NAG) and chitin on deacetylation results in the

formation of chitosan which can be further depolymerised to form glucosamine. These

~ ——
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monomers on further treatment in the presence of chemo-catalytic pathways can be

transformed into industrial applicable value-added products as shown in the scheme 111 B.
1.7.1 Isomerization:

As shown in the Scheme IV in the presence of both acidic and basic conditions at mild
temperatures, glucose can isomerize into fructose. Since fructose is employed as a platform
chemical in the synthesis of numerous value-added chemicals, including HMF, levulinic acid,
alkyl fructoside, etc., glucose to fructose isomerization has greatly expanded in commercial
utilisation. Additionally, the optimisation of several reaction parameters throughout the

glucose to fructose isomerization process contributes to a greater selectivity to HMF. €9

Scheme 1V: Glucose to fructose isomerization
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1.7.3 dehydration reactions:

It is a chemical reaction in which the water molecule from the substrate is removed. Scheme
V below represents the dehydration of fructose in the acidic medium to produce HMF as the
major dehydration product. For the creation of numerous value-added products including
HMF, 3A5AF, and 3AF, among others, the dehydration of carbohydrates as well as chitin and
chitosan biomass has been extensively investigated as shown in the Scheme VI. In cases
where chitin serves as the substrate, the dehydration reactions have been observed in water,
ionic liquids, organic solvents, supercritical water systems, and biphasic systems at relatively
higher temperatures. For this transformation to yield 5-HMF and 3A3AF and 3AF, a variety
of solid acid catalysts, including mixed metal oxides, ion exchange resins, and zeolites, have
been described. 7 ™V The stability of the generated products is significantly influenced by pH

of the reaction medium.

Scheme V A: Fructose to HMF
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Scheme V B: Fructose transformation into value added products:
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As shown above in the Scheme VB, fructose shows tremendous applications as a platform
chemical and is used for several transformations to give value added products. Fructose is
used as a sweetener commercially for the production of HFCS and was reported to have a
global fructose market of 8791 million USD which is expected to grow to about 15, 556
million USD in 2033. Fructose acidic as well as basic condition in the presence of alcoholic
solvent results in the formation of alkoxy fructoside, whereas fructose requires strong
Bronsted acidic sites for its transformation into HMF with the elimination of 3 water
molecules, the use of mineral acids and solid acid catalysts has been reported for the
dehydration of fructose followed by its rehydration (4 times) and dehydration (2 times) in the
presence of polar solvent to produce levulinic acid (LA) and formic acid (FA) as the products.

In this conversion the isomerization of glucose to fructose is the rate determining step that
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operates at higher temperature as compared to the second step which involves the conversion
of fructose to LA and FA.

Scheme VI A: Chitin to 3AF and 3A5AF
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Scheme VI B: Transformation of 3A5AF to value added products
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As shown above the Scheme VI B represents the transformation of the renewable
amine 3A5AF into various valuable products. Brgnsted acid catalysts such as H2SO4, HCI
have been widely used for the chitin (chitosan, NAG) conversion into HMF because of its
merits such as easy and cost-effective production at industrial scale. The addition of HCI has
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been found to show promotional effect in the hydrolysis of the chitin biomass by the
disruption of the hydrogen bonding present in the substrate thereby resulting in enhanced
reaction rates. The co-operative effect of the Brensted and Lewis acidic sites in sulphamic
acid has been reported to catalyze the conversion of glucosamine/chitosan biomass into HMF
and levulinic acid via chitosan hydrolysis followed by the dehydration of glucosamine.
Several Lewis acid catalysts such as the metal salts SnCls.5HO, FeCl,, ZnClz, CuClz, MnCly,
containing metal cation and anion have been found to show a profound effect on
chitin/chitosan conversion to form HMF, Levulinic acid and 3A5AF (N-containing furan

derivative).

The presence of the anion has been reported to facilitate the substrate ionization by
forming a chelate complex with the substrate thereby enhance the dehydration of the
substrate. In the production of the renewable amine 3A5AF the Lewis acids not only enhance
the dehydration step but also drive the enol isomerization that improves the product yield but
it has also been found to show a negative effect as it facilitates the substrate carbonization
thereby resulting in the formation of by-product as humins. Therefore, in several reports a
combination of both Lewis and Brgnsted acid catalyst has been used for this transformation.

Several reports on the use of ionic liquids as catalysts have been reported for the
chitin conversion into furan derivative 3A5AF. This is due to the ability of the ionic liquid to
accelerate the substrate dissolution and degradation. The ionic liquid has the property to
cleave the hydrogen bonding present in the chitin polymer and form hydrogen bonding
between the substrate and the anions resulting in the improved solubility of the substrate. The
catalytic transformation of the chitin/chitosan biomass in the presence of water facilitates the
formation of value-added compounds such as HMF and Levulinic acid with the expense of
removal of the renewable N-atom from the substrate in the form of NH3 that may further

result in the deactivation of the catalyst.

Thus, the production of the renewable amine/amide containing furan derivative is an
attractive strategy for the chitin biomass transformation as it results in the retention of the
(biologically fixed) N-atom in the product that can be otherwise produced by the energy
expensive Haber process. Also, it has been reported that the products 3A5AF and 3AF can be
used as a promising synthetic precursor for the synthesis of the antitumor drug molecule
proximicin a and b. But the challenge in the transformation is the retention of the amide

functionality that can be easily hydrolysed in the presence solvent and catalytic systems that
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facilitates the hydrolysis. Therefore, the choice of the catalyst, tuning of the Lewis and
Bronsted sites at the catalytic surface, catalyst surface area, solvent system and various

parameter optimization plays a vital role in this transformation.
1.7.3 Hydration reactions:

The acid catalysed hydration of 5-HMF followed by opening of the furan ring produces a
mixture of levulinic acid and formic acid. Heterogeneous catalytic systems Zeolites,
amberlyst resin, dowex etc. have been employed for this transformation- as shown in the
Scheme V11 (273)

Scheme-VII HMF to levulinic acid

/9 o

Catalyst |O
\ / OH - HOJ\/\Il/
o]

Solvent, time, Temp

~N

Levulinic Acid
HMF

. J

1.7.4 Hydrogenation reactions:

In order to deoxygenate the biomass derived molecules hydrogenation reactions can be
carried out on both lignocellulosic and marine biomass in the presence of Pt, Pd, Ru, Ni, Co,
and Cu based catalysts at moderate hydrogen pressures (10-25 bar) and temperatures in the
range (90-145 °C). The solvent type, partial hydrogen pressure, and the existence of active
sites at the catalytic surface significantly contribute to the product distribution in these
reactions. ¥ Levulinic acid undergoes hydrogenation to make 4-hydroxy levulinic acid
(GVL) as shown in Scheme VIII, whereas, 3A5AF produced from chitin/N-acetyl-d-

glucosamine dehydration undergoes hydrogenation to form an amino acid precursor. (/>70)

Scheme-VI11 Levulinic Acid to y-Valero Lactone
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1.7.5 Hydrogenolysis:

With the aid of metal catalysts like Pt, Ru, Pd, Ni, and Cu supported on a suitable support, the
hydrogenolysis of the polyols is carried out in the presence of acidic as well as basic
conditions at hydrogen pressure (15-300 bar) and temperatures between 140 °C and 220 °C.
In the hydrogenolysis reaction, the C-O bond are selectively broken, resulting in the
production of diols, triols, and polyols such 1,2-propane diol and 1,3-propane diol, among
others as shown in the Scheme IX. These compounds have applications in the synthesis of

polymer and pharmaceuticals. 77®

Scheme IX: Glycerol hydrogenolysis
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1.7.6 A Trans-esterification of glycerol to glycidol:

Glycidol is prepared by first trans-esterifying glycerol to glycidol carbonate, which is then
converted into glycidol by way of decarboxylation as shown in the Scheme X. Traditionally,
the transesterification of glycerol is carried out by treating allylic alcohol with oxidising
agent H»O> and vanadium oxide and tungsten oxide-based catalyst. One pot glycidol
synthesis has been reported which makes use of urea or dimethyl carbonate (DMC) as a
carbonylating agent to form glycerol carbonate followed by decarboxylation to form
Glycidol. For this transformation numerous homogeneous and heterogeneous metal-based

catalysts for this transition have been described in the literature. (/°-81)

Scheme X: Trans-esterification of glycerol to glycidol
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Today catalysis has become one of the most important aspects and deciding factor to enhance
the world’s economy, by converting the biomass raw materials into value added products,
fuels and commodity chemicals in a cost effective and environmentally benign manner.®?
Heterogeneous catalysis has innumerable applications in industrial processes in chemical,
food, pharmaceuticals, fuel cell, automobile, nanotechnology, biorefining and petrochemical
industries.® 849 Thus, it has been reported that 90 % of the chemical processes use
heterogeneous catalysis. Therefore, catalysis plays a very important role in industries for the
development of advanced processes. The industrial catalysts are complex materials with
highly optimized structures, shape and size controlled, morphologies, surface area and

physico-chemical properties.

A catalyst may be defined as a material that transforms reactants into desired products in
which the catalyst participates in increasing the rate of reaction by lowering the energy of
activation and is regenerated to its original form at the end of each cycle. There are several
advantages of using a heterogeneous catalyst being a solid catalyst it can be easily separated
and recycled for a particular transformation. The heterogeneous catalyst contains the presence
of large surface area with active sites present at the catalytic surface which play a very
important role in the transformation of reactants into products. Hence, it is required to
increase the number of active sites per reactor volume to enhance the selectivity and yield of
the desired products.(®5-8

1.9 Characteristics of a good Catalyst:

1. The catalyst should be selective towards the formation of desired products with
minimum production of unwanted and un desired products.

2. The catalyst must be stable for a longer period of time at given reaction conditions.

3. The catalyst should possess large surface area with distribution of active sites at its
surface in-order to achieve high yields of the products.

1.9.1 Solid Acid catalysis:

Mineral acids like HCI, H.SO4, HF, HNO3, and Lewis and Bronsted acids like AICIs, BFs3,
and B(OH)z are needed for a number of organic and biomass transformations such alkylation,
acylation, esterification, etherification, isomerization, dehydration, and hydration. These
chemicals produce a lot of organic waste that is discharged into the environment, are

dangerous, and are difficult to handle. Therefore, it has become crucial to create solid acidic

23



Chapterl

and basic catalysts that are highly selective, shape and size-controlled, cost-effective, and
environmentally benign in order to achieve the desired conversions. During the biomass
transformations, these transformations must be concentrated with improved selectivity and

fewer waste or by-product formation.

Solid acid catalysts are a special class of materials that possess characteristic physico-
chemical properties such as Bronsted or Lewis acidity, specific surface area, pore size and
pore volume at the catalytic surface. Heterogeneous catalysis has several advantages over

homogeneous catalysis and conventional acidic reagents such as

a) Easy recovery and separation from the reaction mixture
b) Easily recyclable
c) Lower toxicity

d) Higher selectivity and lower formation of inorganic waste
1.10 Various parameters affecting the activity of solid catalysts in biomass conversion:

The rate at which reactants change into products is referred to as a reaction rate. Various
chemical reactions take place at varying rates, which in turn is influenced by a number of
variables, including the nature and type of the reaction, the media used in the reaction, the
ratio of catalyst to substrate, and the effects of time, temperature, and pressure.®) These
variables significantly affect the conversion and selectivity towards a desired transformation
during the course of a chemical reaction. Therefore, it is now crucial to provide ecologically
friendly and cost-effective technologies for the required conversion of biomass into value-

added products including commodity chemicals, fuel additives, and platform chemicals.
1.10.1 Substrate Concentration:

William Lewis and Max Trautz first presented the Collision Theory in 1910, and Max Trautz
followed suit in 1916. According to the collision hypothesis, the frequency, energy, and
orientation of molecular collisions as well as the rate of a specific reaction are all influenced
by one another. When reactant molecules collide with one another in a specific orientation
during a chemical reaction, successful collisions occur, supplying the activation energy

necessary for the synthesis of the desired products.®®
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1.10.2 Reaction medium:

Both lignocellulosic as well as marine biomass provide renewable feedstock for the
production of bio-fuels, commodity chemicals and pharmaceuticals. Solvents are essential for
a number of phenomena, including heat transport, reaction media provision, reactant
solubility, product separation, and purification. The biorefinery concept has, however, faced
significant difficulties in producing the needed chemicals with high yields and selectivity.
The selectivity and conversion rates of biomass into platform chemicals have been found to
benefit from the use of organic solvents. Finding a suitable solvent is therefore one of the
most crucial steps in the conversion of biomass into fuel additives, furanic chemicals, and
sugars. For the biomass transformations, a number of solvent systems, including water and
organic solvents such DMA, DMSO, MIBK, MeOH, EtOH, and DMF, as well as the solvent
effect of combining organic solvents with water, have been studied.®%%? The polar protic
solvent water has been found to enhance the Fructose, HMF and levulinic acid formation
whereas the solvents such as the DMA, DMSO, DMF has been found to enhance the
dehydration of the chitin and cellulosic biomass. Minimizing humin production during
biomass transformation is one of the main issues in solvent optimization. The addition of
water is found to be deleterious in the case of marine biomass for the conversion of NAG to

3A5AF and 3AF, resulting in a drop in product yield with an increase in humin production.
1.10.3 Effect of temperature:

The increase in temperature induces heat transfer, which increases particle collisions and
raises the collision frequency. This increase in the number of fruitful collisions with specific
orientation increases the yield of product up to a certain extent. As a result, the activation
energy is reduced and the reaction rates are enhanced thereby resulting in the formation of the
products. Usually, the biomass conversions are carried out in the temperature range (90 °C to
220 °C). It has been discovered that raising the temperature above 180 °C accelerates up the

formation of humins in the majority of biomass conversion processes.®® %3
1.10.4 Effect of time:

When a chemical reaction is occurring, time is crucial. The rate of reaction is typically found
to slow with passage of time. This is due to the fact that as time passes, the reactants continue
to be transformed into products, lowering their concentration. Therefore, in order to construct

a process that is more industrially feasible, it is crucial to design a reaction that has a

25



Chapterl

maximum yield and selectivity towards the intended transformation within a shorter time

frame.
1.10.5 Effect of pressure:

High pressure reactors for biomass conversion may offer a number of benefits, including
greater reaction rates, larger yields of valuable products, higher throughput, and cheaper

compression costs for product gases.

However, comprehensive information on the impact of operating pressure on product yields
and thermal effects during biomass conversion must be gathered prior to designing high

pressure gasification and pyrolysis operations.

On the impact of pressure on the pyrolysis process' heat effects, there is a paucity of
experimental evidence. According to reported literature increasing the operating pressure
during the pyrolysis of cellulose lowers the necessary heat of reaction, increases the
production of char and CO», and decreases the yields of CO and all other hydrocarbons

produced during the process.®¥
1.11 Objective of the thesis:

The aim of present research work is to design a multifunctional catalytic system for the
transformation of both lignocellulosic as well as marine biomass into value added products
with high selectivity, shape and size controlled, easily separable with excellent recyclability.

1. The work is focused on the synthesis of various mixed metal oxide catalysts
containing micro-mesoporous channels that have interconnected micropores and
mesopores and tuning its acidity and basicity to obtain desired biomass
transformation.

2. The catalyst preparation methods include a) Co-precipitation method b) Wet
impregnation method and c) Sol-gel method.

3. One of the objectives of this study is to develop the qualitative and quantitative
approach based on the physico-chemical characterization that correlates the catalytic
performance with micro-mesoporous properties of the mixed metal oxide catalysts.

4. Finally, three catalytic systems were studied mainly to evaluate the structure-
activity correlations in valorization of lignocellulosic and marine biomass
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a) Bifunctional mixed metal oxide catalyst promoted isomerization of glucose to
fructose

b) Brensted basic dehydration of N-acetyl-d-glucosamine to 3A5AF and 3AF.

c) Transesterification of glycerol to glycidol in the presence of Sr doped on Cu-
Al as a support.

5. Detailed physico-chemical characterization of the prepared catalysts.

6. Development of various quantitative and qualitative analytical methods for the
separation, purification and identification of the products formed.

7. Optimization of various reaction parameters such as substrate and catalyst molar ratio,
time, temperature, pressure, solvent system etc. in-order to achieve maximum
substrate conversion and product selectivity.
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Chapter 2

Experimental
2.1. Introduction:

A catalyst is a material that speeds up the reaction. Heterogeneous catalysis is a sorption
phenomenon in which the catalyst does not undergo any chemical change during the course
of the reaction. The reaction proceeds by the sorption of the reactants at the surface of the
catalyst (electrostatic interaction, physisorption, chemisorption). This results in lowering of
the activation energy required to initiate the chemical reaction. The activation energy is the
difference between the reactants and the transition state formed during the course of a
reaction. Thus, the catalyst is found to stabilize the transition state formed thereby

reducing/lowering the energy required to form the product.

Main types namely, homogeneous, heterogeneous, and bio-, exist to speed up the process.
Almost 80 % of the reactions carried out at industries commercially involve the use of
heterogeneous catalysts because of various advantages associated with their use which
includes robustness, ease of separation, easy handling, recyclability and low operating costs

thus making the process economically beneficial.

In a particular course of reaction, catalysts are crucial because they speed up the reaction and
reduce the activation energy. In heterogeneous catalysis, the design, synthesis, and
adjustment of the acidic and basic characteristics at the catalytic surface are crucial. The
distribution of acidic and basic sites on the catalytic surface, the acid-base density, and the
morphology, shape, and size of the catalyst are all studied through the detailed

characterization of the catalyst, which is a highly important aspect.

The current chapter outlines the entire process for creating catalysts using a variety of
approaches, activity testing for the catalyst, characterization of the catalyst, and the analytical
methods applied to the process. This section provides a detailed discussion of the techniques
utilized for both the quantitative and qualitative analysis of the catalyst and the products

formed.

2.2. Materials

Barium nitrate, zirconyl oxy nitrate, barium oxide, zirconium oxide, tin oxide, molybdenum
nitrate, zinc nitrate, tungsten nitrate and potassium carbonate were purchased from Thomas
Baker chemicals, India. The chemicals were used as received without further purification.
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The solvents such as MeOH, DMF and DMSO and other chemicals used as standards for the
calibration of HPLC analysis were also purchased from Thomas Baker chemicals, India. N-
acetyl glucosamine, lanthanum oxide (La203), calcium oxide (CaO), cerium oxide (Ce203),
zirconium oxide (ZrO2), glycerol, dimethyl carbonate, methanol, ethanol, acetonitrile, iso-
propanol, dimethyl formamide, aluminum oxide (Al>03) and barium hydroxide (BaOHy)
were purchased from Thomas Baker Chemicals, India. The chemicals were used as received
without further purification. The solvents such as MeOH, DMF, DMSO, ACN, n-Hexane,
EtOAc, DMA, MIBK, dioxane and other chemicals were also purchased from HIMEDIA
chemicals, India. DMSO-d6 was purchased from Sigma Aldrich, India and was used as NMR

solvent.

2.3. Catalyst preparation: Solid acid catalysts

2.3.1 Preparation of Ba-Zr mixed metal oxide by co-precipitation method

Typical co-precipitation method was used to synthesize nano-size Ba-Zr mixed metal oxide
(MMO) catalyst under alkaline conditions as shown in the Fig. 2.1. Accordingly, 0.4 mol of
Ba (NOs3)2 (5.22 g) and 0.2 mol of ZrO (NOs3).2:6H20 (2.31 g), each in 50 mL of DI water was
dissolved separately (for 2:1 Ba—Zr composition), to make a homogenous solution. These
solutions were then taken in a 250 mL, 3-neck round bottom flask to which, 0.8 M K>COs
was added drop wise with the help of an addition funnel, until the pH reached to 8-9 under
constant stirring (1000 rpm) at room temperature. The precipitate thus obtained was aged for
3 h at room temperature. The resulting product was then recovered by filtration and washed
repetitively with DI water until neutralization. It was dried at 110 °C for 24 h and then
calcined at 550 °C for 3 h. Several other samples of Ba-Zr MMO were also prepared by
varying Ba-Zr ratio as 0.5:1, 1:1, 2:1, 3:1 which were named as Ba—Zr (0.5:1), Ba—Zr (1:1),
Ba—Zr (2:1), and Ba—Zr (3:1), respectively.

@ B 2M NaOH P"' 8-9 F|Itrat|o Drying
Stirring (12 h) stlrrlng ‘ Calcination

Ba(NOs)  ZrO(Cl)
2 Mixture Catalyst
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Fig.2.1. a Preparation of Ba-Zr by Co-precipitation method
2.3.2 Preparation of SBA-15

SBA-15 solid support was prepared as given in literature . In a teflon beaker 4.05 g of
Pluronic p-123 was dissolved in 146.8 g de-ionized water and 2.2 g of conc. HCI (37 %), was
stirred overnight at 35 °C. A milky suspension is produced which is aged at 100 °C for 24 h in
a Teflon lined steel autoclave. To this solution 16 g of TEOS (Tetraethyl ortho silicate) was
added and stirred for 24 h at 35 °C.  The solid product thus obtained was filtered, washed
with water to excess of TEOS, dried and calcined at 550 °C for 5 h.

2.3.3 Wet impregnation of Phosphotungstic acid supported on SBA-15

Phosphotungstic acid supported on SBA-15 composites were synthesized by a wetness
impregnation as described in the literature. Various concentrations ranging from 5 % to 30 %
solution of phosphotungstic acid loading were prepared in water. These solutions of
phosphotungstic acid were added to 3 g of SBA-15 synthesis as shown in the Fig. 2.1. These
samples were charged to an RB (round bottom flask) flask and the mixture were stirred at 80
°C for 6 h. Then the catalyst mixture is evaporated on Rota-vapour and dried. The solid
product thus obtained was dried overnight and calcined at 300 °C for 3 h. The resulting

sample was labelled as 20 % PWA/SBA-15 imp (imp refers to wet impregnation method)
2.3.4 Direct synthesis of Phosphotungstic acid supported on SBA-15

Phosphotungstic acid supported on SBA-15 composites were synthesized by a direct
synthesis method of various concentrations ranging from 5 % to 30 % loading. Accordingly,
5 %, 10 %, 20 %, 30 % solution of phosphotungstic acid were prepared in water which were
added to the final samples during SBA-15 synthesis. These samples were loaded in Teflon
lined autoclave, stirred and heated at 35 °C for 24 h. The solid product thus obtained was

filtered, washed with water to excess of TEOS, dried and calcined at 550 °C for 5 h.
2.3.5 Direct synthesis of Silicotungstic acid supported on SBA-15

Silicotungstic acid supported on SBA-15 composites were synthesized by a direct synthesis
method of concentrations of 20 % loading. 20 % solution of silicotungstic acid were prepared
in water. This solution of silicotungstic acid were added to the final samples during SBA-15
synthesis. These samples were loaded in Teflon lined autoclave, stirred and heated at 35 °C
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for 24 h. The solid product thus obtained was filtered, washed with water to excess of TEQOS,

dried and calcined at 550 °C for 5 h.

2.3.6 Preparation of Barium oxide

Barium hydroxide was calcined at 550 °C for 6 h to produce barium oxide.

2.3.7 Preparation of Sr/Cu-Al by Co-precipitation method:

Mixed metal oxide of Sr with Cu and Al was prepared by varying ratios viz. 1:4.5:4.5, 2: 4:4,

3:3.5:3.5, 4:3:3 using typical co precipitation method. The nano structured mixed oxide

catalyst was prepared by simultaneously co-precipitation, digestion method in which aqueous
solution of required concentration of Cu(NO3)2 -3H2 O, AI(NO3)s -9H20 and Sr(NOs)2 were
added along with 0.2M K>COs as precipitating agent in a round bottom flask. After complete

addition the precipitate was digested for 4 h and then filtered, washed with deionized water in

order to remove the traces for potassium. The obtained precipitate was then dried in oven at
110 °C for 8h. Further calcined at 550 °C and nominated as Sr:Cu:Al (1:4.5:4.5), (2:4:4),
(3:3.5:3.5), (4:3:3). Using same co-precipitation method all the alkali and alkaline earth

metals like, Na, Mg, Ca, Rb, Sr, Cs, Ba were mixed with Cu-Al to prepare mixed oxide

catalyst.

2.4 Catalyst Characterizéti
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Fig.2.1. b Preparation of Cu-Al by Co-precipitation method
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2.4.1 X-ray diffraction

A non-destructive method for qualitative and quantitative investigation of solid or powdered
crystalline materials is X-ray diffraction (XRD). It aids in figuring out whether a catalyst is
crystalline or amorphous, determining the size of crystallites, clarifying crystal structure, and
determining phase purity. The atoms present in the lattice structure interact with the incident
monochromatic X-rays (Cu K/ Mo K) in this process as shown in the (Fig. 2.2).

According to the Braggs law, which states that n A = 2d sinf, where n is an integer known as
the order of reflection, d is the distance between the two lattice planes, and 0 is the angle
between the two lattice planes, the X-rays scattered by the atoms in an octahedral lattice
interact constructively. @ The mixed metal oxide catalysts were characterized by using
various techniques. The X-ray diffraction (XRD) analysis was carried out on a P Analytical
PXRD system (Model X-Pert PRO-1712), using Ni filtered Cu Ka radiation (A = 0.154 nm)
as an X-ray source (current intensity, 30 mA,; voltage, 40 kV) and an X-accelerator detector.
XRD measurements were carried out in a 20 range of 5°-85° with a scanning rate of 5°/min.
The Scherrer equation, L = K/cos, was used to calculate the crystallite size of the materials,

where and are the Braggs angle and wavelength of the incident X-ray radiation, respectively.

The line width on the 2 scale in radians is represented by the constant K, which is typically
taken to be 0.9. On the basis of a comparison between the line positions and the intensity
distribution of a group of reflections from a catalyst sample and a data base (JCPDS),
qualitative phase analysis of the catalysts was carried out. To calculate crystallite size, peak
widths are fitted to the Debye-Scherrer equation. The Vegards rule, which asserts that there is
a linear relationship between the concentration of a substitutional dopant and the change in
the lattice parameter, is frequently used to interpret shifts caused by substitutional doping. It
is also unclear if the observed shift in lattice parameters is the result of doping or the small
size of the crystallite because the lattice parameters of small nanocrystals rely on the

crystallite size.®

39



Chapter 2

Fig. 2.2 Powder XRD instrument
2.4.2 Physico-chemical measurements and N2 sorption studies

The most typical kind of adsorption is physisorption. Physisorbed molecules can move across
the sample's surface fairly freely. The adsorbed molecules have a tendency to layer over the
entire adsorbent surface as more gas molecules are added to the system. One can estimate the
number of molecules, Nm, using the well-known Brunauer, Emmett, and Teller (BET)
hypothesis. The sample area is obtained by multiplying Nm by the cross-sectional area of an

adsorbate molecule. The BET formula is given below
P/V (PO-P) = 1/VmC + [(C-1)/VmC] (P/PO) ................. (2a)

Where Po denotes the adsorbate's saturation vapour pressure at the experimental temperature
(Ta),

P indicates the adsorption equilibrium pressure (Pa),
V is the volume of the gas adsorbed at the pressure P (Cmd),
C is the constant related to the heat of adsorption and liquification.

Plotting P/V (P-P0) against (P/P0) results in a straight line that is often within the range of
0.05 (P/P0) 0.35. The monolayer volume Vm can be calculated as 1/(S+1), where S is the
slope and equals (C-1)/VmC, and I is the intercept and equal to I/VmC. The equation relates
the catalyst's surface area (SBET) to Vm.®)

(VM/22414) = SBET Na G evvvevreereeenns (2b)
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where Na is the Avogadro number, and is the typical cross-sectional area that one adsorbate
molecule covers. The N2 (nitrogen gas) has a standard value of 0.1622 nm?. The surface area
and porosity are important properties in the field of heterogeneous catalysis. The surface area
and porosity are important properties in the field of heterogeneous catalysis. Total surface
area is an important criterion for solid catalysts since it determines the accessibility of the
active sites and is frequently associated to the catalytic activity. Total surface area defines the
accessibility of the active sites and is frequently tied to the catalytic activity. A heterogeneous
catalyst's pore structure determines selectivity in the catalysed processes and regulates
transport phenomena. Pore size and volume are thus crucial characteristics, especially in the

case of shape selectivity catalysis.

The adsorption isotherm is the first significant finding from the physisorption investigation
regarding the surface and porosity. It can identify the precise dimensions and types of
porosity that are present in the given catalytic sample. According to Fig. 2.3, there are a total
of 6 different types of adsorption isotherms. The existence of micropores, where molecules
are adsorbed by the micropore filling, is represented by the type I isotherm. The presence of
nonporous and microporous surfaces, which only very weakly interact with the molecules
being adsorbed, is suggested by the type Il isotherm, which is suggestive of the multilayer
adsorption process. Through its hysteresis loop, or non-overlapping of the adsorption and the
desorption peaks, the type IV isotherm provides useful information on the presence of the
mesoporous material. Despite having relatively weak adsorbent-adsorbate interactions, the
type V isotherm shares several characteristics with the type IV isotherm. The type VI
isotherm is a stepped adsorption isotherm that results from the adsorbed molecular layer's
phase transition or from adsorption on the various faces of crystalline solids. With the aid of
the physisorption isotherm, a variety of computational techniques are available to clarify the
pore size distribution and pore volume of the catalytic sample. The (BJH) Barrett-Joyner-
Halenda approach, which enables the determination of the catalyst's pore size from
equilibrium gas pressure, is one of the most often used methods. As a result, we may create
experimental isotherms that relate the volume of the adsorbed gas with the respective
saturation pressures at equilibrium and transform these to various different pore size

distribution.

Adsorbate fills all of the pores as the equilibrium adsorbate pressures get close to saturation.

Total pore volume of the sample can be estimated if the density of the adsorbate is known.
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The adsorption and desorption isotherms hardly ever cross each other because the adsorption
and desorption mechanisms are different. The subsequent hysteresis loop gives rise to the
isotherm shape, which is one of the distinguishing characteristics of the specific pore shape.
The typical approach for determining the surface area, pore size, and pore volume of the
catalytic sample is to analyse nitrogen adsorption using the BET equation at low pressures
10-14 Torr and liquification temperature of N2 (77 K). The Autosorb 1, Quantachrome

equipment was used for all of these measurements (Fig. 2.4).

The surface areas of all the basic catalysts using BET equation were measured on
Quantachrome v 2.0 instrument. The basic sites present on the catalyst surface were
quantitatively analysed by CO>-TPD carried out on Micromeritics-2720 (ChemisoftTPx)
volumetric instrument. The samples were pre-treated from room temperature to 200 °C under
a helium flow rate of 25 mL min! followed by CO; adsorption at 40 °C and finally CO;
desorption with heating rate of 10 °C min™' starting from adsorption temperature to 700 °C.®

Fig. 2.3 Autosorb 1, Quantachrome instrument

2.4.3 Temperature programmed desorption of ammonia (NHs and CO2TPD)

As opposed to physisorption, the chemisorption process entails the establishment of potent
chemical bonds between the molecules that are being adsorbate and particular regions
referred to as the active sites located on the surfaces of the catalytic sample. Thus, the main
purpose of chemisorption is to quantify the presence of active sites at the catalytic surfaces

that are in charge of the catalytic activity. One of the chemisorption techniques is the NHs-
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TPD measurement, which is employed to assess the acidity, presence of acidic sites at the
catalytic surface, acidic strength, and interaction between the solid catalyst and its gaseous
environment as the temperature is linearly increased over time. The instrument used for
measuring the amount of desorbed NHs gas in the carrier gas includes a sample container
charged with the catalyst in a furnace that may have its temperature modified. It also includes
a thermal conductivity detector (TCD). On a Micromeritics 2720 by 1, all the catalysts' NH3
TPDs were measured by removing impurities that have adhered to the sample's surface by

1. pre-treating the catalytic sample with helium gas flow at 473 K.
2. Ammonia gas adsorption at a temperature of 50 °C

3. Heating at a rate of 10 K/min from 50 °C to 700 °C for the desorption of the adsorbed
ammonia. Utilising the Origin software programme, the area of the desorption peak in low
and high temperature areas is measured in order to quantitatively examine the active acidic
sites that are present at the catalytic surface. Similarly in order to analyze the presence of
basic sites at the catalytic surface the entire procedure is repeated by using the CO2 gas is
used instead of NHs gas. The analysis was carried out on Autosorb 1, Quantachrome

equipment as shown in Fig. 2.3
2.4.4 Fourier transform infrared spectroscopy (FTIR):

In 1937, Buswell and colleagues reported using IR spectroscopy to study surface chemistry
and catalysis. Infrared radiation is located between the visible and microwave regions of the
electromagnetic spectrum. The frequency of infrared radiation is higher than that of
microwave radiation and lower than that of visual radiation. The IR principle states that
molecule vibrations occur after IR radiation has been absorbed when the applied IR
frequency coincides with the natural IR vibration frequency. The elucidation of the functional
group in the substance and chemical analysis are two common applications of the IR
spectroscopy technology. It provides details on the dipole-moment bearing polyatomic
species’ vibrational structure. The vibrational modes connected to changes in the molecule

dipole moment are therefore discovered to be IR active by IR spectroscopy.

At room temperature, metal oxides are one of the most significant and useful materials that
are covered in oxide layers and show catalytic activity for a variety of transformations. Here,
the characteristics of the oxide layers that naturally grow on metal implants when oxygen is
present increase the biocompatibility of those devices. One of the most crucial parts of
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heterogeneous catalysis is the study of how molecules of the substrate and solvent interact
with the catalyst surface. Thus, a thorough understanding of chemical processes, binding
power, and the adsorption phenomena has become crucial.

Every bond or functional group absorbs light at a particular frequency; hence every molecule
has a distinctive peak. A specific molecule's existence of different functional groups, the
identification of unidentified compounds, and the amount of constituents present in a given
sample can all be determined using FTIR spectroscopy. FTIR can be used in catalysis to
identify different species adsorbed at the catalytic surfaces, the existence of an adsorbed
water molecule at the catalytic surface, and the identification of a metal interacting with a
hetero atom.(”) The majority of metal oxides only absorb light with low energy (below 1000
cm™) in the IR spectrum. Utilizing FTIR spectroscopy, the metal oxide's production was
identified. The analysis was done on a Shimadzu FTIR-8201 PC spectrophotometer as shown
in Fig.2.4, the spectra were captured in the 400-4000 cm™ wavenumber range. In DRIFT
mode, the materials were transformed into KBr pellets (1 weight percent) or as such.

Generally speaking, neat KBr was utilized as a reference.

Fig. 2.4 Shimadzu FTIR-8201 PC spectrophotometer
2.4.4.1 Pyridine FTIR technique:

The most popular method for identifying the type of acidic sites on the catalytic surface is
pyridine FT-IR. These locations could be Lewis, Bronsted, or both. The region of the
spectrum between 1400-1700 cm™ is examined for the pyridine FTIR study. The pyridine that
is co-ordinately bound to the surface has a distinct spectrum than the pyridinium ion. This

enables the acidic type to be distinguished on the surface of the acidic solids. Although
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pyridine is a relatively strong base, it is substantially weaker than ammonia and does not react
with some of the weaker acidic sites that would react with ammonia because NHs is a strong

base (pkb = 5), which allows it to react with extremely weak acid sites.

Pyridine is thus employed to identify acidic regions on the catalytic surface. A band at 1540
cm is produced by the pyridinium ion but is not present in pyridine or co-ordinated pyridine
(Py—»BHz). The co-ordinately and hydrogen-bonded pyridine exhibit a distinctive band in
the range of 1440 and 1465 cm™. Thus, the Lewis acidic peak is found at 1450 cm™, while
the Brgnsted acidic peak exhibits a distinctive band at 1540 cm™. Using the ex-situ Pyridine
adsorption FTIR method, different mixed metal oxide catalysts with both Brgnsted and Lewis
acidic sites were examined. The catalytic samples were stored overnight in a desiccator
containing pyridine after being dried at 100 °C for 2 hours. Pyridine was permitted to adsorb

on the catalyst's surface.
2.4.4.2 MeOH FTIR technique:

The MeOH FTIR spectroscopy approach is a crucial tool for identifying the fundamental sites
that are present at the catalytic surface. The catalytic surfaces may contain Lewis, Bransted,
or both Lewis and Brgnsted basic sites. the in-situ FT-IR spectra that were created by
subtraction of pristine metal oxide and adsorbed MeOH on metal oxide spectra. By using in-
situ methanol adsorption-IR spectroscopy, Bregnsted basicity was investigated. In the past,
Verneker et al. used MeOH adsorption IR spectroscopy to investigate different interactions of
FeO(OH) at the surface. According to their findings, MeOH interacts with the catalytic
surface's basic sites to produce monodentate and bidentate methoxy species as well as

molecularly adsorbed species, with bands seen at 1115 cm™, 1092 cm*, and 1064 cm™.

The surface of the basic metal oxide catalysts was investigated in order to form H-bonded
molecularly adsorbed MeOH, which showed the presence of a band at 1064 cm™. As opposed
to this, the bands at 1115 cm™ and 1092 cm™ showed the emergence of monodentate and
bidentate methoxy species as well as metal complexed methoxy species. The fundamental

metal oxide catalysts used to study NAG dehydration showed all of these bands.
2.4.5. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

The analytical method known as inductively coupled plasma atomic emission spectroscopy

(ICP-AES) is used to find trace metals. It is a sort of emission spectroscopy that creates
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excited atoms and ions using an inductively coupled plasma that emits electromagnetic
radiation at wavelengths specific to a given element. The concentration of the element in the

sample can be determined by the intensity of this emission.
2.4.6 X-ray photoelectron Spectroscopy

XPS, often referred to as electron spectroscopy for chemical analysis (ESCA), is based on the
observation of the photoelectric effect. X-rays are used to bombard the sample surface, and
the resulting photoemitted electrons are then measured. The emitting atoms' and their
bonding states' distinctive kinetic energies are present in the photo-emitted electrons. These
changes in the core level energies provide in-depth details about the elemental composition of
the surface, the oxidation states of the elements, empirical formula, electronic states, and
chemical analysis of the samples that are present at the catalytic surface in concentrations
greater than 1 atomic percent to be studied. The elemental stoichiometry of the near surface
region can be determined using this quantitative spectroscopic method, which is which is

often different from the bulk composition. &9

Because the catalytic activity in heterogeneous catalysis depends on the surface composition
and electronic characteristics, XPS is one of the most well-liked and often used analytical
tools. XPS calculates the photoelectron’s intensity as a function of kinetic energy. The input
photon flux, its photoionization cross-section, the sample concentration, the mean free path of
the emitted photoelectron, and experimental parameters like photoelectron collection and

detection efficiency all play a significant role in determining the strength of the XPS peak.

The energy of the X-ray radiation, hv, determines the kinetic energy of these photoelectron,

and the electron binding energy is dictated by,

Exk=hv-Bboo (ZC-)

Ek =hv-Eb— Wi, (2d.)

Where, Ex is the kinetic energy of the photoelectron

h is the Plank’s constant and v is the frequency of the excited electron

En is the binding energy of the photoelectron with respect to the Fermi level

WV is the work function of the spectrometer
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As a function of their kinetic energy, XPS calculates the photoelectrons' intensity. The
chemical state of the emitting electron can change the binding energy and the peak's form. As
a result, XPS offers details on chemical bonding, identifying constituents both inside the
material and on its surface, electronic structure, and the density of the electronic state inside
the material. The oxidation state of the active catalyst, the interaction of the metal with the
support, variations in the oxidation state of the catalyst during the course of the reaction, and
the presence of surface contaminants can all be determined using XPS. 9 The XPS data of
various catalysts were collected on a VG Microteach Multilab ESCA 3000 spectrometer
using a non-monochromatized MgKa (1253.6 ¢V) X-ray source at a pressure of 1 x 10 -9
Torr (50 eV of pass energy and 55° was the take-off angle) with resolution of 0.7 eV
determined from the full width at half maxima of the 4f 7/2 core level of the gold surface as
shown in Fig. 2.5. The binding energy values had an inaccuracy of less than 0.1 eV. The

carbon C1s signal at 284.6 eV was used to accomplish the binding energy correction.

Fig. 2.5 VG Microtech Multilab ESCA 3000 XPS spectrometer
2.4.7 Raman Spectroscopy

Dr. C. V. Ramana made the discovery of Raman spectroscopy in 1928. It is a spectroscopic
method for observing a substance's vibrational, rotational, and translational frequency. The
species in the catalytic sample scatter a portion of the radiation when it travels through a clear
medium in all directions. The alteration in the vibration linked to the IR spectrum causes
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Raman scattering. The scattering of the radiation is the fundamental idea at the heart of
Raman spectroscopy. The majority of radiation is elastically scattered after irradiation, a
process known as Rayleigh scattering. A minor percentage, however, exhibits inelastically
scattered Raman scattering, which contains Stokes and anti-Stokes lines. The scattering that
takes place reveals details of the molecular structure. The bands in the Raman spectra that are
more prominent are those that result from bonds that are highly polarizable because pi-

electrons are present. 1112

Raman spectroscopy is based on the inelastic scattering of the photons, which loses energy
by the exciting vibrations in the sample, Raman spectroscopy is used for the characterization
of the catalytic material to find out the crystallographic orientations of the sample and the
chemical structure of the molecule. One of the most important properties required for a

molecule to be Raman active is the polarizability of the electron density.

It is used for the detailed analysis of the surface metal oxides species on a typical oxide
material as a support as in case of the mixed metal oxide catalysts. It permits evaluation of
the molecular vibrations below 1100 cm *2.¢31% The radial breathing mode is commonly used
technique for the analysis and determination of the diameter of the sample and to analyze the
structure of the material. The Raman samples were recorded on the Horiba JY LabRam HR-
800 micro-raman spectrometer with 17 mW 632.8 nm laser excitation as shown below in Fig.
2.6.

The Raman spectroscopic technique was used to analyze the catalytic samples containing bi-
functional character i.e. both Lewis and Brensted acidic as well as basic sites at the catalytic
surface. The detailed raman analysis of the mixed metal oxide catalyst revealed the effect of
doping of the metal on another metal on the structural properties of the MMO. It also gave
information about the formation of a particular phase which was further confirmed by the

XRD analysis.
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Fig. 2.6 Horiba JY Lab Ram HR-800 micro-raman spectrometer

2.4.8 Transmission Electron Microscopy

Microscopy is the study of small objects with the use of a microscope that are beyond the
resolution range of a normal eye. Microscopy can be divided into three categories: optical
microscopy, electron microscopy, and scanning probe microscopy. It was discovered in 1940
that interaction between electrons and atoms may alter an electron wave's phase and enable
the use of phase contrast to observe a single atom. High-resolution transmission electron
microscopy (HR-TEM) has this as its theoretical foundation. For morphological and
compositional investigation, thin films of solid samples are imaged in high resolution using
TEM analysis. The electron source/gun and a collection of electromagnetic lenses are the two

most crucial parts of an electron microscope. 1819

It is predicated on the idea that an electron beam scatters when it travels through a thin film
of test material. Depending on the mode of operation, these scattered electrons are focused
into an image or a diffraction pattern by the electromagnetic lenses. The TEM instruments
operate under circumstances that include 100-200 KeV electrons, 10-6 mbar vacuum, 0.5 nm
resolution, and 105 times magnification. For structural characterization and phase
identification of the various phases present in the catalytic material, the morphological
information obtained by the TEM in the area of the atomic resolution can be used. The
samples were subjected to TEM examination using a JEOL-1200 EX apparatus as shown in
Fig. 2.7 running at 100 KV. The JEOL 1200 EX model was used for the HR-TEM analysis

Fig. 2.8, represents the TEM instrument, which revealed details on the morphology, particle
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size, d-spacing, and fringe width. The powdered samples were dissolved in iso-propanol and
sonicated for 15 minutes before to analysis. Drops of the suspension were then applied to a
dried, room-temperature copper grid that had been coated with carbon. The samples are

characterised in detail, and images at various magnifications are provided in the respective

chapters.

Fig. 2.8 JEOL 1200 EX HR-TEM instrument
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2.4.9 Field Emission-Scanning Electron Microscopy

The scanning electron microscope is a type of microscope that scans the sample with a
focused electron beam to obtain images of the material. These electrons interact with the
sample's atoms to produce a variety of signals that provide details about the sample’s surface
topography and chemical makeup. The tungsten filament or a field emission gun generates
the electron beam, according to the fundamental theory. High voltage accelerates this electron
beam, creating a thin beam of electrons. The specimen surface is scanned by this electron
beam. As a result, the sample's surface emits electrons, which the detector then collects after
scanning. This method can be applied to the characterization of catalytic samples and various
organic and inorganic materials. It can be used to ascertain the given sample's topography,

morphology, surface composition, particle size, d-spacing, and elemental composition. 517

As shown in the Fig. 2.9, the SEM-EDAX analysis was carried out in order to study the
morphology and elemental composition of the catalysts on a LEO-LEICA STEREOSCAN
440 instrument. Prior to the analysis the powdered samples were dispersed in iso-propanol
and sonicated for 15 minutes. Then drops of the suspension were deposited on a carbon-

coated copper grid and dried, at room temperature before analysis.
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Fig. 2.9 LEO-LEICA STEREOSCAN 440 FE-SEM instrument.
2.4.10 Thermal analysis:

A collection of procedures known as thermal analysis examines how the properties of a
sample change when it is subjected to a controlled temperature change. The most often
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employed thermal procedures include differential thermogravimetric analysis (DTGA),
thermogravimetric analysis (DTA), and thermogravimetric analysis (TGA), among others.
These methods investigate the thermal behavior of a catalyst while it is heated continuously.
In the TGA and DTGA methods, the sample is heated at a constant rate while the variation of
the sample mass time (dm or dm/dt) is measured as a function of temperature. The
Simultaneous Thermal Analyzer SDT-650 equipment was used to perform the TGA analysis
of the catalyst. The analysis was performed at a 40 mLmin™* air flow rate at a heating rate of

10 °C min™ from room temperature to 800 °C. %)
2.5 Catalyst activity measurement
2.5.1 Round bottom flask reflux reaction set-up for glucose isomerization

In a 50 mL round bottom flask equipped with a condenser, 1 mmol of glucose (180 mg) in 6
mL DI water and catalyst (100 mg) was refluxed under constant stirring for 6 h. The reaction
mixture was allowed to cool at room temperature and the catalyst was separated by filtration.
The filtrate was collected and the initial 0 h), intermediate (3 h) and final (6 h) samples were

prepared to carry out the analysis on HPLC.
2.5.2 Parr reactor set-up for NAG conversion

The reaction was carried out in a parr reactor equipped with a heating arrangement, stirrer,
thermos well, gas inlet and outlet, liquid sampling valve, safety rupture disc, pressure gauge,
transducer for digital pressure display and controller to control the temperature and RPM and
high temperature cut-off module as shown below in the Fig. 2.11. In a 50 mL Parr reactor, N-
Acetyl-glucosamine (1 gm), dioxane (25 mL) and catalyst (200 mg) were heated at 180 °C
under constant stirring for 4 h. After the reaction was complete, the reaction mixture was

filtered and the filtrate was concentrated on Buchi Rotavap at 140 mbar and 60 °C.

Yellowish-red viscous liquid was obtained from which product was separated by solvent
extraction using ethyl acetate and water. The humins were separated in water layer whereas
the product was extracted in the ethyl acetate layer. The crude product thus obtained was then

purified by silica gel column chromatography.
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Fig. 2.10 Parr reactor set-up for NAG conversion

2.5.2 Parr reactor set-up for glycerol transesterification

The reaction was carried out in a parr reactor equipped with a heating arrangement, stirrer,
thermos well, gas inlet and outlet, liquid sampling valve, safety rupture disc, pressure gauge,
transducer for digital pressure display and controller to control the temperature and RPM and
high temperature cut-off module. In a 50 mL parr autoclave assembly glycerol and dimethyl
carbonate in 1:3 molar ratio charged along with 20 mL of methanol. Catalyst of 100 mg was
also added and reaction was carried out at 140 °C for 90 min with 1000 rpm stirring. Product
mixture was filtered to separate catalyst and sample from mother liquor was injected to GC

for analysis.
2.6 Analytical methods for quantitative analysis

In chromatography, the components of the sample mixture are separated as a result of their
differing distributions between the stationary phase and the mobile phase, two immiscible
phases. A column containing a distributed stationary phase is transported alongside the
sample component introduced in a mobile phase. The species in the sample interact
repeatedly with both the mobile and stationary phases. Compared to those that are distributed
selectively in the mobile phase, components that bind tightly to the stationary phase are kept
in the system for a longer period of time. The sample component is split in the form of bands
as the mobile phase is passed through the stationary phase, which can be accomplished by
choosing both the phases.

The sample component is split in the form of bands as the mobile phase is passed through the

stationary phase, which can be accomplished by choosing both the phases and the phases
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themselves. The number of theoretical plates, which is dependent on the column height, the
polarity of the solvent system used as the mobile phase, and the mesh size of the
silica/alumina used as the stationary phase are some of the elements that affect separation.
Because of this, solutes are extracted from the mixture in the mobile phase in the order of
increasing distribution coefficients relative to the stationary phase. The weakly bound
component is eluted first, followed by the highly bound component. Depending upon the
mobile phase the chromatography technique is divided into two types

1. Liquid Chromatography
2. Gas Chromatography

2.6.1 Gas Chromatography

The first liquid-gas chromatography was created in 1950 by John Porter Martin, a Nobel
Prize recipient and the inventor of modern gas chromatography. In gas chromatography, an
inert gas such as helium, hydrogen, or nitrogen is utilized as the mobile phase. The samples
that will be tested must be volatile and thermally stable, which is one of the most crucial
requirements. The table below outlines the stationary phase's specifics as well as the required

operating conditions. ?0-??

Below is a detailed explanation of the analysis's methodology.

1. GC: Shimadzu 2025
2. Column: HP FFAP (Free fatty acid phase column)
3. Column details: 30m length x 0.53 mm ID x 1pum film thickness

4. Column stationary phase: Polyethylene glycol
5. Carrier gas: He

6. Detector: FID

7. Injector temperature: 300 °C

8. Detector temperature: 300 °C

9. Total run time: 15 min

10. Injection volume: 1 uL
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11. Oven temperature programme: Temp: 60, 220 °C, Ramp: 20 °C/min, hold time 1, 5
min
2.6.2 High Performance Liquid Chromatography

The liquid product was separated by syringe filtration and the resulting product was analyzed
by HPLC (Agilent 1260) equipped with Hiplex-Ca column (300 mm length) connected to
Refractive Index detector. The quantification was carried out on the basis of external standard
solution of sugars (glucose, fructose and mannose).

The glucose conversion was analyzed by HPLC (Agilent 1260) equipped with Phenominex-
Ca*? column (300 mm length) equipped with refractive index detector. Deionized water was
used as a mobile phase, which was filtered and then subjected degassing. The HPLC analysis
was carried out by keeping 0.6 mL/min flow rate of prepared mobile phase keeping column
temperature at 80 °C and total analysis time of 18 minutes.

The NAG conversion was analyzed by HPLC (Agilent 1260) equipped with Hiplex-Pb
column (300 mm length) equipped with refractive index detector. Deionized water (DI) was
used as a mobile phase, which was filtered and used. The NAG conversion was quantitatively
determined by HPLC analysis by keeping 0.5 mL/min flow rate of the prepared mobile phase

maintaining column temperature at 80 °C and total analysis time of 20 minutes. 2329

2.7 Catalyst activity performance:

A catalyst is a substance that can fasten the rate of reaction without getting consumed in the
reaction and thereby lowering the energy of activation to form the desired products. Almost,
80 % of the products are produced commercially by employing the use of heterogeneous
catalysts. It neither changes the spontaneity nor changes the chemical equilibrium of the
chemical reaction. Catalysts work by changing the path of the reaction and accelerating the
rate of the reaction to yield the desired products selectively. Catalysis is a surface
phenomenon in which the reactants get sorbed at the catalytic surface (Physisorption/
Chemisorption). Industrially catalysts play a very important role in increasing the actual yield
of the desired product thereby driving the chemical reaction towards the selective formation
of the desired product. The effectiveness, stability and the efficiency of the catalyst can be

determined by the calculating the Turn over number and turn over frequency as given below.
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2.7.1 Turn over number (TON):

Turn over frequency can be used to determine the catalyst's effectiveness and efficiency. It i

the ratio of reactant to catalyst moles per unit time.

2.7.2 Turn over Frequency (TOF):

S

The turn over frequency can be used to determine the stability of the catalyst. It is the ratio of

the moles of reactant reacted per moles of the catalyst.

2.7.3 Formulae

1 R; = concerntration in moles

grea under the peak

clnitial moles of substrate —final moles of substrate

X 100

2. % Conversion =

cinitial moles of substrate

moles of sproduct formed

X 100

3. % Selectivity =

moles of substrate consumed

moles of substrate consumed

4.  Turn over number (TON) =

catalytic active sites of catalyst in moles

moles of substrete consumed

5. Turn over frequency (TOF) =

catalytic ective sites of catalyst in moles Xrecction time (R}
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Cooperative acid-base sites of solid Ba-Zr mixed oxide catalyst for efficient isomerization of

glucose to fructose in aqueous medium
Abstract

Efficient and highly selective isomerization of glucose to fructose was achieved by using the
inexpensive Ba-Zr mixed metal oxide catalyst. Catalyst was prepared by varying Ba-Zr ratios
using co-precipitation method. Various phases formed, planes exposed, morphology, elemental
composition and particle size, basic site density and strength, oxidation state of elements were
well studied by using various characterization techniques. XRD analysis clearly indicates the
presence of Ba*? and Zr** in the form of BaO, ZrO; and BaZrOs phases. SEM and HR-TEM
images indicate that, Ba-Zr (2:1) catalyst prepared showed uniform morphology with spherical
and rod-shaped particles with sizes ranging from 300 to 600 nm. Under the optimized reaction
conditions, Ba-Zr (2:1) catalyst exhibited excellent results in terms of 57 % of glucose
conversion with 89 % selective formation of glucose. The presence of both acidic as well as
basic sites play vital roles in activating the substrate molecules to yield fructose selectively. Ba-

Zr (2:1) catalyst showed excellent recyclability performance up to four recycles.

HFCS

e -
o. _LOH R = T o HO H
HO Ba-Zr (2:1) g, =
A\ L) -‘
HO ‘OH H T o
) OH

OH 626

D-Glucose D-Fructose

57% conversion 89% selectivity
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Publication: Shaikh S. S, Patil C. R, Kondawar S. E, Rode C. V. Cooperative Acid-Base Sites of Solid Ba-Zr
Mixed Oxide Catalyst for Efficient Isomerization of Glucose to Fructose in Aqueous Medium. ChemistrySelect.
2020 Oct 29; 5(40): 12505-13.

3.1 Introduction

Today the world has become completely dependent on the fossil fuels for energy consumption in
several ways and its rapid depletion has led to alarming situations such as global warming,
energy and food crises. (¥ Thus, this problem could be solved by developing an alternative
renewable cost-effective biomass conversion route for the production of various value-added
products such as commodity chemicals, fuel additives, pharmaceuticals etc.

In recent years, glucose to fructose isomerization has gained tremendous importance in food and
beverage industry, as fructose is sweeter than glucose. Fructose is not only used for the
production of High Fructose Corn Syrup (HFCS), where it is used as a sweetener but also in the
production of various platform molecules, fuel additives and value-added chemicals like 5-
hydroxylmethylfurfural, 2, 5-furandicarboxylic acid,®® levulinic acid and its esters, lactic acid,
alkoxy fructoside, 5-alkoxymethylfructoside.®1? Lobry-de-Bryun-Van-Ekenstein (LBAE), first
reported aldose to ketose isomerization in both acidic as well as basic medium, where formation
of ene-diol as an intermediate i.e. proton transfer mechanism yields a mixture of glucose,
fructose and mannose, which is a well-accepted mechanism.*® This pioneering discovery
enhanced the large scale glucose to fructose isomerization at industrial level. The glucose
isomerization is carried out commercially by bio-catalytic pathway, which employs glucose
isomerase/ xylose isomerase enzyme (GI).®) But thermal and chemical deactivation of the
enzyme, narrow pH range, low operating temperature and presence of Ca*2 hinders the activity
of GI thus making the process less economical.*® Industrial chemical isomerization of glucose
involves the homogenous process using mineral acid or alkali, which suffers from several
drawbacks such as low fructose yield, slow rate of reaction, formation of large amount of
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byproducts due to side reactions such as aldolization/ retro aldolization, B-elimination and
benzilic rearrangement reactions that take place simultaneously along with isomerization and
post synthesis neutralization step.®> % Various bases such as sodium hydroxide, sodium
carbonate, calcium hydroxide, magnesium hydroxide, trisodium phosphate, and sodium sulphite,
basic ion- exchange resins and derivatives of ammonia have been reported for the conversion of
glucose to fructose but with low fructose yields (20-30 %), due to side reactions that lead to the
formationof colored substances, organic acids, saccharinic acid and other undesired products. "
18 Liu et al. reported glucose to fructose isomerization by using organic amines such as triethyl
amine in water at 100 °C, to give 57 % glucose conversion with 54 % and 31 % fructose
selectivity and vyield, respectively. The mixture of glucose, fructose and triethyl amine was
further separated by chromatography.“® Rendleman et al. reported maximum yield of fructose
(72 %) by using aluminate resin containing hydroxide group® with 68 % glucose conversion
and 72 % fructose selectivity.®® Among solid catalysts, magnesium-Aluminum hydrotalcites
have been also reported to catalyze the glucose isomerization to fructose with 30 % fructose
yield, whereas Yabushita et al. reported 56 % fructose yield with 80 % fructose selectivity in
ethanol as a solvent. The gradual decrease in the catalytic activity could be restored by
calcination and rehydration of the hydrotalcites.?? 22 The use of MgO as a catalyst has been
reported by Marianou et al. to afford 44 % fructose yield with 75 % fructose selectivity, which
has been attributed to the basicity of the catalyst.?* Glucose to fructose isomerization has been
also carried out in the presence of Lewis acids such as AICls, FeCls but the major drawback is the
deactivation of the catalyst in aqueous media, which requires maintenance of anhydrous
conditions.®® Lewis acids such as CrCls has been also reported for glucose isomerization in

which [Cr(H20)sOH]*"? complex acts as active species for catalyzing the isomerization via de-

61



Chapter 3

protonation, hydride shift and proton donation to sugar.?® The heterogeneous catalyst Sn-p
zeolite, in which tin metal acts as Lewis acid has been reported to show 31 % fructose yield.?"
28) Thus isomerization of glucose to fructose has been reported to be carried out in the presence
of either acidic or basic catalytic system. In the present work for the first time, we report mixed
metal oxides of Ba and Zr as an acid-base heterogeneous catalyst for selective glucose
isomerization to fructose. There are various methods reported for the synthesis of nano structured
BazrOs; which involve sol-gel,?®> 39 co-precipitation,®? thermal decomposition®? and
hydrothermal techniques.®® Urea-induced precipitation followed by a low-temperature thermal
treatment was also reported for the synthesis of nano scale BaZrOs.® The present research is
focused on co-precipitation method for the size and shape controlled synthesis of BaZrOs
particles which catalyzed the glucose isomerization. Our Ba-Zr catalyst exhibited both Lewis
acidic as well as basic sites which play an important role in glucose to fructose isomerization to
give the highest selectivity of 89 % towards fructose. Detail studies on the catalyst
characterization by XRD, TEM, SEM, NHsz and CO.-TPD and FT-IR, along with effect of
reaction parameters on glucose conversion and selectivity for fructose have been also carried out.

3.2 Experimental

Typical co-precipitation method was used to synthesize nano-size Ba-Zr mixed metal oxide
(MMO) catalyst under alkaline conditions and their detail experimental procedure is discussed in
Chapter 2 (Section 2.3.1). The prepared catalysts were characterized by XRD, BET-surface area,
NH3-TPD, HR-TEM, SEM-EDX, FT-IR, Py-IR, Raman and XPS techniques as mentioned in
Chapter 2 (sections 2.4.1 -2.4.4, 2.4.6, 2.4.10 and 2.4.13, respectively). The Catalyst activity
testing was done in a 50 mL round bottom flask equipped with a condenser as mentioned in the
chapter 2 (section 2.5.1). The liquid product was separated by syringe filtration and the resulting
product was analyzed by HPLC (chapter 2, section 2.6.2) in order to monitor the progress of the
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reaction. At the end of reaction, the catalyst was recovered by filtration and washed three times
with 10 mL DI water, then dried at 120 °C overnight in a vacuum oven followed by calcination

at 550 °C for 3 h and reused.

3.3 Results and discussion
3.3.1 Catalyst characterization

3.3.1.1 XRD analysis

Fig. 3.1 shows the powder XRD patterns for both single components (Ba and Zr) and mixed
metal oxides prepared by varying Ba-Zr ratio. The wide angle XRD patterns for ZrO, samples
showed the reflections at 20 = 23.7°, 55.8° ascribed to ZrO phase [JCPDS # 86-1451] whereas,
reflections at 20 = 19.6°, 23.7°, 45.1° confirmed the presence of BaO phase [JCPDS # 47-1488].
However, in case of MMO samples, intensities of ZrO» peaks were found to be weaken with the
doping of Ba in the zirconium lattice, which clearly suggest there might be deformation of the
crystal structure of ZrO». This was further supported by appearance of new reflections other than
BaO, ZrO, phases at 20 = 23.7°, 27.7°, 34.1°, 39.5° 41.9° corresponding to (211), (220), (222),
(330) and (400) planes, respectively, which indicated the presence of perovskite type cubic phase
of BaZrO3 [JCPDS # 01-0890]. ©®9 It is well reported that during calcination process, the barium
present at the surface reacted with zirconia to form BaZrOs phase. All the peaks can be indexed
to the cubic phase of BaZrOs (Fig. 3.1). The crystallite size of BaZrOs phase calculated for Ba-Zr
(2:1) catalyst by Scherrer equation was found to be 29.35 nm. Moreover, in case Ba-Zr (2:1)
catalyst, it was observed that all the phases including BaO (49.5 nm), ZrO, (44.2 nm) and
BaZrOs found to be having lowest crystallite size as compared to all the other catalysts studied in
this work. This might be the reason for its better performance (Table 3.1 b). The morphologies

of various Ba-Zr MMO samples were studied by SEM analysis.
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Fig. 3.1 Powder XRD pattern for calcined BaO, ZrO,, and Ba-Zr mixed metal oxide catalysts
3.3.1.2 SEM and EDX analysis

Fig. 3.2 displays the SEM images for BaO and Ba-Zr MMO catalysts. In case of bare BaO,
mixed morphology of rod and sphere was observed with predominant presence of rod-shaped
particles as encircled in Fig 3.2 a. The introduction of Zr in MMO clearly showed that there was
a growth of small particles on the surface which might be due to the formation of BaZrOs
perovskite type cubic phase or ZrO: phase, presence of which has already been revealed by
XRD. The Ba-Zr MMO samples showed the presence of mixed morphology with spherical
deposits on rod shape particles (Fig.s 3.2 b-e). Interestingly, as Ba concentration was increased
in Ba-Zr MMO (for ratios of 0.5:1 and 1:1), rod shape morphology started appearing. The size of
the rod shape particles was found to be in the range 250-300 nm for Ba-Zr (1:1) (Fig. 3.1 b),
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which increased to about 250-550 nm in case of Ba-Zr (2:1) (Fig. 3.1 c), which was the best
catalyst. The size of the spherical particles was found to be in the range 220-450 nm while, the
length of the rod was found to be in the range 1-2.8 um. The EDX measurement of the optimized
Ba-Zr (2:1) catalyst confirmed the presence of Ba, Zr and O having the composition as 54 %, 24

%, and 21 % by weight; respectively.

Fig. 3.2 Scanning Electron Micrographs for a) BaO, b) Ba-Zr (0.5:1), ¢) Ba-Zr (1:1), d) Ba-Zr
(2:1) and e) Ba-Zr (3:1) catalysts.

3.3.1.3 TEM analysis

Fig. 3.3 (A-C) shows TEM images of Ba-Zr (2:1) catalyst which clearly exhibited cubic
morphology of a typical individual particle. The d-spacing of the observed lattice fringes was
0.27 nm, which can be associated with the [110] plane of the cubic phase of BaZrOs. The
spacings of the observed lattice fringes are 0.27 and 0.36 nm, respectively, and have been

correspondingly indexed to the [110] and [100] planes of the cubic phase of BaZrOs. The SAED
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pattern for Ba-Zr (2:1) catalyst in Fig. 3 (D) with spacing of lattice fringes of 0.30 nm shows the
cubic phase of BaZrOs which could be indexed to the [110] planes, and was in good agreement

with the XRD (confirm this) result. 8

Fig. 3.3 (A-C) Transmission Electron Micrographs and D) SAED pattern for Ba-Zr (2:1) catalyst
3.3.1.4 BET and surface area analysis

Table 3.1 reveals the physico-chemical properties of the prepared catalysts. The specific surface
areas of Ba-Zr catalysts were found in the range of 11-24 m?g™!. Ba-Zr (2:1) catalyst showed
11.50 m?g~! surface area which was the lowest among all the studied catalysts. The basic
property of the Ba-Zr mixed metal oxide catalysts was evaluated by CO,-TPD measurement
since it is known that the catalysts with the strong basic sites promote the glucose isomerization.

Table 3.1 shows the total and temperature range wise CO desorbed in terms of mmolg™? for all
the samples under study. The first peak in the region of 100-200 °C was due to the weak basicity
corresponding to desorption of physisorbed CO.. Catalyst showed a broad peak in the region of
200-400 °C revealing the presence of medium strength basic sites. A broad peak in the region of
450-650 °C indicated the presence of strong basic sites. The trend of basicity was found to be Ba-

Zr (0.5:1) <Ba-Zr (1:1) <Ba-Zr (2:1) <Ba-Zr (3:1). The acidic strength and acidic site density
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were estimated in terms of total NH3 desorbed (mmolg™) by NHz-TPD analysis. From Table 3.1,

NHs-TPD trend was opposite to that of CO2-TPD as Ba-Zr (3:1) <Ba-Zr (2:1) <Ba-Zr (1:1)

<Ba-Zr (0.5:1). The activity results of all the prepared Ba-Zr MMO and bare oxides of Ba and Zr

catalysts were correlated with their total basic site density calculated from CO., TPD and

discussed later. Furthermore, ratio of basic site density/acidic site density was also calculated and

it was observed that BaO possessed the highest basicity and as Ba concentration was increased in

zirconium lattice, the ratio also increased, the later was the lowest for single component of Zr

(Table 3.1). Out of all the catalyst studied, Ba-Zr (2:1) catalyst exhibited basicity/acidity ratio of

2.0 which was the most balanced ratio required for the selective glucose isomerization to

fructose observed in this work.

Table 3.1 a. The physico-chemical properties of the prepared catalysts.

Sr.

No.

4

Catalyst

Ba-Zr (0.5:1)
Ba-Zr (1:1)
Ba-Zr (2:1)

Ba-Zr (3:1)

BET SA?

m?/g

12.76

14.10
11.50

23.72

Total Basicity”
total CO; desorbed
mmol g-*

0.1860

0.3074
0.5392

0.7652

Total Acidity®
total NH3
desorbed mmol g-
1

0.8781

0.4782
0.2695

0.2023

Basicity/Ac
idity ratio

0.2118

0.6428
2.0007

3.7825

a Determined by N2 physisorption measurement, ® Determined by CO, TPD, ¢ Determined by NHs TPD
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Table 3.1 b Crystallite sizes of all the three phases formed in all Ba:Zr MMO catalyst

Catalyst Crystallite size (nm)
BaZrO3 phase BaO phase ZrO; phase
Ba-Zr (0.5:1) 45.93 143.03 86.51
Ba-Zr (1:1) 36.90 80.25 56.80
Ba-Zr (2:1) 29.35 49.50 44.28
BaO 66.31 66.31 -
ZrO, 56.11 - 56.11

3.3.1.5 Raman analysis

Fig. 3.4 shows the Raman spectra of all Ba-Zr samples which consist of a band at two photon
lines around 87 and 135 cm™which could be ascribed to TO1, TO2 first-order modes. The
second order modes were ascribed to the band at 223 cm™. The band at 153 cm™ indicates that
the crystal structure of zirconium oxide remaining intact after increasing the Ba concentration.
Incorporation of barium in zirconium matrix did not completely distort the octahedral structure
of zirconium but it induced oxygen vacancies in the zirconium oxide material. ¢738)

In other words, it supports the doping of Ba in zirconium lattice, which form perovskite phase

and provides strong basic sites required for glucose isomerization.
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Fig. 3.4 Raman Spectra for Ba-Zr (0.5-3:1) catalysts.

3.3.1.6 FTIR analysis

Fig. 3.5 represents FT-IR spectra of calcined BaO, ZrO., and Ba-Zr mixed metal oxide catalysts.
The FTIR spectrum of Ba-Zr samples with various ratios of Ba-Zr showed a prominent band at
3400-3500 cm™* which was assigned to the -OH stretching vibration due to the adsorbed water
molecule on the catalytic surface. The absorption peaks in the range 400-780 cm™, 780-1145
cm?, 1145-1500 cm™, 450-560 cm™ were also observed. The absorption peak at 450-560 cm™
corresponds to Zr-O stretching mode of vibration in BaZrOs, which clearly indicates the
presence of ZrO, phase®® which in accordance with XRD [JCPDS # 86-1451] studies as
discussed above. The peak at 1416 cm™ is due to the oxalate vibrational frequency in BaZrOsa.

The peak at 560 cm™ corresponds to the Zr present in the octahedral site in the perovskite
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structure.®® Hence, FTIR study also confirms the presence of three phase’s viz. BaO, ZrO; and

BaZrOz which was already characterized by other techniques.
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Fig. 3.5 FT-IR spectra for calcined BaO, ZrO., and Ba-Zr mixed metal oxide catalyst.

3.3.1.7 XPS analysis

Fig. 3.6 represents X-ray photoelectron spectra of Ba-Zr (1:1) catalyst. In which Fig. 3.6 (a)
clearly showed a doublet of Zr 3d for Zr 3ds2 and Zr 3ds; at B.E. of 183.2 and 185.5 eV,
respectively.“? XPS spectra of O 1s (Fig. 3.6 c), after deconvolution showed three peaks at B.E.
of 533, 532.3 and 530.8 eV out of which peaks at B.E. of 533, 532.3 eV corresponded to Zr-O-
Zr, Ba-O-Zr bridging oxygen atoms in the silica framework while, the peak at B.E. of 530.8 eV
was assigned to non-bridging oxygen atoms as O-Zr. Ba 3ds2 XPS shows a peak at 780.5 eV.“?
XPS spectra of reused catalyst showed retention of all the peaks at same binding energy for Ba
3ds,2, which clearly suggest there was not any considerable change in oxidation state of metals

after use of the catalyst (Fig. 3.6 a, d). It was inferred that BaO phase mostly possessed rod
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Fig. 3.6 XPS analysis of different phases in the screened catalysts: (a) Ba in used Ba-Zr (2:1), (b)
Zr in used Ba—Zr (2: 1), (c) and O in used Ba—Zr (2: 1) (d) Ba in fresh Ba—Zr (2: 1), (e)O in fresh

Ba—Zr (2: 1), (f) Zr in fresh Ba—Zr (2: 1).

shape morphology covered with some spherical particles of zirconium oxide and cubic shape

particles of BaZrOs. A schematic presentation of the catalyst structure is shown in Fig. 3.7.
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Fig. 3.7 Schematic presentation of Ba-Zr (2:1) catalyst.

3.3.2 Activity studies

The base catalyzed glucose isomerization is reported to proceed through the ene-diol
mechanism.*® According to this mechanism, C-2 proton on acyclic form of glucose is abstracted
by the basic catalyst resulting in the formation of an ene-diol intermediate and followed by
hydrogen transfer from O-2 to O-1 and protonation of C-1. This results in the formation of
fructose as the major product and mannose as a minor product. The ene-diol mechanism involves
the formation of trans-ene-diol to give D-fructose whereas; cis-enediol produces D-mannose as
shown in the Scheme 3.2 a.“> %3 Whereas the Lewis acid catalyzed glucose to fructose
isomerization involves opening of the glucose ring to open chain form followed by H-shift from
Cz to C1 position and ring closure to form fructose. The acidic sites on catalytic surface play an
important role in H-shift during isomerization reaction.*¥ The mixed metal oxide catalyst
prepared in this work, from alkaline earth metal Ba being basic and early transition metal Zr
more acidic renders the Ba-Zr (2:1) catalyst to exhibit tunable base/acid bifunctional character

efficiently catalyzed the glucose isomerization as shown in Scheme 3.2 b. Initially the glucose
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molecule gets adsorbed at the catalytic surface where the basic sites actively participate in
deprotonation at C, to form the ene-diol intermediate. The acidic sites are responsible for the
stabilization of ene-diol intermediate formed and drive the deprotonation of the O-2 proton. The
final step involves cyclization to give fructofuranose as the major product. Our study revealed
that the Ba-Zr (2:1) MMO provides the accessibility to both the base/acid sites present on the
catalytic surface that play an important role in the selective (89 %) isomerization of glucose to

fructose in presence of water at 100 °C, 1 atm pressure within 6 h with 57 % conversion.

(o] HO
o H
" +2H,0 o
HO
H OH < \ / o
(o]
Levulinic Acid F ic Acid
ormic Aci HMF
T -3H,0
HO OH

. -,
Trans-enediol

OH N . " - -
Cap Cis-enediol
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Catalyst,
ROH

HO OR HO OH

S
HO OH

Alkyl fructoside Fructose

S
HO OH

Scheme 3.2 a Glucose isomerization to fructose, mannose and other byproducts.
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Scheme 3.2 b Base catalysed isomerization of glucose to fructose.

3.3.3 Catalyst screening:

Keeping in view that isomerization of glucose to fructose is catalyzed either by Lewis acid sites
or basic sites we have screened various metal oxide and mixed metal oxide catalysts for this
reaction and the results are as shown in Table 3.2. Zirconia (ZrO2) has been used extensively as
a catalyst and solid support as it possesses both acidic as well as basic properties and high
thermal stability. Whereas, the basic sites generated from hydration of SnO2 promote glucose
isomerization. The experimental results showed that bare SnO; and ZrO, showed 12 % and 27 %
conversion for glucose, respectively (Table 3.2, entries 1 and 2, respectively). Al.Os gave very

low conversion (04 %) (Table 3.2, entry 3). The basic metal oxides BaO and CaO also catalysed
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isomerization of glucose and gave conversions of 20 % and 34 %, respectively (Table 3.2,
entries 4 and 5 respectively). As metal oxides gave lower conversion, these were supported on
SBA-15 as it provides high thermal stability, variable framework composition and high surface
to volume ratio to promote the catalytic activity. Glucose isomerization did not proceed in
absence of the catalyst as well as in presence of bare SBA-15 (Table 3.2, entry 6). Interestingly,
SBA-15 supported metal oxides as Sn- SBA-15 and Zr-SBA-15 increased conversion of glucose
to 36 and 32 %, respectively (Table 3.2, entries 7 and 8 respectively). To explore and to study
the role of acidity on the catalytic activity and glucose isomerization, 20 % PWA-SBA-15
catalyst was used, which showed only 12 % conversion of glucose (Table 3.2, entry 9).
Although acidic catalyst like 20 % PWA-SBA-15 showed poor performance, the mixed metal
oxides of barium with acidic zirconium in Ba-Zr (1:1) showed excellent results with 50 %
glucose conversion and 82 % fructose selectivity (Table 3.2, entry 10). Our study revealed that
the Ba-Zr (1:1) MMO provides high surface to volume ratio and accessibility, to both the base/
acid sites present on the catalytic surface that plays an important role in the selective
isomerization of glucose to fructose. The base/ acid sites present on the catalytic surface are
found to accelerate the isomerization rate by participating in the reaction pathway. In order to
study the effect of increased acidity, 20 % PWA was introduced to Ba-Zr (1:1) catalyst which
showed no any improvement with 53 % glucose conversion and 65 % fructose selectivity (Table
3.2, entry 11). As Ba-Zr (1:1) MMO catalysed glucose isomerization effectively, further glucose
isomerization studies were carried out using Ba-Zr mixed metal oxides prepared in various
ratios. The objective being to tailor the basic character of the bifunctional catalyst by increasing
the Ba concentration in varying ratios to enhance the glucose isomerization. The effects of the

varying Ba-Zr ratios on glucose conversion and fructose selectivity are discussed below. CO»-
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TPD and NHs3-TPD study revealed that although bare BaO exhibits highest basicity but it showed
very low conversion of glucose (20 %). On the other hand, ZrO; had negligible basicity in other
words has highest acidity and showed slightly higher conversion (27 %). Whereas, all the MMO
exhibited increasing order of basic site density with increasing Ba concentration, which

effectively showed a linear rise in activity.

Table 3.2 Isomerisation of glucose to fructose over different metal oxide catalysts

Sr. Catalyst Conv. (%) Selectivity (%)

No Fructose Mannose
1 Sn0O; 12 37 04
2 Zr0; 27 78 10
3 Al,O4 04 52 08
4 BaO 20 64 12
5 CaO 39 60 14
6 SBA-15 --- --- ---
7 Sn-SBA-15 36 72 08
8 Zr-SBA-15 32 69 06
9 20%PWA-SBA-15 12 42 08
10 Ba-Zr (1:1) 50 82 18
11 20 % PWA-Ba-Zr (1:1) 53 65 10

Reaction Conditions: Glucose (180 mg, 1 mmol), Water (6 mL), Time (6 h), Temp (100 ‘C),
Catalyst (100 mg).

3.3.4 Effect of various molar ratios of Ba-Zr:

Effect of various molar ratios of Ba-Zr on glucose isomerization was studied and the results are
presented in Fig. 3.8 which helps to explore role of base/ acid sites on the catalytic surface
responsible for conversion. Ba-Zr (0.5:1) catalyst gave 44 % conversion of glucose with 80 %
selectivity for fructose. Ba-Zr (1:1) showed higher conversion of 50 % glucose conversion and
82 % fructose selectivity towards fructose. Ba-Zr (2:1) gave the highest selectivity of 89 % to

fructose with 57 % conversion of glucose. Further increase in barium molar ratio that is Ba-Zr
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(3:1), did not show much improvement in the glucose conversion (57-59 %.). While, all Ba-Zr
MMOs show very less selectivity towards mannose between 11-20 % as shown in Table 3.2.
From previous reports, glucose isomerization mainly depends on base/acid mole ratio of metal
oxides as base/ acid ratio greater than 1.0 would increase the fructose selectivity.“® Since Ba-Zr
(2:1) catalyst possessed the balanced ratio of basicity/ acidity it was found to be the most

efficient catalyst for glucose isomerization (Table 3.1) and further studied for optimization of

reaction parameters.
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Fig. 3.8 Effect of catalyst molar ratio on glucose isomerization.

Reaction Conditions: Glucose (180 mg, 1 mmol), Water (6 mL), Time (6 h), Temp (100 "C), Catalyst (100 mg).
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3.3.5 Effect of substrate to catalyst ratio:

Fig. 3.9 presents the effect of substrate to catalyst ratios on glucose isomerization. A range of
substrate loading with respect to catalyst (constant at 100 mg) was studied to determine the
optimal condition for glucose isomerization. The glucose to the Ba-Zr (2:1) catalyst ratio was
varied from 1.8 to 18. The increase in substrate loading (moles of glucose) resulted in a decrease
in the glucose conversion from 57 to 42 %, which could be attributed to low availability of active
sites. As expected, fructose selectivity was found to be highest at glucose to catalyst ratio of 1.8

due to availability of increased number of active sites on catalytic surface. Thus, the catalyst is

highly selective towards glucose isomerization to fructose.

80
70
60
T 50
- 40
T 30
T+ 20
- 10
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Concentratron (mrnofes ) "

Fig. 3.9 Effect of Substrate concentration on glucose isomerization.

Reaction Conditions: Water (6 mL), Time (6 h), Temp (100 “C), Catalyst (100 mg).

3.3.6 Effect of temperature:
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Fig. 3.10 shows the effect of temperature on glucose isomerization. The study of the influence
of temperature on glucose isomerization was conducted in the temperature range 80-110 °C to
accelerate the isomerization reaction. As glucose to fructose isomerization requires high
activation energy, it is carried out at higher temperature (T > 100 °C). However higher
temperature leads to low fructose selectivity as glucose and fructose being unstable decompose
at higher temperatures. Fig. 3.10 illustrates that with increase in temperature there was a linear
increase in the glucose conversion from 36-59 % and fructose selectivity 89 % with fructose
yield of about 29 %. The increase in temperature increased the reaction rates by increasing the
number of collisions and lowering the energy of activation thereby resulting in glucose
isomerization. The increasing temperature accelerated the isomerization and shortened the

equilibration time for isomerization reaction. Thus, maximum fructose yield was observed at 100

°Cin6h.
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Fig. 3.10 Effect of temperature on glucose isomerization.

Reaction Conditions: Glucose (180 mg, 1 mmol), Water (6 mL), Time (6 h), Catalyst (100 mg).
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3.3.7 Solvent screening:

Fig. 3.11 reveals the effect of solvent on glucose isomerization. In order to understand the
influence of solvent system on glucose isomerization various mixtures of solvents such as
(MeOH + H20), (DMSO + H»0), (DMF + H20) and H20 were screened. From the Fig. 3.11 it is
clear that the addition of organic phase to aqueous phase causes significant decrease in glucose
conversion as well as fructose selectivity. Glucose being highly soluble in polar protic solvent
i.e., water seems to have strong positive effect on glucose conversion. But the mixtures of polar
aprotic i.e., organic solvents with water showed decrease in reaction rate, low glucose conversion

with drastic decrease in the fructose selectivity.

This could be attributed to the formation of by-products such as mannose, organic acids, methyl
glucoside etc. in presence of organic solvents as shown in scheme 3.2 a. Thus, water was used as
a solvent for optimizing the other reaction parameters as it favours the proton exchange required

for glucose to fructose isomerization.

Water as a solvent gave 57 % glucose conversion and 89 % fructose selectivity. Whereas the
other mixture of solvents gave low conversion, (DMSO + H»0) gave 46 %, (MeOH + H>0) gave
44 % and (DMF + H.0) gave 10 % glucose conversion. Thus, water was chosen to be the best

solvent for glucose isomerization.
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Fig. 3.11 Effect of solvent on glucose isomerization.

Reaction Conditions: Glucose (180 mg, 1 mmol), Time (6 h), Temp (100 °C), Catalyst (100 mg).

3.3.8 Catalyst Recycle Study:

One of the most important advantages of heterogeneous catalyst over homogeneous catalyst is its
easy separation and reuse. In order to study the stability of the heterogeneous mixed metal oxide
catalyst, the recycle study was carried out and results are as shown in Fig. 3.12. Hence, the
optimized Ba-Zr (2:1) catalyst after the first run was filtered and washed with deionized water till
the pale-yellow coloured catalyst became white; the catalyst was dried at 110 °C and then
calcined at 550 °C for 3 hands reused. The procedure was followed for four subsequent runs. The
glucose conversion was found to decrease marginally from 57 % to 55 % due to handling losses,
whereas the selectivity was found to be constant at 89 % to fructose and 11 % to mannose. Thus,

the catalyst prepared by Co-precipitation method showed excellent recyclability performance up

to 4 cycles.
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Fig. 3.12 Catalyst recycle study

Reaction Conditions: Glucose (180 mg, 1 mmol), Water (6 mL), Time (6 h), Temp (100 °C), Catalyst (100 mg).

4. Conclusion

Ba-Zr (2:1) MMO was found to be highly selective towards glucose to fructose isomerization (89
%) and this could be attributed to the structural and physico-chemical properties of the catalyst
confirmed by XRD, SEM, CO, TPD and XPS analysis. XRD pattern for mixed metal oxides of
Ba-Zr (2:1) clearly indicated the presence of BaO, ZrO» phases along with perovskite type cubic
phase of BaZrOsz with reflections at corresponding to (211), (220), (222), (330) and (400) planes,
respectively. Various molar ratios of Ba-Zr were screened out of which Ba-Zr (2:1) was found to
be efficient catalyst whereas on further increasing the concentration of Ba there was not much
increase in glucose conversion. This could be attributed to the base/acid mole ratio of metal
oxide. Various parameters such as solvent, temperature and substrate to catalyst ratio were

studied in order to determine appropriate condition for efficient catalytic activity. Various
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experiments carried out with organic solvents and their mixtures with water revealed that neat
water acts as the best solvent for glucose isomerization thereby enhancing the glucose
conversion. Thus, the bifunctional Ba-Zr (2:1) MMO plays an important role by providing base/
acid active sites on the catalytic surface for selective (89 %) isomerization of glucose to fructose
by participating in the reaction pathway in presence of water at 100 °C, 1 atm pressure within 6 h
with 57 % conversion. The reaction pathway involved adsorption of glucose molecule at the
catalytic surface where the basic sites actively participate in deprotonation at C, to form the ene-
diol intermediate which is stabilized by the acidic sites present on the catalytic surface. The
deprotonation of the O-2 proton followed by cyclization gives fructofuranose as the major
product. Finally, the experimental results proved that the catalyst was easily separable and reused

up to 4 cycles without any loss in activity.
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Chapter 4

Direct Conversion of N-Acetyl-D-glucosamine to N-containing heterocyclic compounds 3-
acetamidofuran and 3-acetamido-5-acetly furan.

Abstract:

Effectual waste utilization from plant as well as marine biomass has gained tremendous importance with
reference to sustainability. The valorization of marine biomass produces value added compounds
containing not only C, H, O but also renewable N atom in the skeleton which widens the scope for its
exploration which may prove to be economically beneficial to the society. Heterogeneous catalytic
transformation of marine biomass i.e., N-acetyl glucosamine (NAG) to N-substituted aromatic
heterocyclic is reported for the very first time. Cost effective and stable metal oxide catalysts were
deployed for the transformation. Catalyst screening study showed that La>Os was found to be an
excellent catalyst for N-acetyl glucosamine (NAG) dehydration which mainly produced 3-
acetamidofuran (3AF). The physicochemical properties of the metal oxide catalyst were investigated by
various techniques such as XRD, FTIR, MeOH-FTIR, TPD, SEM, N2 sorption studies and HR-TEM
analysis for structure activity relationship. The effect of various reaction parameters such as catalyst
concentration, reaction temperature, reaction time and solvent effect on dehydration of N-acetyl
glucosamine has been studied in detail for higher yields. The results revealed that the presence of weak
basic sites which are Brensted in nature and nano pores present on the surface were responsible for
improved dehydration of the chitin biomass to selectively yield 3-acetamidofuran (3AF). La2Os catalyst
showed optimum 50 % 3AF yield from N-Acetyl glucosamine at 180 °C in 3h. Efficacious exploitation
of marine biomass to value added chemicals using heterogeneous catalyst through simple route and easy
separation of N-substituted heterocyclic aromatics is the most innovative aspect of the current study.
Thus, utilization of heterogeneous catalyst and renewable biomass as a raw material indicates a

transition towards more sustainable and greener approach.

The rapid depletion of non-renewable fossil fuels has urged a need for biomass waste
valorization in order to mitigate these alarming issues. Due to its abundance marine biomass on
valorization widens its scope for production of value-added products and platform chemicals. As far as

sustainability and green synthesis is concerned, we report for the first-time dehydration of NAG to
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renewable N-containing furan derivatives by heterogeneous catalyst without use of any additives, ionic
liquids or boron compounds. The catalyst showed high stability, easy separation and excellent
recyclability upto 5 cycles. The co-operative effect of Brgnsted basicity and nanopores on the catalyst
play vital role in (100 %) NAG conversion to yield 50 % 3AF and 20 % 3A5AF.
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4.1 Introduction

Efficient waste valorization has been in limelight as it could aid the society to mitigate the alarming
environmental issues arising due to the depletion of fossil fuels such as energy crises, green house
effects etc. ¥ Among the biomass variants, marine biomass is readily available as oceans occupy
around 71 % of earth’s surface. But for decades, the advancement and valorization of marine biomass
has remained unexplored, which could emerge as a strong feedstock to bring sustainability and
economic benefit to the society. After cellulosic biomass, chitin stands second most abundant biomass
on earth with 100 billion tons produced annually.® Chitin biomass is obtained from shells of several
marine animals like crabs, lobsters, shrimps, crayfish, arthropods as well as from cell wall of fungi and
yeast.®") Cellulosic biomass on valorization produces value added compounds containing mainly C, H,
and O. Whereas, the marine biomass on valorization widens the scope for production of N-containing

platform chemicals having various applications as adsorbents, waste water treatment, agricultural
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chemicals, polymers, food industries, biomedical applications, formation of films, fibers, composites
and cosmetics.®19 Chitin biomass comprises of N-Acetyl glucosamine units linked through B-1, 4
glycosidic linkages to form polymeric chains in three different allomorphic forms a, B, y. Therefore, the
chitin biomass exhibits distinct physicochemical properties due to the presence of N-functionality in its
skeleton and serves as most important natural source of nitrogen.®® Cellulosic biomass and chitin
biomass have structural similarities with the exception that cellulosic biomass on valorization produces
value added compounds and platform chemicals containing C, H and O whereas, chitin biomass
produces chemicals containing C, H, O and N. Owing to the presence of 7 wt. % renewable N atom in
chitin it has put the marine biomass on fame and has attracted the attention of researchers as it has
tremendous scope for its valorization with wide range of applications.?**® The chitin hydrolysis is
carried out by biological, physical and chemical pretreatment methods which produces NAG, which
requires number of steps and harsh conditions like use of mineral acids, high temperature and, thus
suffers from major drawbacks making process non feasible. Also, the biological methods fail to
eliminate the minerals and proteins from the crustacean shells and high cost of enzymes makes the
process less cost effective.61) Prior to chitin hydrolysis, microwave irradiation and sonication were
used to increase the chitin solubility in HCI thereby enhancing the chitin hydrolysis to produce NAG.*&
19) Franich et al. reported for the first time that the pyrolysis of tar produced several degradation
products with 5 % 3-acetamidofuran (3AF), 2 % 3-acetamido-5-acetyl furan (3A5AF) and 3 % 3-
acetamidoacetaldehyde yield.?? Chen et al. studied the NAG pyrolysis at 200 °C for 30 min to produce
3A5AF as the major product with 3AF and several furanic and pyrazine derivatives as minor products.
The pyrolysis pathway results in the formation of number of products thus making the process less
economical due to lower selectivity towards product formation. ® The platform chemical 3A5AF, is a
precursor for the synthesis of an anticancer drug proximycin A. ?-22 Both the products 3AF and 3A5AF
have N-containing amide functionality in the form of furanic aromatic platform chemicals which can
further be explored for their transformations to value added products. But the challenge is retention of
amide group as it easily gets fragmented from the main chain.®® 3AF and 3A5AF may find a role as
synthetic precursors for the synthesis of naturally occurring antibiotic and antitumor drug proximycin A,
B and C and amino sugars, amino acids and dihydrodifuro pyridine derivatives, aminated bicyclic
ethers, pyridine derivatives, bicyclic pyrrolidines via various multi step organic transformations due to
its structural similarity and presence of N atom in its skeleton.?*2) 3A5AF on asymmetric reduction,

produced (3-acetamido-5-(-1-hydroxyethyl)furan, a precursor for the synthesis of amino sugar L-
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rednose which is a precursor forming the structural unit of biologically active natural products such as
Anthracycline®, Saquamycin® and Rudolphomycin.®? Ha et al. reported chemoenzymatic
dehydration of NAG and its further enantioselective asymmetric reduction to 3-Acetamido-5-(1-
hydroxylethyl)furan(3ASHEF) with good yield.®? Omari et al. reported the conversion of NAG to
3A5AF in the presence of B(OH)s and NaCl under high temperature microwave irradiation (220 °C for
15 min) to give 58 % 3AS5AF yield. His group highlighted the importance of the presence of chloride
and boron atoms in the hydrolysis of chitin and dehydration of NAG to 3A5AF, respectively.®? Drover
et al. studied the transformation of NAG into 3A5AF with 60 % yield under microwave heating with
ionic liquid, [BMIM]CI in which imidazolium ring was found to play an important role in the
conversion of NAG to 3A5AF.3 Chen et al. introduced the acidic proton at C-2 position and reported
the importance of Cl anion in the solubility and dissolution of chitin thereby accelerating its hydrolysis
to yield value added products. They reported the direct conversion of chitin to 3A5AF with 7 % yield in
ionic liquid using boric acid and HCI as an additive. ©¥ Hence, ionic liquids can be used as ideal
solvents as they can bare high temperature range, non-volatile and are non-inflammable. But certain
disadvantages like toxicity, handling difficulty and higher cost make ionic liquids less economical for
use.®) Surprisingly, the synthesis of furanic compounds remains unexplored using heterogeneous
catalysts which excel others in cost, recyclability, ease of separation, catalyst tunability and process
improvisation. Visualizing the importance of the marine waste valorization and advantages of the
heterogeneously catalyzed conversion, the current study gives first hand report on dehydration and
partial deoxygenation of NAG to N-containing renewable platform molecules using various metal oxide
catalysts. Choice of catalyst originated from some striking features like stability, cost effectiveness and
ease of preparation. A comparative study of acid and basic catalysts has been attempted to furnish
insights into type of sites required for selective formation of furans. The best catalyst was characterized
by XRD, FTIR, MeOH-FTIR and SEM along with effect of reaction parameters on NAG dehydration to

produce 3AF has been carried out.
4.2. Experimental

Barium hydroxide was calcined at 550 °C for 6 h to produce barium oxide. The comparative study for
all the catalysts were done by several characterization techniques. The catalysts were characterized by
XRD, BET, CO2 TPD, SEM-EDX, HR-TEM, FT-IR, MeOH FT-IR, TGA technique as mentioned in
Chapter 2. (Sections 2.4.1 to 2.4.13). The activity testing for the prepared catalysts were done in a parr
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reactor at 180°C temperature for 3h as mentioned in the Chapter 2 (section 2.5.2). The quantitative
analysis of the product was done by HPLC analysis using a Pb-Phenomenex column (chapter 2, section
2.6)

4.3 Results and discussion
4.3.1 Catalyst characterization
4.3.1.1 X-ray diffraction

Fig. 4.1 shows the powder XRD pattern for the metal oxide catalysts. The wide angle XRD patterns of
the sample of La>,O3 showed reflections at 26 = 15.70°, 27.18°, 28.09°, 39.41°, 48.2° ascribed to La203
phase [JCPDS # 05-0602] corresponding to (100), (002), (101), (102), (211) planes, respectively, with
lattice constants as a= 3.397 nm and b= 6.129 nm which indicated the presence of hexagonal phase of
La,03 [JCPDS # 05-0602].5% The diffraction peaks at 20 = 15.70° and 48.80° can be indexed to the
hexagonal phase of La(OH)s corresponding to (100) and (211) planes with lattice constants as a = 0.652
nm and b = 0.858 nm.®”) The appearance of sharp peaks for the hexagonal phases of La20Os and LaOH3
denote high crystallinity of La>Os. La2O3 didn’t show typical peak for carbonated form of lanthanum
which can be observed at 26=10.2°, it confirmed the presence of La>Os phase and small amount of
La(OH)s phase in the examined sample.®® All the other catalysts used for comparison also showed well
defined phase. The wide angle XRD pattern for tetragonal phase of BaO showed the reflections at 260=
19.6°, 23.7°, 45.1°, [JCPDS#47-1488]. Whereas, reflections at 26= 23.7°, 29.1° and 55.8° were ascribed
to monoclinic ZrO, phase [JCPDS#86-1451].5% The XRD pattern for CaO showed peaks at 18.14°,
28.73°, 34.16°, 47.11°, 50.86°, 54.36°, 62.76°, 64.41°, 72.05°, and 84.87° which confirmed the presence
of CaO phase.“? The cubic phase of CeO; as confirmed by the presence of the characteristic peaks
observed at 20 = 28.83°, 33.2°, 47.9°, 56.7° and 59.4° corresponding to (111), (200), (220), (311), (222)
planes, respectively.*Y) The XRD pattern for Al,O3 showed weak diffraction peaks, observed at 20=
19.2°, 31.0°, 36.6°, 39.3° 46° 61.5° and 67° which can be indexed to the reflections at (111), (220),
(311), (222), (400), (511), (440) corresponding to the presence of y-alumina phase according to JCPDS
card: 100425.4? The detailed morphology, surface topography of the catalysts was studied FE-SEM.
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Fig. 4.1 PXRD plots for CaO, BaO, La>03, Ce;03, ZrO,, Al,Os catalyst.
4.3.1.2 Field emission scanning electron microscopy (FE-SEM) analysis

Fig. 4.2 displays the SEM images for various catalysts, in different magnifications viz. (a) CaO, (b)
BaO, (c) La20s, (d) Ce20s. In case of calcined LazOs, irregular and uneven shaped particles were
predominantly present as shown in Fig 2c. The SEM images clearly indicated the presence of pores of
varied sizes in the range 90-450 nm on the surface. The presence of these nano pores aid in providing
high surface area for adsorption. The SEM analysis of cerium oxide is shown in Fig.2d. The
morphological investigation revealed the presence of pores with spherical shaped particles distributed
on the surface with size 90-420 nm. BaO showed the presence of mixed morphology with spherical and
rod-shaped particles. Rod shaped particles were present predominantly with length in the range of 1-2.8
um and the size of the spherical particles in the range 220-450 nm as shown in Fig. 4.2 b.®% In case of
CaO as shown in Fig.2a, the morphology revealed to contain clusters of flaky particles with particle
size, viz. 150-750 nm. The percentage elemental composition was acquired by EDS analysis for all four
metal oxide catalysts screened (Supporting information Fig.s 4.21, 4.22, 4.23, 4.24). It confirmed the

presence of La,Os phase having composition in mass percentage of the elements as 39.69 % O and
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60.31 % La by weight. The peak indexing of the elements for lanthanum was 4.63 KeV and for oxygen
was 0.51 KeV.
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Fig. 4.2 Scanning Electron Micrographs for A) CaO B) BaO C) La20s and D) Ce20s.

4.3.1.3 Transmission emission Microscopy analysis

Fig. 4.3 Irregular, unordered distributions of the particles were observed at the surface. The
agglomeration of the nano particles due to aggregation of the particles by weak forces was observed
with average pore size in the range 90-500 nm. “*® Thus, from the HR-TEM characterization we
conclude that the agglomerated catalyst possess good porosity due to the presence of pores in the nano

range.“
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Fig. 4.3 (A-B) Transmission Electron Micrographs La,Oz3 catalyst and C) d-spacing for La,O3 catalyst.

4.3.1.4 A Fourier Transform Infrared spectroscopy

Fig. 4.4 A presents FT-IR spectra of calcined (La20s) in the range 400 — 4000 cm™ which showed
detailed information about the metal and oxygen bond present in the metal oxide catalysts. The FTIR
spectrum of La,O3 sample showed a prominent band at 637 cm™ which was assigned to the stretching
vibration of La-O. The intense and sharp absorption band at 3619 cm™ was ascribed to the -OH
stretching of water molecule absorbed from atmosphere on the oxide surface and the band at 1530 cm™
corresponds to the presence of extending and twisting -OH bending vibration due to the physically
adsorbed water molecule on the catalyst surface. This confirms the presence of Brgnsted basic sites in
the form of La(OH)s phase.“5*”) Hence, the appearance of the above mentioned bands in the FTIR
spectra confirmed the presence of La,Osz and the La(OH)s phases in accordance with XRD study.®®)
BaO showed an intense band at 692 cm™ corresponding to Ba-O stretching frequency. Whereas, the
band at 512 cm™ was assigned to the Ca-O stretching vibration. The Ce-O stretching frequency was
observed at 613 cm™. In case of CaO and BaO, the absorption band due to the bending vibration of the
adsorbed water molecule on the catalyst surface was observed at 1448 cm™ and intense and sharp
absorption due to the -OH stretching of the adsorbed water molecule was observed at 3645 cm™*(sharp)
and 3350-3655 cm™ (broad). The broad absorption band corresponds to the superposition of the
hydroxyl stretching bands due to the hydroxyl groups present at the metal oxide surface and the

hydrogen bond. But in CeO3, the band due to bending vibration for the adsorbed water molecule shifted
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to 1626 cm™ and a broad absorption band at 3200-3650 cm™ were observed due to absorbed water

molecule at the catalytic surface. This clearly indicates the presence of hydroxyl group on the catalytic
surface.
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Fig. 4.4 A FT-IR spectra for all metal oxide catalyst

4.3.1.4 B MeOH Fourier Transform Infrared spectroscopy

Fig. 4.4 B represents the in-situ FT-IR spectra obtained by subtracting adsorbed MeOH on metal oxide
and neat metal oxide spectra. The investigation of Brgnsted basicity was carried out by performing in-

situ methanol adsorption-IR spectroscopy. Earlier, Verneker et al. studied various interactions of
FeO(OH)at the surface by MeOH adsorption IR spectroscopy.
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Fig. 4.4 B FT-IR spectra for MeOH adsorbed on all metal oxide catalysts

Their results showed that MeOH interacts with the basic sites on the catalytic surface to form
monodentate methoxy species, bidentate methoxy species and molecularly adsorbed species with bands
observed at 1115 cm™, 1092 cm™, 1064 cm™.“*%V In Fig. 4.4 B, various interactions of the adsorbed
MeOH with the catalytic surface can be seen. The formation of H-bonded molecularly adsorbed MeOH
at the La,Os surface was observed with a band at 1064 cm™. Whereas, the bands at 1115 cmand 1092
cm indicated the formation of monodentate and bidentate methoxy species/ metal complexed methoxy
species. All these bands were observed in La,O3 Ce203 CaO and BaO catalysts. The La.Os catalyst
showed intense band at 1063 cm™ and 1117 cm™ whereas, CaO and BaO showed weak bands in this
region. The presence of these intense bands in La>Oz catalyst clearly indicates the presence of Bransted

basic sites on the catalyst surface, which play an important role in the NAG dehydration.

4.3.1.5 Brauner Emmet and Teller (surface area) and Temperature Programmed Desorption
analysis
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Table 4.1 reveals the physico chemical properties of the screened catalysts. The surface areas of the
catalysts determined by the Brunauer—-Emmett-Teller (BET) measurement using N: adsorption
desorption isotherms, were found to be 98.097 m2g~! for calcium oxide, 8.073 m?g~! for barium oxide,
12.186 m2g~! for lanthanum oxide and 13.294 m?g~! for cerium oxide catalyst. Fig. 4.26 represents the
adsorption isotherm of all the catalysts. The N> adsorption- desorption isotherm gives detailed
information of surface area, pore volume and pore size of the catalyst calculated using BJH method. The
La,Os catalyst exhibited adsorption isotherm which represents unrestricted multilayer formation due to
strong lateral interactions between the adsorbed molecules. ®2 The steepness of the isotherm was found
to decrease in the order BaO>CaO>La,03=Ce203. The hysteresis loop in case of CaO showed the
presence of relatively uniform and narrow pores whereas, the hysteresis loop for La,O3 and Ce.O3
showed the presence of narrow pores with irregular shape and size.®® ¥ Table 4.1 shows the BET
surface area in terms of (m?g™?), it showed the total surface area of 12.186 m?/g, pore volume of 0.0413
cc/g and pore diameter of 0.1357 nm.®5%0) whereas, Ce,03 showed total surface area of 13.294 m?g?
pore volume of 0.0405 ccg? and pore diameter of 0.1219 nm. Also, BaO and CaO exhibited total
surface area of 8.073 m?/g and 98.097 m?/g, pore volume of 0.0132 cc/g and 0.1569 cc/g and pore
diameter of 0.6582 nm and 0.6398 nm respectively.

Table 4.1 showed the total CO. desorbed in terms of mmol/gm as well as the temperature wise
distribution of the basic sites at the catalytic surface for all the samples under study. It was used to
determine the surface basicity of the catalytic samples. The catalytic samples exhibited three CO>
desorption peaks corresponding to the weak, moderate and strong Brgnsted basicity. The first peak in
the region of 100-200 'C represents weak Brgnsted basicity corresponding to the desorption of
physisorbed CO.. Whereas, the peak in the temperature range 200-400 ‘C represents moderate basic
strength and that in the range 400-700 °C represents strong basicity.

The orders of the total basicity of the screened catalysts were found to be BaO> CaO> La;0O3> Ce20s.
The total basicity of La,Os was 0.3854 mmol g%, 0.0867 mmol g for Ce;03, 0.7533 mmol g for CaO
and highest 0.99110 mmol g* for BaO catalyst. Fig. 4.27 represents the TPD plots for various screened
catalysts. The La,Oj3 catalyst was found to give total basicity around 0.3854 mmol g* with peak maxima
at 335 °C. Whereas, CaO was found to give basicity of 0.7533 mmol g™with peak maxima at 420 °C,
Cerium oxide showed basicity of 0.0867 mmol g* with peak maxima at 290 °C and BaO showed
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highest basicity of 0.9911 mmol g*. The CaO and BaO showed maximum desorption in the higher

temperature range.

Whereas, La,Oz and Ce2Os catalyst showed maximum desorption in the medium temperature range.
This was due to the —OH moiety at the catalytic surface and the presence of coordinated O% species as
evidenced by the MeOH-FTIR (presence of Bragnsted sites) and XRD analysis (presence of La(OHz)
phase). As, La>Os catalyst showed strong desorption peak in the low temperature range than Ce>0O3
catalyst, indicating the presence of weak but dense basic sites at the catalytic surface amongst all the
catalysts. Hence, the basic properties of the metal oxide catalyst were evaluated quantitively by CO»-

TPD measurement.
4.3.2 Catalyst screening

One pot partial deoxygenation and dehydration of NAG to 3AF and 3A5AF was studied using various
metal oxides and the results are presented in Table 4.2. NAG in absence of any catalyst under the same
reaction conditions didn’t show any formation of 3AF and 3AS5AF. Interestingly, all the metal oxides
showed activities according to acidic and basic nature, they possessed. Al>Os catalyst gave 11 % yield
of 3AF and 18 % vyield towards 3A5AF (Table 4.2, entry 1).

For ZrOz as a catalyst, NAG yields 12 % of 3AF and 6 % of 3A5AF (Table 4.2, entry 2). BaO showed
19 % and 5 % yield for 3AF and 3A5AF, respectively (Table 4.2, entry 3). CaO produced 36 % yield
of 3AF and 19 % vyield towards 3A5AF (Table 4.2, entry 4). It can be seen that the basic nature of the
catalyst is responsible for formation of the desired product i.e., 3AF as compared to activities shown by
acidic metal oxides. The 3AF yield could be enhanced by using rare earth metal oxides which possess
appreciable basic characteristics. La,O3 showed almost complete conversion of NAG with 50 % yield
towards 3AF and 21 % vyield for 3A5AF (Table 4.2, entry 5). Another lanthanum series metal oxide
Ce20z3 gave 32 % 3AF yield and 11 % vyield for 3A5AF (Table 4.2, entry 6). It can be inferred from the
above results that La,Oz was a very promising catalyst for NAG dehydration and partial deoxygenation
producing 3AF product more selectively. La,O3 showed better yield for 3AF as it possesses moderate
basicity which are Brgnsted in nature along with well distributed three-dimensional interconnected

nanopores which can be clearly seen from HR-TEM micrographs.
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These nanopores present on the surface of La,Oz play a very important role during reaction, allowing

improved diffusion of reactants and products. Further using La>Oz as catalyst optimization of various

reaction parameters was carried out for achieving the maximum yield for desired 3AF product.

Table 4.1 Physico-chemical properties of the catalysts

Sr.

No.

4

Catalyst

CaO
BaO

La,O3

Cey03

S-[BETJ?

(m?g™)

98.097
8.073

12.186

13.294

Pore

volume®

(ccg™)

0.1569
0.0132

0.0413

0.0405

Pore

diameter®

(nm)

0.6398
0.6582

0.1357

0.1219

Distribution of basic sites (mmolg™)

Temperat
uree
(°C)
(100-200)

0.00819

0.2739

0.0090

Temperat
uree

°C)
(200-400)
0.6780
0.8512

0.0940

0.0068

a- BET analysis, b- BJH method, c-Determined by CO, TPD measurement, S-[BET] - BET surface area

Table 4.2 Catalyst screening for NAG conversion to 3AF and 3A5AF

Sr.

No.

1
2
3
4
5
6

Reaction Condition: NAG (1 gm), catalyst (0.2 gm), Dioxane (25 mL), temperature, 180 °C;

Catalyst

Al;O3
ZrO;
BaO
CaO
La.Os
Cez03

reaction time, 3 h

Yield (%)

3AF
11
12
19
36
50
32

3ASAF

18
06
05
19
21
11

Temperat
uree

°C)
(400-700)
0.0753
0.1318

0.0175

0.0709

Total Basicity®
(total CO;
desorbed,

mmol g*)

0.7533
0.9911

0.3854

0.0867
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4.3.3 Effect of substrate to catalyst ratio

Fig. 4.5 presents the effect of substrate to catalyst ratio on N-acetyl-glucosamine conversion. The
catalyst loading was varied in range 5 to 25 wt. % with respect to the substrate (constant at 1 gm)
to determine its effect on NAG conversion to 3AF.With increase in the catalyst loading from 5 to
20 wt. % there was an increase in the yield from 20 to 50 %, which could be imputed to the

availability of nanopores as well as active basic sites at the catalytic surface for better adsorption.

Yield (%)

Fig. 4.5 Effect of substrate to catalyst ratios on 3AF production.

Reaction conditions: NAG (1-5 gm), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst
(200 mg).

4.3.4 Effect of time on NAG conversion:

As the catalyst loading was further increased to 25 wt. % there was slight decrease in the yield
(48 %), due to increase in the formation of humins. Thus, 20 wt. % of the catalyst was optimized
for desired conversion. Fig. 4.6 shows significant increase in 3AF and 3A5AF production with

increase in time 60 to 180 min. 3AF and 3A5AF yields were found to increase linearly with
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increase in time to maximum up to 50 % and 19 %, respectively. However, the yield of 3AF and
3A5AF was found to decrease after 180 min due to thermal decomposition of the products and

acceleration in the rate of formation of humins as by-product was favoured by elevated

temperature and prolonged time.

Yield (%)

24 4

1h >h

3h

Reaction Time (hours) i

4h

Fig. 4.6 Effect of time on 3AF production.
Reaction conditions: NAG (1 gm), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst (200

mg).

4.3.5 Effect of reaction temperature

Fig. 4.7 shows the effect of temperature on N-acetyl glucosamine conversion. NAG conversion
to 3AF with La,Os catalyst was studied by examining the reaction at various temperatures in
range 120-210 °C. Fig.8 illustrates that with increase in temperature there was a linear increase in
the yield of 3AF and reached to maximum at 180 °C. With further increase in the temperature to
210 °C, the product yield decreased as high temperature accelerated the humin formation. Thus,
with increase in temperature above 180 °C, the selectivity to 3AF decreased due to enhancement
in the formation of humins. Thus, this decreases in product yield at elevated temperature (above
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180 °C) indicates that high temperature favours humin formation. The increase in temperature
causes heat transfer resulting in increase in collisions between the particles thereby increasing
the collision frequency. This lowers the energy of activation and enhances the reaction rates. The

increasing temperature accelerated the 3AF production. Thus, maximum 50 % 3AF vyield was

observed within 3 h at 180 °C.
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Yield (%)
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Fig. 4.7 Effect of temperature on 3AF production.

Reaction conditions: Reaction conditions: NAG (1 gm), Dioxane (25 mL), Time (3 h), Temp
(180 °C), Catalyst (200 mg).

3.3.6 Solvent screening

Solvents play a vital role in various phenomena such as heat transfer, providing medium for
reaction, separation and purification of the products. Fig. 4.8 exhibits the effect of solvent on N-
acetyl glucosamine conversion to 3AF. In order to understand the influence of solvent system on
NAG conversion to 3AF and 3A5AF, several solvents such as DMA, DMSO, DMF, MIBK and
dioxane were screened. DMA, DMSO and DMF were preferred solvents as they were used for

dehydration of cellulosic and chitin biomass previously. ®” Whereas, dioxane is an aprotic
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solvent and is able to solvate various inorganic compounds in it. DMF gave highest product yield
of 55 %, while DMA, DMSO, MIBK and dioxane gave 52 %, 48 %, 39 % and 50 % yields of
3AF, respectively. Among these, DMF, DMA and DMSO are toxic and have few health hazards
and separation of products is quite tedious as these are high boiling solvents. Also, MIBK

showed low selectivity to the product due to formation of large amount of humins. Thus, dioxane

was chosen as the best solvent for this conversion.
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Fig. 4.8 Effect of solvent on 3AF production.
Reaction conditions: NAG (1 gm), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst
(200 mg).

3.2.5 Effect of addition of water on reaction pathway:

As water being green solvent and chitin biomass being readily soluble in water, the mixtures of
above individual solvents with water were screened for the conversion of NAG to 3 AF and
3A5AF. It was observed that the addition of water to the organic phase significantly decreased
the product selectivity. Thus, the addition of water to the organic phase showed negative effect

on the product yield and selectivity. This could be attributed to the fact that water caused
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acceleration in the formation of humins thereby decreasing the selectivity of the product
formation. The effect of addition of water on NAG conversion was studied by adding 50 % water
to the solvent system chosen. Fig. 4.9 shows the effect of addition of water to the solvents DMA,
DMSO, DMF, MIBK and Dioxane on N-Acetylglucosamine conversion. Thus, water has

negative effect on NAG conversion as presence of water enhances the humin formation.

Yield (%)

3AF

&
¥y
MIBK+H20O Q

Dioxane+H20 3ARAF Qﬂ

DMSO+H20
DMA+H20

DMF+H20
Solvent

Fig. 4.9 Effect of water on 3AF production.

Reaction conditions: NAG (1 gm), Dioxane (12.5 mL), Water (12.5 mL), Time (3 h), Temp (180 °C), Catalyst (200
mg).

3.3.7 Catalyst recycle Study

The recycle study of the heterogeneous (La.0s) catalyst was carried out under the optimized
conditions and results are as shown in Fig. 4.10. After the first run, catalyst was filtered and
washed with deionised water till the pale-yellow coloured catalyst faded, the catalyst was dried
at 110 °C in an oven and then calcined at 550 °C for further 3 runs. The procedure was followed
for four successive cycles. The N-acetylglucosamine conversion decreased by marginally by 3 %
(from 50 % to 47 %) due to handling losses. In order to study the changes of the catalyst surface
during the reaction, the recovered catalyst was characterized by XRD, FTIR and TGA analysis.
The XRD pattern of the used catalyst (Fig. 4.11) showed that the crystallinity of the catalyst
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remained intact and there was no deposition of any carbonatious material at the catalytic surface.
The FTIR spectrum of the reused catalyst (Fig. 4.12) was similar with that of the fresh catalyst
which confirms the stability of the catalyst. The TGA analysis Fig. 4.28 of the catalysts
confirmed that the catalyst was thermally stable. Thus, the La,Os catalyst showed exquisite

recyclability performance up to 5 cycles.

Yield (%)

Fresh run

1st run

2nd run

R 3rd run
€Cycle Rup

4th run

Fig. 4.10 Catalyst recycle study
Reaction conditions: NAG (1 gm), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst
(200 mg).
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Fig. 4.11 Powder XRD pattern for fresh calcined La,Osz and used La>,Oz metal oxide catalysts
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Fig. 4.12 FT-IR spectra for Fresh and used La,Os catalyst

5. Plausible mechanism

The N-Acetyl glucosamine undergoes ring opening in the presence of basic sites of the catalyst
to form an open chain compound as shown in Scheme I, route A. The presence of nano pores on
the catalyst surface as confirmed by SEM and HR-TEM analysis are found to play vital role in
the adsorption of the substrate molecules. The basic sites of the catalyst participate in the
abstraction of C4-OH proton (1). The nucleophilic attack of C4-O on C1-carbonyl (I) results in
the formation of five membered cyclic ring (I1) predominantly as formation of five membered
ring is favored. This (I1) further undergoes dehydration followed by elimination of CH;OHCHO
moiety. The driving force for elimination and dehydration is aromatization which provides extra
stability to the system thereby forming 3-acetamido furan (I11) as the major product with 50 %
yield. Whereas, 3A5AF (V1) is formed as a minor product with 21 % yield as shown in Scheme
I, route B, which is formed by nucleophilic attack of C4-OH on C1-carbonyl (I) results in the
formation of five-member cyclic ring (IV). This is followed by dehydration with removal of two
water molecules, as it makes the system more stable due to aromatization (V) which on keto-enol
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tautomerism results in the formation of 3A5AF (V1) with 21 % yield. *® The insoluble polymer
humins are also formed as byproduct during the course of the reaction. Both the products formed
were extracted by using a mixture of ethyl acetate and water followed by its purification by
column chromatography using 50 % ethyl acetate and n-hexane as the mobile phase. The
products formed were confirmed by *H-NMR, *C-NMR, HRMS and FTIR (NAG and 3AF,
3A5AF) analysis qualitatively (supporting information Fig.s 4.13, 4.14, 4.15, 4.16, 4.17 and
4.18, 4.19, 4.20). The NAG conversion was quantitatively determined by HPLC analysis by
keeping 0.5 mL/min flow rate of the prepared mobile phase maintaining column temperature at
80 °C and total analysis time of 20 minutes. The calibration curve is given in. Fig. 4.26 which

showed complete conversion of NAG.
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Scheme-1 Plausible mechanism for base catalyzed dehydration and partial deoxygenation of N-
acetyl-D-glucosamine. (Route A: Formation of 3- acetamido furan, Route B: Formation of 3-
acetamido- 5- acetyl furan)
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Fig. 4.13: 'H NMR spectrum of 3A5AF produced from N-acetyl-D-glucosamine [IH NMR
6H (298K, 200 MHz, DMSO-d6) 2.08 (s, 3H), 2.45 (s, 3H) 7.23 (d, J = 0.8 Hz, 1H),8.23 (d, J
= 0.8 Hz, 1H), 10.28 (s, 1H)]
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Fig. 4.14: 'H NMR spectrum of 3AF produced from N-acetyl-D-glucosamine [*H NMR 6H
(298K, 200 MHz, DMSO-d6) 1.99 (s, 3H), 6.38 (dd, J = 0.8 Hz, 1H), 7.51 (t, J = 0.8 Hz, 1H),
7.92 (dd, J = 0.8 Hz, 1H), 9.97 (s, 1H)]
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Fig. 4.15: 3C NMR spectrum of 3A5AF produced from N-acetyl-D-glucosamine [**C NMR
6C (298K, 500 MHz, DMSO-d6) 22.36, 26.32, 111.47, 127.51, 135.71, 150.23, 168.17, 186.52]
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Fig. 4.16: 13C NMR spectrum of 3AF produced from N-acetyl-D-glucosamine [**C NMR 6C
(298K, 400 MHz, DMSO-d6) 23.23, 105.25, 125.58, 131.40, 142.80, 167.58]
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Fig. 4.19: FTIR plot for N-acetyl-D-glucosamine

1680 Cm | o
1450 Cm’ ' =1 3420Cm ~
= 1638 C m o
&\i " H’N ‘{
@ -1
o 1026 Cm
[
k=
£
[72]
=
& 2 3AF
= 1450 Cm P °
1650 Cm r\% "
k: N
sa20cm” WX
-
1032 Cm
1 L) I 2 1 2 Ll 9 1 4 1 > L] L
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (a. u.)
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Calibration curve of NAG in HPLC
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Fig 4.28: Calibration curve of N-acetyl glucosamine (NAG)
6. Conclusion

A comparative study of various metal oxide catalysts such as La>0s, Cez03, Al2O3, ZrO2, BaO
and CaO was undertaken for the dehydration of N-acetyl glucosamine to render important
furanic compounds. The physico-chemical properties of the catalyst were studied by XRD, CO-
TPD, BET surface area measurements, SEM, HR-TEM, MeOH- FTIR analysis. The parameters
such as solvent, temperature, time and substrate concentration were optimized for efficient
catalytic activity. Various experiments carried out with organic solvents and their mixtures with
water revealed that dioxane was the best solvent for NAG conversion whereas, water was found
to inhibit the reaction thereby accelerating the formation of humins. La;Os excel as catalyst for
the transformation of N-Acetylglucosamine which yields 50 % 3AF and 19 % 3A5AF at 180 °C
in 3h. The superior performance was attributed to the presence of moderate basicity which was
Bransted in nature as confirmed from MeOH-FTIR originating from presence of La(OH)s.While,
FE-SEM, and HR-TEM disclosed existence of nanopores on the catalytic surface. The
cooperative effect of Bransted basicity and nanopores (90-450 nm) were found to play important
role in NAG conversion to N-containing platform molecules. We reported for the first time the
use of heterogeneous catalyst La>Os to produce 50 % 3AF and 21 % 3A5AF yield which was 10
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times more than the yield reported by the pyrolysis method. The catalyst was recyclable upto 4

cycles and easily separable.
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One pot glycidol synthesis via glycerol transesterification with DMC over mixed metal
oxide

Abstract:

The present article discloses use of metal oxides and mixed metal oxide of Sr:Cu:Al (2-4-4)
as a heterogeneous catalysts for one pot synthesis of glycidol and process for its separation
from the reaction crude. Various metals like Na, Mg, Ca, Sr, Ba, Cs, Rb were mixed with Cu-
Al catalyst by co-precipitation method and their activity performance for one pot glycidol
synthesis was studied. The detailed characterization of the prepared catalysts by BET, XRD,
XPS, FE-SEM, HR-TEM and FTIR technique confirmed the presence of Cu*? (CuO and
CuAl;04) as well as Cu*! responsible for the efficient formation of the product GD. One-pot
synthesis of GD over Sr-Cu-Al (2-4-4) mixed oxide catalyst achieved 66 % selective
formation of GD with the expense of 78 % glycerol conversion as shown in the Scheme 1

below.
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Scheme 5.1. One pot synthesis of glycidol via glycerol transesterification of glycerol.

5.1 Introduction:

Abundant availability of glycerol through biodiesel synthesis made enforcement for the use
of glycerol as a feedstock for the synthesis of various attractive chemicals like, diols,
carbonates (both linear and cyclic), esters, lactic acid etc. One of the 12 principles of green
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chemistry favours the use of bio-derived platform chemicals for the production of value-
added chemicals, this has attracted the attention of the upcoming researchers towards the
glycerol conversion as it has several industrial applications.

Glycerol is considered one of the top most 12 bio-derived platform molecules. The most
interesting aspect of glycerol is its versatile reactivity to produce broad spectrum of
compounds like acrolein, acrylic acid, lactic acid, 1,2-propanediol, 1,3-propanediol, allyl
alcohol, dihydroxyacetone, hydroxyacetone, glycerol carbonate, and glycidol. Recently,
glycidol (GD) has got the special attention of researchers because of its potential applications
in different industries. World market price of glycidol ranges US $ 15-18/kg which is high
enough as compare to glycerol (US $ 0.2-0.5/Kg). Hence, glycidol is a high value product
with elevated demand in the commercial market. Glycidol can serve as a monomer for the
synthesis of polymers like polyurethane, polycarbonate, and polyestersi*l which fulfil the
day-to-day life needs of modern society. Similarly, GD can serve as a raw material for the
manufacture of glycidyl ethers and pharmaceuticals as well as in perfumes and cosmetics,
detergents, paints, de-emulsifiers, and dye-leveling agents.[! It can also hand out as a plastic
modifier, surfactant, and fire retardant.>" Glycidol is also having some medicinal value
where it has application in analgesic and antiviral drugs actively functions against HIV (EP).
Thus, the glycidol production from biomass based starting materials finds its way to replace
the exhausting fossil fuel-based materials and this provides a better, cost effective and
efficient pathway for the production of value-added products. A short review published by
Prete et al. discusses the synthesis of various organic compound derived from glycidol having
wide spread industrial applications. For eg. 1, 2 and 1, 3-propanediol, glycerol carbonate, sol-
ketal, monoalkyl glyceryl ethers, and polymers.®!

Conventionally, glycidol is produced by the epoxidation of allyl alcohol with H>O> as
the oxidizing agent catalyzed by tungsten/ vanadium oxide-based catalyst. The second route
involves the use of biomass derived glycerol which on treatment with Lewis or Brgnsted acid
catalyst produces bio-based epichlorohydrin. Epichlorohydrin has wide range of industrial
applications world-wide as it is used as a monomer for the production of epoxy resins and
various intermediates for the synthesis of polymers. The epichlorohydrin has huge demands
and a market value of 1.8-2.5 US $/Kg. The reaction of epichlorohydrin with bases or caustic
leads to 47 % glycerol conversion with 92 % glycidol production.® I Both the routes have

major disadvantages of multistep synthesis, separation of glycidol from the reaction mixture,
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decomposition of tungsten during the process eventually leading to higher product costs and
generation of stoichiometric amount of inorganic wastes, thus, far from sustainability.

In the literature, one pot consecutive liquid phase GD synthesis was also studied
extensively, by using urea or dimethyl carbonate as a carbonylating agent for glycerol
transesterification followed by GC decarboxylation to GD and CO. The glycidol synthesis
from glycerol carbonate was first reported by Malkemus et al. and Currier et al. by using a
metal salt as homogeneous catalyst to produce 80-90 % glycidol at 175-225 °C and at low
pressure in a continuous flow (1-100 mm of Hg).[*Yl Gaset et al. reported and patented the use
of Zeolite-A for the production of 72 % glycidol by using Glycerol as a substrate in 1 h, at
low pressure and 185 °C temperature.[!?l Lee et al. employed Zn(OAc)2 as a homogeneous
catalyst for glycerol transesterification with urea in the presence of acetonitrile as a solvent
yielded 67 % GD within 1.5 h.[*%]

Until recently, the one-pot synthesis of GD from GL and DMC has relied on a variety of
homogeneous and heterogeneous catalysts, including tetraethylammonium amino acid ionic
liquid, KF/sepiolite, tetramethylammonium hydroxide ionic liquid, and NaAlO2. A number of
one-pot GD syntheses using GL and DMC have recently been reported.l}4]
Tetraethylammonium pipecolinate ([N2222][Pipe] was used to produce 79 % GD with 96 %
conversion of GL, by Zhou and colleagues. The results were presented using density
functional theory (DFT), which revealed the carboxyl group in ([N2222][Pipe]) had
outstanding performance, providing an efficient substrate activation. '8 Parameswaram et al.
reported that the increased basic strength of the Mg/Zr/Sr (3:1:1) MMO catalyst enhanced the
decarbonylation of the glycerol carbonate to selectively yield 40 % glycidol. The catalytic
activity was due to the presence of high basic character and homogeneous distribution of SrO
and stability of ZrO, phase over MgO. 1 In addition, Elhaj and associates reported that one
of the synthesized series of functionalized quaternary ammonium salt ionic liquids produced
87 % GD with 96 % GL conversion. Elhaj et al. reported the catalytic transesterification of
glycerol in the presence of KNO3/Al>0O3 nanoparticle. The solid base catalyst was prepared by
wet impregnation method and the catalytic activity was attributed to the presence of KO to
produce 64 % glycidol with 95 % glycerol conversion at 70 °C and 120 min. 221 Qur
approach for the one pot glycidol synthesis via glycerol transesterification with DMC, has

various merits over the conventional routes such as, simple catalyst system, short reaction
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time, complete recovery of solvent with product separation and practical yield of desired
product.

5.2 Experimental Section
5.2.1 Chemicals: glycerol, dimethyl carbonate, methanol, ethanol, acetonitrile, iso-propanol,

dimethyl formamide, distilled water obtained by distillation followed by filtration.
5.2.2 Experimental procedure

Typical co-precipitation method was used to synthesize nano-size Sr-Cu-Al mixed metal
oxide (MMO) catalyst under alkaline conditions and their detail experimental procedure is
discussed in Chapter 2 (Section 2.3.9). The prepared catalysts were characterized by XRD,
BET-surface area, HR-TEM, SEM-EDX, FT-IR, Py-IR, and XPS technique as mentioned in
Chapter 2 (sections 2.4.1- 2.4.4, 2.4.6, and 2.4.13, respectively).

The Catalyst activity testing was done in a 50 mL parr autoclave assembly glycerol and
dimethyl carbonate in 1:3 molar ratio charged along with 20 mL of methanol. Catalyst of 100
mg was also added and reaction was carried out at 140 °C for 90 min with 1000 rpm stirring.
Product mixture was filtered to separate catalyst and sample from mother liquor was injected
to GC for analysis. At the end of reaction, the catalyst was recovered by filtration and washed
three times with 10 mL DI water, then dried at 120 °C overnight in a vacuum oven followed

by calcination at 550 °C for 3 h and reused
5.3 Results and discussion
5.3.1 Catalyst Characterization

5.3.1.1 Brauner Emmet and Teller (surface area) and Temperature Programmed

Desorption analysis

Table 5.1 reveals the physico-chemical properties of the screened catalysts. The N
adsorption- desorption isotherm gives detailed information of the total surface area, pore
volume and pore width of the catalyst calculated using BJH method. The N2 adsorption-
desorption isotherms reveals the BET surface area of the catalysts which was found to be 280
m?/g for Cu-Al (5-5) and 37.89 m?/g for Sr-Cu-Al (2-4-4). The Cu-Al (5-5) exhibited pore
volume of about 1.132 cc/g and pore width of 8.922 nm which was found to decrease in case
of Sr-Cu-Al (2-4-4) 0.125 cc/g and 5.689 nm respectively, which indicated mesoporous
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nature of both the catalysts. This decrease in the surface area may be due the incorporation of
the Sr in the CuAl>04/Cu-Al lattice which was confirmed by XPS and XRD technique. Sr

doping in the Cu-Al catalyst affected on the surface area and pore volume (considerable

decrease) might be due to blocking of the pores on the surface. From Fig. 5.1 it is clear that

both the catalysts Cu-Al and Sr-Cu-Al exhibited Type-1V isotherm profiles with H-3 type of

hysteresis loop located in the range 0.5 to 0.9 consistent with the cavitation induced

evaporation and confirmed the mesoporous nature of the catalyst. 22231, As, compared with

the fresh catalyst around 80 % decrease in the surface and 9-fold decrease in the pore volume

was observed this may be due to sintering of Cu as a result of its exposure to high

temperature. Type-1V isotherm revealed the relationship between the shape of the hysteresis

loop and the textural properties such as pore size distribution, pore volume, pore geometry

and pore connectivity in case of meso-porous nature of the catalysts 24?51, Both the catalysts

exhibited isotherm which represents (mixed morphology from SEM-cube, rod and sheet) like

particles thereby giving rise to slit shaped pores present at the catalytic surface responsible

for enhanced catalytic activity thereby resulting in selective (66 % selectivity and 78 %

conversion) formation of GD.

Table 5.1. Physico-chemical properties of prepared catalyst.

Sr. No. Catalyst
1 Cu-Al (5-5)
2 Sr-Cu-Al (2-4-4)
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Figure 5.1. N, adsorption-desorption isotherm for prepared catalyst.
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5.3.1.2 X-ray diffraction

Fig. 5.2 a reveals the typical wide angle XRD of bare SrO (space group Fm3m) with
reflections at 26=25.8° (110), 35.0° (200), 38.5° (101), 48.2° (400), 61.3° (311), 74.15° (400).
The data matches with the JCPDS Powder Diffraction File No. 75-0263. However, some low
intense peaks at 20 = 26.2° (110), 28.9° (101), 37.8° (111), 72.3° (131) were observed which
correspond to the Sr(OH). [(JCPDS Powder Diffraction File No. 71-2365).]. The appearance
of sharp peaks for both SrO and Sr(OH). suggests the highly crystalline nature of the
compound.?8ll Fig 5.2 b gives the reflections at 20=38.8° (222) for Cu and Al mixed oxide
phase with 1:1 ratio showing slight broadening of the peaks as compare to SrO, suggesting
slight amorphous nature of the Cu-Al (1-1) composition. Fig 5.2 ¢ diffractogram reveals
strong reflections at 26= 35.3° (110), 38.78° (011), 48.65° (202), 58.52° (022), 61.6° (113),
66.11° (311), 68° (220) corresponds to Cu-Al mixed oxides phase. The reflections at 26=
35.3% and 38.78° (111) confirmed the presence of CuO phase [JCPDS 80-1268] and Cu.0
with 20 = 38.78° (101) [ JCPDS 75-2357] and Al,O3 71, The incorporation of Sr (in varying
ratios) in to Cu-Al mixed oxide lattice showed diffractogram as shown in Fig. 5.2 ¢, d, e. [28
The peaks at 20 =38.2° (211), 49° (312), 53° (400) revealed the presence of SrCuO, mixed
oxide phase. [° There were no peaks observed for the metal carbonate phase.
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# s
$
. # 5y $

¢) SCA (1-4.5-4.5)

‘l
e O

b)CA(1-1) $| $
- .J*UM

a) SrO

1 20 30 E) 50 60 70 30 90
2 Theta

Figure 5.2. Wide angle XRD patterns of bare SrO and Mixed oxides of Cu-Al and Sr at

various ratios.
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5.3.1.2 Fourier Transform Infrared spectroscopy

Fig. 5.3 gives the detailed FTIR analysis in the range 400-4000 cm™. The FTIR spectrum of
Sr-O showed a characteristic metal oxide peak at 616 cm™ which could be ascribed to the Sr-
O stretching vibration. The sharp band at 1332 cm™ for OH-bending and a broad but weak
band at 3457 cm for longitudinal OH-stretching confirmed the presence of adsorbed water
molecule at the catalytic surface. 9 Whereas, there was no presence of hydroxyl peak in the
spectra. In case of Cu-Al catalyst the presence of broad peak at 595 cm™ was assigned to Cu-
O stretching vibration and the bands at 528 cm™ could be assigned to Cu (11)-O ie. metal
oxide stretching vibrations. The presence of a broad peak at 3435 cm™ was assigned to the
OH stretching and 1343 cm™ for OH-bending vibration due to the adsorption of water
molecule from the atmosphere at the in the interlayers. G The peak at 455 cm™ and at 848
cm™ was ascribed to the presence of Cu-O and Al-O stretching vibration. Whereas, in case of
Sr-Cu-Al there was presence of 600 cm™ assigned to the Sr-O stretching vibration and 455
cm?® and at 833 cm? ascribed to presence of Cu-O and AI-O stretching vibrations
respectively which confirmed the doping of Sr on Cu-Al support.©®? The presence of broad
band at 3600 cm™ due to OH stretching vibration and 1430 cm™ for OH-bending was an

indication of the presence of adsorbed water molecule at the interlayers in the catalyst.

¢)Sr-Cu-Al (2-4-4)

3600

b)Cu-Al (5-5) |

Intensity (a.u.)

516

1332
500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Figure 5.3. FTIR spectra for the prepared catalyst.
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5.3.1.3 X-ray photoelectron spectroscopy

Fig. 5.4 represents X-ray photoelectron spectra of Sr-Cu-Al catalyst. In which Fig. 5.4 (a)
clearly showed a doublet of Sr 3d for Sr 3ds2 and Sr 3ds; spin orbital states due to two
crystallographic positions observed for Sr*2 at B.E. of 133.7 and 135.08 eV, respectively
which could be attributed to the presence of bond between Sr and the perovskite matrix as
shown in Table 5.2. This was found in good agreement with the literature reports.®® XPS
spectra of O 1s (Fig. 5.4 b), after deconvolution showed three peaks at B.E. of 533, 532.3 and
532.1 eV out of which peaks at B.E. of 533, 532.3 eV corresponded to Sr-O, Cu20 bridging
oxygen atoms in the metal oxide framework while, the peak at B.E. of 532.1 eV was assigned
to non-bridging oxygen atoms as O-Cu. Cu 2ps;2 XPS shows a peak at 934.5 eV.®439 |n the
Al 2p region two distinct peaks were observed at 74.3 eV and 74.8 eV for SrAl,O4and Al,O3
respectively. The intense peak in the XPS spectra were observed due to the primary
photoemission from Cu (1) O state whereas, the doublet is observed in case of Sr due to the
transfer of one or two electrons from filled 2p orbitals of oxygen species into the vacant 3d
orbital of Sr species. The XPS spectra of reused catalyst showed retention of all the peaks at
same binding energy, which clearly suggest there was not any considerable change in

oxidation state of metals after use of the catalyst.

Table 5.2 Binding energy and peak area for the two-core level excitation in Sr-Cu-Al

catalyst.

Sr.No. Core level Binding Energy (eV) Peak Area
1 3d3/2 133.70 27500

2 3d5/2 135.08 16900

a)Sr 3d
16000
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Figure 5.4. a-c High-resolution spectra (core XPS spectra) of Sr 3d, O 1s, Cu 2p,

respectively.
5.3.1.4 A Field emission scanning electron microscopy (FE-SEM) and EDAX analysis

Figure 5.5 shows the morphology for bare SrO, Cu-Al (1-1), Sr-Cu-Al (2-4-4) estimated
from FE-SEM imaging by epitaxial scanning (Fig. 5.5 a, b, c) and their elemental
composition was estimated from E-DAX patterns (Fig. 5.5 1, ii, iii). Uneven, unordered sheet
shape morphology with varying shape and size was observed in case of SrO as shown in Fig
5.5 a, whereas, Cu-Al catalyst exhibited defined mixed morphology of cube, rod and sphere

shape particles.

The diameter of the spheres was found in the range 40-85 nm (Fig. 5.5 b). In Fig. 5.5 c after
Sr doping in Cu-Al catalyst the morphology changed forming wide sheets of Cu-Al of
varying size and uneven shape with cube, and spherical shaped particles well decorated all

over the sheets.

E-DAX patterns matched approximately the elemental composition of corresponding oxide.
In case of SrO it confirmed the presence of 72.38 Wt. % of Sr and (O) 27.62 Wt. %, Cu was
33.84 Wt. %, Al was 26.38 and (O) 39.78 Wt. % in Cu-Al (1:1) and in case of Sr-Cu-Al (2-4-
4) the elemental composition was found to be Cu 22.45 Wt. %, Sr 38.32 Wt. %, Al 10.76 Wt.
%, (O) 28.47 Wt. % as shown in respective Tables in the image in Fig5.5 (i, ii, iii)

respectively.
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Figure 5.5. FESEM images and corresponding EDAX pattern (i, ii, iii) for a), SrO, b) Cu:Al
(2:1) and c) Sr-Cu-Al (2-4-4).

Figure 5.6. FE-SEM images of Sr-Cu-Al catalyst, a) Sr:Cu:Al (3-3.5-3.5) , b) Sr:Cu:Al (3-
3.5-3.5) , ¢) Sr:Cu:Al (4-3-3), d) Sr:Cu:Al (4-3-3)

133



Chapter 5

5.3.1.4 B Field emission scanning electron microscopy (FE-SEM) analysis for MMO in

varying ratios

The Fig. 5.6 illustrates the morphology of the prepared Sr-Cu-Al catalyst in varying ratios a)
Sr:Cu:Al (3-3.5-3.5), b) Sr:Cu:Al (3-3.5-3.5) , ¢) Sr:Cu:Al (4-3-3), d) Sr:Cu:Al (4-3-3) by co-
precipitation method. Fig. 5.6 (a, b) showed the presence of mixed morphology containing
spheres, cube and spherical shaped particles well distributed at the surface of the catalyst
along with the presence of sheets of uneven and unordered morphology. The diameter of the
spheres was found in the range 123-193 nm and the length of the spheres were found to be
1.1-1.3 pm. The Fig. 5.6 (c, d) represents the magnified view of the Sr:Cu:Al (4-3-3), d)
Sr:Cu:Al (4-3-3) catalyst. It showed the presence of spherical shaped particles as well as
large spheres deposited and well distributed over the larger uneven sheets. The size of the
spherical particles was found in the range 30-45 nm and the diameter of the spheres was
found to be in the range 84-135 nm. It was clearly observed that with increasing the ratio of

Cu-Al in the catalyst the spherical morphology dominated over the spherical shaped particles.

: 473 @ Se-Cu-Al 2-4-4)
¥

£ 213 22
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Figure 5.7. Elemental mapping images of Sr-Cu-Al catalyst, A) FESEM image, B) CuK, C)
AIK, D) Sr-Cu-Al (2-4-4) elemental composition E) SrL, F) OK
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5.3.1.4 C Elemental mapping

Fig. 5.7 presents the elemental mapping images of the optimized catalyst Sr-Cu-Al catalyst,
A) FE-SEM image, B) CuK, C) AIK, D) Sr-Cu-Al (2-4-4) elemental composition E) SrL, F)
OK. Fig. 5.7 A) showed the presence of well distributed spheres and spherical shaped
particles on the uneven sheets with the sphere-shaped particle morphology dominating.

The dispersion pattern of Cu, Al, Sr, (O) was revealed by the elemental mapping images Fig.
5.7. B-F respectively. Cu was shown in yellow whereas Al was shown in green and Sr in
orange. The oxygen species present in all the three metals was shown in blue colour. The
EDAX pattern of the catalyst (Fig. 5.7 D) revealed that (O) was almost 47 % by weight, Sr
was 9 % by weight, Al was 22 % by weight and Cu was found to be 21 % by weight.

Figure 5.8. HRTEM images for Sr-Cu-Al (2-4-4) catalyst.

5.3.1.5 High Resolution-Transmission emission Microscopy analysis

Fig. 5.8. a-d HRTEM images for Sr-Cu-Al (2-4-4) catalyst. The image as shown in Fig. 5.8
a-b revealed the presence of various minute pores at the catalytic surface well distributed all
over. The image Fig. 5.8 ¢ represents the SAED pattern of the catalyst which showed the
presence of characteristic planes (110), (111), (220), (221) which corresponded to the
presence of SrO, Sr(OH)2, CuO, Cu20 and Cu-Al mixed phase as conformed by the XRD
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analysis as shown in Fig. 5.8 a above. The image Fig. 5.8 d shows the elemental composition
and it confirmed the presence of Sr, Cu, Al and (O) in the catalytic sample.

5.4 Activity performance

Scheme 5.2 Glycerol transesterification with DMC to produce Glycidol.

One pot synthesis of Glycidol by transesterification of glycerol over DMC:

The Lewis basic sites on the Sr-Cu-Al catalyst surface first activate the glycerol molecule,
abstracting the acidic proton from the primary -OH group of the glycerol molecule, and then
the Lewis acidic sites on the Cu-Al catalyst surface activate the carbonyl group of the DMC.
Additionally, the attack of nucleophilic sites at the electronegative oxygen atom of the
glycerol OH group on the electrophilic carbonyl carbon of the dimethyl carbonate leads to the
elimination of the methanol together with the removal of the methoxy group. Following that,
the attack of secondary -OH group of glycerol on the dimethyl carbonate's carbonyl carbon
results in the formation of glycerol carbonate, which eliminates the second molecule of
methanol. The next process is cyclization, which produces glycerol carbonate (111). Once GC
is formed, the Lewis basic sites present at the catalytic surface (Sr-Cu-Al) of Sr particularly
result in the abstraction of the acidic proton of the primary -OH group of glycerol carbonate
followed by the cleavage of the carbon-oxygen bond (C-O) at the 1-2 and the 3-4 position of
the ring due to the nucleophilic attack of the electronegative oxygen atom thereby resulting in
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the formation of cyclic 3-membered glycidol ring product as the major product. The strong

basic sites present at the catalytic surface (Sr) is the driving force for the decarboxylation of

glycerol carbonate resulting in the formation of the product glycidol. Since both acidic and

basic sites at the Sr-Cu-Al catalyst are necessary for the activation of the substrate molecule

and the subsequent selective formation of glycidol (V) as the product, it follows from the

above mechanism that glycerol must be trans-esterified over dimethyl carbonate to yield

glycidol. According to the literature, a number of other by-products, including I, 11, 1V, VI,

VII, and VIII, are also produced during the transition. Lewis acidic and Lewis basic sites, as

well as the existence of nano-pores at the catalytic surface, might be responsible for the

catalyst's enhanced activity. As a result, the Sr-Cu-Al catalyst produced GD with a nearly 66

% selectivity at the cost of a 78 % glycerol conversion.

5.4.1 Support screening

Table 5.3 Support screening for the glycidol synthesis.

Sr.  Support
No

1 Activated charcoal
2 MCM-41
3 ZSM-5

4 Acidic graphene

5 Al203
6 CuO

7 Nb20s
8 MMT

9 Bentonite

% % Sele.

conv.

GD GC Other

38 17 82 1

52 2 92 6

53 35 64 1

40 3 97 1

56 44 55 1

63 52 46 1

51 52 35 13

20 20 79 1

21 23 76 1
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Various alkali as well as alkaline earth metal mixed metal oxides with Cu-Al were prepared
by co-precipitation method. Various mixed metal oxide containing most basic oxides of alkali
and alkaline earth metal with Cu-Al as well as different acidic, neutral as well as basic
supports were screened towards the transesterification of glycerol to glycidol production to
achieve maximum conversion and selectivity towards the desired product. The effect of
support on catalytic activity for glycerol transesterification followed by decarboxylation to
GD was done with varied nature of support starting from acidic-neutral-basic as shown in the
Table 5.3.

Activated charcoal showed 17 % selectivity towards GD with 82 % selective formation of
GC but the glycerol conversion was only up to 38 % (Table 5.3 Entry 1). Acidic structured
silica in the form of MCM-41F®1 js showing higher selectivity towards the transesterification
product GC (92 %) with 2 % GD and 52 % glycerol conversion (Table 5.3 Entry 2). ZSM-5
catalyst was found to be bit active for second step of decarboxylation of GC giving 35 % GD
selectivity with similar conversion range of glycerol (53 %) as that of MCM (Table 5.3 Entry
3). Further, acidic graphene (Table 5.3 Entry 4) showed selective formation of GC (97 %)
with a very low glycerol conversion (40 %). Some of the bare oxides of transition metal were
also screened for this one pot GD synthesis.

Interestingly, oxides of Al and Cu (Table 5.3 Entry 5 and 6) showed highest glycerol
conversion among all the studied support up to 56-63 % with near about equal selectivity
towards GC and GD (55-46 and 44-52, respectively). Nb2Os (Table 5.3 Entry 7) was found to
be active for glycerol conversion up to 51 % but the 13 % selectivity towards another
byproduct was observed. Clay material like MMT and bentonite (Table 5.3 Entry 8 and 9)
was found to be less active for glycerol conversion (20-21 %) with higher selectivity towards

transesterification product (79 and 76 %, respectively).

Hence, support study clearly suggests oxides of transition metal and p-block elements are
having balanced acid-base property which makes them most active for one pot synthesis of
GD.

5.4.2 Catalyst screening and catalyst optimization:
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Table 5.4 Catalyst screening for the glycidol synthesis.

Sr.  Support % % Sele.
No conv.

GD GC Other
1 Activated charcoal 38 17 82 1
2 MCM-41 52 2 92 6
3 ZSM-5 53 35 64 1
4 Acidic graphene 40 3 97 1
5 AlzO3 56 44 55 1
6 CuO 63 52 46 1
7 Nb2Os 51 52 35 13
8 MMT 20 20 79 1
9 Bentonite 21 23 76 1

The reaction did not proceed without any catalyst (blank reaction) and from above support
screening it was clear that the GD synthesis required basic condition. As the basic sites were
required for the abstraction of the acidic proton of the hydroxyl group of glycerol followed by
its attack on the electron deficient carbonyl carbon of the DMC. Further study was done by
preparing mixed oxides of Cu-Al along with most basic oxides of alkali and alkaline earth
metal to achieve higher selectivity towards target compound i.e. GD as shown in Table 5.4.
Glycerol conversion for all the metals of S-block was found to be ranging from 41-56 % with
a varied selectivity towards GD and GC. Very interestingly, 10 % Sr doped Cu-Al catalyst
was found to be most active with 53 % glycerol conversion without formation of any other
byproducts like mono-, tri-carbonate of glycerol, glycidol carbonate, linear carbonate of

pendant —OH group of GC. Whereas, in case Rb, Cs, Ca etc. the conversion was found to be
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good in the range 47-56 % with GD selectivity in the range 11-44 % but these MMO showed
formation of more amount of byproducts (10-15 %) which was not feasible for the given
transformation.

Task specific Sr-Cu-Al catalyst was further studied in detail as discussed in the consecutive
sections. Thus, Sr-Cu-Al was chosen to be the optimum catalyst for the glycerol
transesterification to glycidol with lowest formation of byproduct (1 %) which can be
evidenced from the Fig. 5.9.
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Metal screening

Figure 5.9. Activity performance of various alkali and alkaline earth metal for the one pot

synthesis of glycidol.
5.4.3 Parameter optimization

The effect of various parameters such as the time, temperature, catalyst loading, metal
loading and the catalyst recycle study was performed. These results have been discussed in

detail as given below.
5.4.3.1 Temperature Effect

The effect of temperature on activity of the catalyst was studied in the temperature range 120-
180 °C. It was observed that there is a linear rise in the glycerol conversion from 35-86 %,

but the selectivity pattern has varied tremendously. At 120 °C temperature, glycerol
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transesterification with DMC giving selective formation of GC and no further
decarboxylation of GC accomplished. However, further 20 °C rise, triggers the
decarboxylation of GC to GD (66 % sel.) along with cyclization of by-product like mono
carbonate of glycerol. Further 20 °C rise in temperature give rise to excess carbonylation

products by reaction of DMC with pendent hydroxyl group of GC and GD.

100 100
HEE Glycerol Conv.
Glycidal Sel.
g0 { HEE Glycerol carbonate Sel. 90
HEEN Byproduct Sel.

80 r&o

70 r7o

60 r 60

50 r50

40 1

Conversion (%)
Selectivity (%)

30

20 4

120 140 160
Temperature (°C)

Figure 5.10. Effect of temperature
5.4.3.2 Time on stream

The reaction progress with time was studied by withdrawing sample from the reactor with
every 30 min of time interval. Initially, reaction rate was faster achieving almost half of the
glycerol conversion with higher selectivity towards transesterification product GC. After 1h
of reaction time conversion was increased just by 10 % but the selectivity towards
decarboxylation product GD (51 %) was enhanced with the expense of GC (48 %). Later on,
as the time passes conversion was reached up to 80 % within 2 h of reaction time but no any
considerable change was observed in selectivity pattern of GC (30 %) and GD (66 %).
Therefore, 90 min reaction time was optimized for the one pot synthesis of GD via glycerol
transesterification.
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Figure 5.11. Time on stream
5.4.3.3 Catalyst Loading

The impact of catalyst concentration on glycerol transesterification and GC decomposition is
shown in the below table. The glycerol conversion increased successively from 42 % to 83
% with an increase in catalyst dosage from 0.05 g to 0.3 g. Whereas, with increase in the
amount of catalyst there was increase in the GD selectivity for 0.05g (22 %), 0.1 g (66 %),
0.2 g (68 %) but for 0.3 g it was found to decrease slightly to 65 %. In case of GC selectivity
there was consecutive decrease in the selectivity from 77 % for 0.05 g to 30 % for 0.3 g

respectively.

Also, the GD vyield for 0.05g (9 %), 0.1 g (51 %), 0.2 g (53 %) but for 0.3 g it was found to
increase slightly to 55 %. In case of GC yield there was consecutive decrease in the yield
from 32 % for 0.05 g to 24 % for 0.3 g respectively. Thus, with increase in the catalyst
loading the GD vyield was found to increase whereas, the GC yield decreased and 0.05g

loading reported the least conversion (42 %) and 0.3g with highest conversion (83 %).
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Table 5.5 Effect of catalyst loading on Glycerol transesterification

Sr. Catalyst % % Selectivity % yield

No. wt.(g) conversion
GD GC Other GD GC

1 0.05 42 22 77 1 924 32.34
2 0.1 78 66 33 1 51.48 25.74
3 0.2 81 68 30 2 55.08 24.3
4 0.3 83 65 30 5 53.95 249
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Figure 5.12. Effect of catalyst loading
5.4.3.4 Metal loading effect

Studying the impact of different Sr-Cu-Al molar ratios on glycerol transesterification with
DMC and presenting the findings in Table 5.6 allows us to better understand the function of

the base and acid sites on the catalytic surface that are responsible for conversion.
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Table 5.6 Effect of Sr-loading on Glycerol transesterification

Sr.  Support % % Sele % yield
No. conv.

GD GC Other GD GC
1 Sr-Cu:Al (1:4:4) 53 44 55 1 24.2 29.15
2 Sr-Cu:Al (2:4:4) 78 66 33 1 51.48 25.74
3 Sr-Cu:Al (2.5:4:4) 75 63 30 7 47.25 22.5
4 Sr-Cu:Al (3:4:4) 73 60 30 10 43.8 21.9

With a ratio of (1:4:4) loading of Sr/Cu-Al, the catalyst produced 53 % glycerol conversion
with 44 % glycidol selectivity and 55 % glycerol carbonate. Higher glycerol conversion of 78
%, 66 % glycidol selectivity, and 33 % glycerol carbonate were seen in Sr-Cu-Al ((2:4:4)
loading). With a slightly lower 63 % glycidol selectivity and 30 % selectivity towards
glycerol carbonate with a 75 % glycerol conversion, Sr-Cu-Al ((2.5:4:4) loading) produced
results. Further increasing the molar ratio of Sr/Cu-Al ((3:4:4) loading) revealed further

lowering of the glycerol conversion (73 %) and maximum GD yield of (51 %).

While GD selectivity continued to decline, reaching 60 % and 30 % for GC, respectively. In
light of this, it was found that Sr-Cu-Al ((2:4:4) loading) generated results with the maximum
GL conversion and the highest selectivity towards GD and GC as shown in Table 5.6. and
Fig. 5.13. While both GL conversion and selectivity towards GD and GC decreased with
further increase in catalyst loading, respectively.
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Figure 5.13. Effect of Sr loading.
5.5 Analysis of the products:

The complete reaction was studied and the reactants, products as well as various by-products
were examined and detected by using the Gas Chromatography as shown in the Fig. 5.14-

5.21. The GC conditions were as follows:

GC Conditions:
e GC: shimadzu 2025

Column: Capillary HP-FFAP (Free fatty acid phase column)

e Column details: 30 m length x 0.53 mm ID x 1 um film thickness.
e  Column stationary phase: Polyethylene glycol (highly polar)

e Carrier gas: He

e Detector: FID

e Injector temp.: 300 °C

e Detector temp.: 300 °C

e Total run time: 37.00 min.

e Injection volume: 1pL.

e Oven temperature program as given in Table 2.1.
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Table 5.7. GC oven temperature program.

Sr. No. Ramp (°C/min) Temperature (°C) Hold time (min)
1 - 80 1
2 20 200 30
10 (3(10,000) "
0475—3
0.50—5
0.25—5
1 45
000 335 "30 375 400 435 450
m/z
Figure 5.14. GC chromatogram for CO2 (44 g/mol).
(x1,000)
] 3
- 3
503
25
OO:,l'
30.0 3fo 32.0 33.0 3o 350 36.0 37.0
m/z
Figure 5.15. GC chromatogram for MeOH (32 g/mol)
1.1 (-x10,000) 45
0.75—:
] 59
0.50
1 31
0.255
] 33 44 61
11, P |11 75 90
0'003'0" S 40 50 60 70 80 90
m/z

Figure 5.16. GC chromatogram for DMC
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Figure 5.17. GC chromatogram for Glycidol

10 (x10,000)

0.754
45

5
0507 31

“ 77
ooolill 30llar NI, e ], .|7.3 L0 A2 a4 13

30 4o 50 60 70 80 90 100 110 120 130
m/z

Figure 5.18. GC chromatogram for Glycidol carbonate
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Figure 5.19. GC chromatogram for Glycerol mono-carbonate

147



Chapter 5

(x1,000)
] a
75
5.0
131 i 87
25
] 5961
W el Py Rl e gy
30 40 50 60 70 80 90 100 110 120

m/z

Figure 5.20. GC chromatogram for Glycerol carbonate
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Figure 5.21. GC chromatogram for total analysis of reactants and products formed

Figure 5.21. represents the total analysis of the glycerol transestrification products. Where,
1: CO2; 3: methanol; 4: dimethyl carbonate; (T1): glycidol; (Q1): glycidol carbonate; 6:
P1/P2: glycerol monocarbonates; glycerol; T2: glyceroltricarbonateand(S1): glycerol
carbonate. The peak 3 is from the solvent, dimethylformamide and the peaks 2:
trimethylamine; 5: 1-Hexadecene; and 7: Hexadecyldimethylamine are from  partial
CTA" decomposition.

5.6. Product separation by vacuum distillation.

The glycerol transesterification reaction was carried out in a parr reactor at 140 °C
temperature. Once the reaction was over after 1.5 h, then it was allowed to cool at room
temperature and then filtered to remove the catalyst from the reaction mixture. The vacuum
distillation technique was used to separate various products (GC, GD) from the reaction
mixture, the basis of separation was the difference in the boiling point. The obtained product
was dried and its NMR was recorded as shown in the Fig. 5.22 which confirmed the purity of

the product.
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Figure 5.22. 3C-NMR of glycidol

6. Conclusions

The work reported in this study, transesterification of Glycerol with DMC was accomplished
in one pot using a Sr-Cu-Al mixed metal oxide catalyst. The simultaneous co-precipitation
and digestion approach, which involves including Sr in Cu-Al lattice structure, was used to
prepare the catalyst. Because both basic and acidic sites were evenly distributed across the
catalytic surface, the catalytic activity of Sr-Cu-Al was observed towards glycerol

transesterification reaction to selectively yield glycidol.

It was discovered that the solvent was crucial to the one-pot synthesis of GD. The integration
of Sr in varying ratios in the Cu-Al mixed oxide lattice was amply demonstrated by the XRD
data. The existence of SrCuO2 mixed oxide phase was shown by the peaks at 26=38.2° (211),
49° (312), and 53° (400). The XPS analysis revealed the presence of a doublet of Sr 3d for Sr
3ds2 and Sr 3ds2 orbitals due to two crystallographic positions observed for Sr*? at B.E. of
133.7 and 135.08 eV, respectively which could be attributed to the presence of bond between
Sr and the perovskite matrix, this confirmed the incorporation of Sr in the Cu-Al matrix. The
SEM and EDAX analysis confirmed the presence of mixed morphology at the catalytic
surface containing spheres and spherical shaped particles distributed on uneven and

unordered sheets with varying sizes containing several nano-pores at the catalytic surface.

The effect of various parameters such as the catalyst loading, time, temperature and solvent

were studies in-order to achieve efficient glycerol conversion and for selective formation of
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glycidol with minimum formation of the by-products. Thus, Sr-Cu-Al (2-4-4) mixed oxide
catalyst achieved 66 % selective formation of GD with the expense of 78 % glycerol
conversion at 140 °C temperature. The reused catalyst, which is significant, showed good

recyclability, easy separation and the catalyst was found to be recyclable up to 3 cycles.
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Chapter 6

Conclusion, and future scope

Conclusive remarks:

This thesis work presents a detail account of the strategies employed in designing, and
developing various shape and size controlled bifunctional i.e., containing both Lewis and
Bregnsted acidic as well as basic sites at the catalyst surface for the transformation of both
lignocellulosic as well as marine biomass into value added products. The lignocellulosic
biomass being the major renewable and cheap feedstock for the production of C-5 and C-6
sugars and their derivatives. Chemo-catalytic pathways were employed for the production of
fructose which not only acts as a sweetener for the production of HFCS but also as a platform
chemical for the synthesis of several value-added chemicals with wide range of applications

in the commercial market.

The marine biomass as compared to the lignocellulosic biomass has remained unexplored for
decades but upon transformation chitin and chitosan can be used for the synthesis of several
value-added compounds containing not only C, H, O, but also 7 Wt. % of renewable N atom
in its skeleton that can be otherwise produced by the energy consuming ammonia synthesis.
Thus, taking into account the importance of the availability of cost-effective feedstock from
biomass waste and its transformation into value added products, several multifunctional
heterogeneous catalytic systems were synthesized and screened for the valorization of

glucose, glycerol and chitin biomass.

The catalytic isomerization of glucose let to the formation of fructose which acts as a
potential platform chemical that can be further used for the synthesis of several value-added
products such as 5-HMF, Levulinic acid, 2, 5-FDCA etc. Keeping this in account several
inexpensive, robust, easily recyclable, mixed metal oxides were designed and developed by
tuning the acidic and basic character at the surface and its potential was explored for the
efficient conversion of glucose to selectively yield fructose which has tremendous demands
in the commercial market. For the very first time solid basic metal oxide catalyst was
employed for the synthesis of 3AF and 3A5AF which acts as a drug precursor for the
synthesis of anti-tumour drug proximicin A, B and C from marine biomass n-acetyl-D-

glucosamine, a monomer unit of chitin.
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The detailed characterization studies were done along with the parameter optimization for
every reaction scheme that aided in the determination of the plausible reaction mechanism
and the structure-activity co-relation in our investigations. The salient features and the

dominant conclusions of the thesis work have been summarized below:

s Bifunctional Ba-Zr mixed metal oxide catalyst was prepared in varying ratios (0.5:1,
1:1, 2:1, 3:1) by Co-precipitation method and were screened for the isomerization of
glucose to fructose. The incorporation of Ba in the Zr lattice was confirmed by the
XRD, XPS and EDS analysis.

Ba-Zr (2:1) catalyst with a metal loading of 20 Wt. % was found to be optimum for
the selective formation of fructose. Various experiments with organic solvents and
their mixtures with water revealed that water acts as best solvent system for this
transformation. Thus, the bifunctional Ba-Zr (2:1) MMO was found to play an
important role by providing base/acid active sites on the catalytic surface for selective
(89 %) isomerization of glucose to fructose by participating in the reaction pathway in

presence of water at 100 °C, within 6 h with 57 % conversion.

% The heterogeneous catalysts were developed for the transformation of marine biomass
i.e., N-acetyl glucosamine (NAG) to N-substituted furan derivatives 3AF and 3A5AF
which act as a precursor for the synthesis of antitumor drug proximicin for the very
first time using a solid basic catalyst.

The physicochemical properties of the metal oxide catalyst were investigated by
various techniques which revealed the presence of oxide and hydroxide phase with the
presence of nanopores and weak Bregnsted basic sites at the catalytic surface as
confirmed by XRD, FTIR, MeOH-FTIR, TPD, SEM, N2 sorption studies and HR-
TEM analysis for structure-activity relationship responsible for improved dehydration
of the chitin biomass. Efficacious exploitation of marine biomass to value-added
platform chemicals using heterogeneous catalysts through simple routes and easy
separation of N-substituted furan derivatives as an alternate renewable source for

amines was the most innovative aspect of my study.

e

% Sr/Cu-Al catalyst was prepared in various ratios by co-precipitation method.
The existence of SrCuO2 mixed oxide phase was confirmed by the peaks at 20= 38.2

(211), 49 (312), and 53 (400). The SEM and EDAX analysis confirmed the presence
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of mixed morphology at the catalytic surface containing spheres and spherical shaped
particles distributed on uneven and unordered sheets with varying sizes containing
several nano-pores at the catalytic surface. The effect of various parameters such as
the catalyst loading, time, temperature and solvent were studies in-order to achieve
efficient glycerol conversion and for selective formation of glycidol with minimum
formation of the by-products.

The bifunctional Sr/Cu-Al catalyst was found to play a vital role by providing
base/acid active sites for selective (66 %) trans-esterification of glycerol to glycidol in
presence of EtOH at 140 °C, within 1.5 h with 78 % conversion. The catalyst showed
good recyclability, easy separation, stability and the catalyst were found to be reused

up to 3 cycles without any change in conversion and selectivity.

6.2 Future Scope:

The Isomerization of glucose to fructose has recently gained tremendous applications
worldwide because of the potential use of fructose as a sweetener in the form of HFCS as
well as its use as a platform chemical for synthesis of several value-added products with wide
range of commercial applications in the global market. As mentioned in Chapter 3, the
glucose conversion achieved was around 57 % with high selectivity towards fructose about
89 %. Thus, there is still scope to enhance the efficiency of the glucose conversion and yield
of fructose. Also, the tuning of the catalyst structural properties, acidity and basicity ratio and
further optimization of parameters with scale up study would provide a broad spectrum and a

way for the commercialisation of the process.

The dehydration of NAG into 3AF and 3A5AF represents a novel and unique route for its
transformation into a nitrogen containing furan derivative from abundantly available marine
waste as mentioned in Chapter 4. As compared with the lignocellulosic biomass the marine
biomass has advantage of generating value added compounds containing the renewable N
atom in the skeleton which makes it a promising molecule for exploring. Literature survey
reports the use of pyrolysis that employs very high temperature at about 1000 °C, microwave
irradiation that increases the formation of humins as the by-products and certain
homogeneous systems that face difficulties in product separation and purification. According

to the literature the transformation of NAG into 3A5AF has been reported in the presence of
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several additives and boron containing compounds and mostly homogeneous catalysts, thus
current approach as mentioned in the thesis can be further used and modified for similar kind
of transformations as in our approach, we have achieved the formation of the products in an
additive free and mild operating conditions. | strongly recommend the development and
designing of a highly efficient and tuneable catalytic system for this transformation that
would aid achieving the 3AF or 3A5AF vyield to about 80-90 %. Further scale up and
parameter optimization would provide an efficient route for the industrialization of this
process.

For better understanding of the reaction routes for NAG dehydration isotope labelling
experiments can be carried out. Computational studies can be employed for designing a better
route in order to achieve more efficient and selective formation of the product. As 3A5AF
and 3AF has not been studied and explored much the lack of information may cause
challenges in further research. Although, | have obtained ample amount of data about the
NAG transformation and this would and further mechanistic investigations can be carried out
for the detail study of the product as these molecules act as potential precursors for the

antitumour drug molecule proximicin A, B and C.

Chapter 5 provides a detailed study of the transesterification of glycerol which acts as one of
the most abundantly produced platform chemicals during biodiesel synthesis. Thus, glycerol
can be further valorized in the presence of heterogeneous catalytic systems into value added
compounds glycerol carbonate and glycidol that has wide range of applications in the
commercial market. Sr-Cu-Al (2-4-4) mixed oxide catalyst screened in varying ratios that
gave about 66 % selective formation of GD with the expense of 78 % glycerol conversion at
140 °C temperature. This transformation has a wide scope to achieve higher yields of the
products. Further studies can be extended in order to develop a cost effective,
environmentally benign and more efficient route to achieve about 80-90 % of product yield
and product separation. The reused catalyst, which is significant, showed good recyclability,
easy separation and the catalyst was found to be recyclable up to 3 cycles.
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Efficient and highly selective isomerization of glucose to
fructose was achieved by using the inexpensive Ba-Zr mixed
metal oxide catalyst. Catalyst was prepared by varying Ba-Zr
ratios using co-precipitation method. Various phases formed,
planes exposed, morphology, elemental composition and
particle size, basic site density and strength, oxidation state of
elements were well studied by using various characterization
techniques. The XRD analysis clearly indicates the presence of
Ba+Z and Zr+* in the form of BaO, ZrO; and BaZrO; phases. The
SEM and HR-TEM images indicate that, Ba-Zr (2:1) catalyst

Introduction

Around 87 % of energy globally comes from non- renewable
fossil fuels, whose rapid depletion urges a need for develop-
ment of an alternative renewable and green energy resource.
This can be achieved by developing cost effective and environ-
mentally benign pathways for valorization of biomass into fuels
and commodity chemicals. This would aid the human society
to mitigate various alarming situations such as global warming,
energy and food crises.["]

In recent years, glucose to fructose isomerization has
gained tremendous importance in food and beverage industry,
as fructose is sweeter than glucose. Fructose is not only used
for the production of High Fructose Corn Syrup (HFCS), where
it is used as a sweetener but also in the production of various
platform molecules, fuel additives and value-added chemicals
like 5- hydroxylmethylfurfural, 2, 5- furandicarboxylic acid,2?!
levulinic acid and its esters, lactic acid, alkoxy fructoside, 5-
alkoxymethylfructoside.[¢121 Lobry-de-Bryun-Van-Ekenstein, first
reported aldose to ketose isomerization in both acidic as well
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prepared showed uniform morphology with spherical and rod-
shaped particles ranging from 300 to 600 nm. Under the
optimized reaction conditions Ba-Zr (2:1) catalyst exhibited
excellent results in terms of 57% of glucose conversion with
89 % selective formation of glucose. The presence of both
acidic as well as basic sites play vital roles in activating the
substrate molecules to selectively yield fructose. Ba-Zr (2:1)
catalyst showed excellent recyclability performance up to four
recycles.

as basic medium, where formation of ene-diol as an intermedi-
ate i. e. proton transfer mechanism yields a mixture of glucose,
fructose and mannose, which is a well accepted mechanism.['3]
This pioneering discovery enhanced the large scale glucose to
fructose isomerization. The glucose isomerization is carried out
commercially by bio-catalytic pathway, which employs glucose
isomerase/xylose isomerase enzyme (Gl).[¥1 But thermal and
chemical deactivation of the enzyme, narrow pH range, low
operating temperature and presence of Ca+? hinders the
activity of Gl thus making the process less economical.l'4
Industrial chemical isomerization of glucose involves the
homogenous process usingmineral acid or alkali, which suffers
from several drawbacks such as low fructose yield, low rate of
reaction, formation of large amount of byproducts due to side
reactions such asaldolization/ retro aldolization, B-elimination
and benzilic rearrangement reactions that take place simulta-
neously with isomerization and post synthesis neutralization
step.['>'6] Various bases such as sodium hydroxide, sodium
carbonate, calcium hydroxide, magnesium hydroxide, trisodium
phosphate, and sodium sulphite, basic ion-exchange resins and
derivatives of ammonia have been reported for the conversion
of glucose to fructose but with low fructose yields (20-30 %),
due to side reactions that lead to the formation of colored
substances, organic acids, saccharinic acid and other undesired
products.['”>18] Liuet al.reported glucose to fructose isomeriza-
tion by using organic amines such as triethyl amine in water at
100 °C, to give 57 % glucose conversion with 54 % and 31 %
fructose selectivity and yield, respectively. The mixture of
glucose, fructose and triethyl amine was further separated by

© 2020 Wiley-VCH GmbH
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Sn-B zeolite, in whichtin metal acts as Lewis acid has been
reported to show 31% fructose yield.[?:281 Thus, isomerization of
glucose to fructose has been reported to be carried out in the
presence of either acidic or basic catalytic system. In the
present work for the first time, we report mixed metal oxides of
Ba and Zr as an acid-base heterogeneous catalyst for selective
glucose isomerization to fructose. There are various methods
reported for the synthesis of nano structured BaZrOs; which
involve sol-gel,[29:30] co-precipitation, [3'] thermal
decomposition32 and hydrothermal techniques.33! Urea-in-
duced precipitation followed by a low-temperature thermal
treatment was also reported for the synthesis of nano scale
BaZr0;.13 The present research is focused on co-precipitation
method for the size and shape controlled synthesis of BaZrO3;
particles which catalysed the glucose isomerisation. Our Ba@Zr
catalyst exhibited both Lewis acidic as well as basic sites which
play an important role in glucose to fructose isomerization to
give the highest selectivity of 89 % towards fructose. Detail
studies on the catalyst characterization by XRD, TEM, SEM, NH3
and CO,-TPD and FT-IR, along with effect of reaction parame-
ters on glucose conversion and selectivity for fructose have
been also carried out.

Results and Discussion
Catalyst characterization

Figure 1 shows the powder XRD patterns for both single
components (Ba and Zr) and mixed metal oxides prepared by
varying Ba@Zr ratio. The wide angle XRD patterns for ZrO,
samples showed the reflections at 20=23.7°,29.1° and 55.8°
ascribed to ZrO, phase [JCPDS#86-1451] whereas, reflections at
20 = 19.6°, 23.7°, 45.1° confirmed the presence of BaO phase
[JCPDS#47-1488].

However in case of MMO samples, intensities of ZrO; peaks
were found to be weak with the doping of Ba in the zirconium
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chromatography.['] Rendleman et al.reported maximum yield B Bazr (3: 1)
of fructose (72 %) by using aluminate resin containing @ & BBy B = BazrO,
hydroxide group® with 68 % glucose conversion and 72 % vm\ﬂw;wku‘iww T e N
fructose selectivity.['l Among solid catalysts, magnesium-alumi- B [Ba-zr (2:1)]
num hydrotalcites have been also reported to catalyze the L B B B = BazrO
glucose isomerization to fructose with 30 % fructose yield, -:-..u ﬂ@_J’ a ?
whereas Yabushita et al. reported 56 % fructose yield with 80% Ba-zr (1:1) (11l]
fructose selectivity in ethanol as a solvent. The gradual « B 5 B = BazrO
decrease in the catalytic activity could be restored by = \y B o ?
calcination and rehydration of the hydrotalcites.?223! The use of :. B ' ’ m
MgO as a catalyst has been reported by Marianou et al.to afford ‘5 « B o8 B = Bazro,
44 % fructose yield with 75 % fructose selectivity, which has g ¥ o , B w
been attributed to the basicity of the catalyst.?* Glucose to 2 ' ' i o
fructose isomerization has been also carried out in the presence = a /ZTOJ
of Lewis acids such as AlCl3, FeCl; but the major drawback is o =2r0,
the deactivation of the catalyst in aqueous media, which a « “a o g
requires maintenance of anhydrous conditions.[?®! Lewis acids 5 :
such as CrCl; has been also reported for glucose isomerization BaO|
in which [Cr(H;0)s0H]+2 complex acts as active species for v )‘ * 1'{! ‘*‘l #=Eal
catalyzing the isomerization viade-protonation, hydride shift
and proton donation to sugar.[2! The heterogeneous catalyst L ZUESR L i LS A

Figure 1. Powdered XRD pattern for calcined BaO, ZrO; and Ba@r mixed
metal oxide.

lattice, which clearly suggests that there might be deformation
of the crystal structure of ZrO,. This was further supported by
appearance of new reflections other than BaO and ZrO; phases
at 26=23.7°, 27.7°, 34.1°, 39.5°, 41.9 ° corresponding to (211),
(220), (222), (330) and (400) planes, respectively, which
indicated the presence of perovskite type cubic phase of
BaZrOs [JCPDS#01-0890]. (3]

It is well reported that during calcination process, the
barium present at the surface reacted with zirconia to form
BaZrO; phase. All the peaks can be indexed to the cubic phase

of BaZrO; (Figure 1).The crystallite size of BaZrOs; phase
calculated for Ba@Zr (2:1) catalyst by Scherrer equation was
found to be 29.35 nm. Moreover in case Ba@Zr (2:1) catalyst, it
was observed that all the phases including BaO (49.5 nm), ZrO,
(44.2 nm) and BaZrO; was found to have lowest crystallite size
as compared to all the other catalysts studied in this work. This
might be the reason for its better performance (Table S1). The
XRD patten for Ba@Zr (2:1) used catalyst remains same with no
change in the phases observed (Figure S1.). The morphologies
of various Ba@Zr MMO samples were studied by SEM analysis.

Figure 2displays the SEM images for BaO and Ba@Zr MMO
catalysts. In case of bare BaO, mixed morphology of rod and

sphere was observed with predominant presence of rod
shaped particles as encircled in Figure 2a. The introduction of
Zr in MMO clearly showed that there was a growth of small
particles on the surface which might be due to the formation
of BaZrOs perovskite type cubic phase or ZrO, phase, presence
of which has already been revealed by XRD. The Ba@Zr MMO
samples showed the presence of mixed morphology with
spherical deposits on rod shape particles (Figure s 2 b-f).

© 2020 Wiley-VCH GmbH
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Figure 2. Scanning Electron Micrographs for a) BaO, b) Ba@Zr (0.5 :1),c) Ba@Zr
(1:1), d) Ba@Zr (2:1) fresh e) Ba@Zr (2:1) used f) Ba@Zr (3:1) catalysts.

Interestingly, as Ba concentration was increased in Ba@Zr MMO
(for ratios of 0.5 :1 and 1: 1), rod shape morphology started
appearing. The size of the rod shape particles was found to be
in the range 250-300 nm for Ba@Zr (1 : 1) (Figure 2 B), which
increased to about 250-550 nm in case of Ba@Zr (2 : 1) (Figure
2d), which was the best catalyst. The size of the spherical
particles was found to be in the range 220-450 nm while, the
length of the rod was found to be in the range 1-2.8 uym. The
EDX measurement of the optimized Ba®Zr (2:1) catalyst
confirmed the presence of Ba, Zr and O having the composition
as 54%, 24%, and 21% by weight; respectively.

Figure 3. (A-C) shows TEM images of Ba Z® (2 :1) catalyst which clearly
exhibited cubic morphology of a typical individual particle. The d-spacing of
the observed lattice fringes was 0.27 nm, which can be associated with the
[110] plane of the cubic phase of BaZrOs.

Figure 3 (A-C) shows TEM images of Ba-Zr (2:1) catalyst
which clearly exhibited cubic morphology of a typical individu-
al particle. The d-spacing of the observed lattice fringes was
0.27 nm, which can be associated with the [110] plane of the
cubic phase of BaZrOs. The spacings of the observed lattice
fringes are 0.27 and 0.36 nm, and have been correspondingly
indexed to the [110] and [100] planes of the cubic phase of
BaZrOs. The SAED pattern for Ba@Zr (2 : 1) catalystin Figure 3 (D)
with spacing of lattice fringes of 0.30 nm shows the cubic
phase of BaZrO; which could be indexed to the [110] planes,
and was in good agreement with the XRD result.[3¢]

Table 1reveals the physico-chemical properties of the
prepared catalysts. The specific surface areas of Ba@Zr catalysts
were found in the range of 11-24 m? g®'. Ba @& (2 : 1) catalyst
showed 11.50 m? g®' surface area which was the lowest among
all the studied catalysts.

The basic property of the Ba@Zr mixed metal oxide catalysts
was evaluated by CO,-TPD measurement since it is known that
the catalysts with the strong basic sites promote the glucose
isomerization. Table 1 shows the total and temperature range
wise CO; desorbed in terms of mmolg®' for all the samples
under study. The first peak in the region of 100-200 °C was due
to the weak basicity corresponding to desorption of phys-

Table 1. Physico-chemical properties of the prepared catalysts.
Sr. Catalyst BET SAR Total Basicity!®! Total Aciditylc] Basicity/
No. m?/g total CO; desorbed total NH3 desorbed Acidity ratio
mmol g-' mmol g-
1 Ba®@zr (0.5:1) 13 0.19 0.88 0.21
2 Ba@Zr (1:1) 14. 0.31 0.48 0.64
3 Ba@Zr (2:1) 12 0.54 0.27 2.00
4 Ba@Zr (3:1) 24 0.76 0.20 3.78
[l Determined by N; physisorption measurement., [’ Determined by CO; TPD, [ Determined by NH3 TPD.

ChemistrySelect 2020, 5, 12505-12513 Wiley Online Library 12507 © 2020 Wiley-VCH GmbH
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isorbed CO,. Catalyst showed a broad peak in the region of
200-400 °C revealing the presence of medium strength basic
sites.

A broad peak in the region of 450-650 °C indicated the
presence of strong basic sites. The trend of basicity was found
to be Ba-Zr (0.5:1) <Ba-Zr (1:1) <Ba-Zr (2:1) <Ba-Zr (3:1).
The acidic strength and acidic site density were estimated in
terms of total NH; desorbed (mmolg®') by NH3-TPD analysis.
From Table 1, NH;-TPD trend was opposite to that of CO,-TPD
as Ba-Zr (3:1) <Ba-Zr (2:1) <Ba-Zr (1:1) <Ba-Zr (0.5:1).
The activity results of all the prepared Ba-Zr MMO and bare
oxides of Ba and Zr catalysts were correlated with their total
basic site density calculated from CO, TPD and discussed later.
Furthermore, ratio of basic site density/ acidic site density was
also calculated and it was observed that BaO possessed the
highest basicity and as Ba concentration was increased in
zirconium lattice, the ratio also increased, the later was the
lowest for single component of Zr (Table 1). Out of all the
catalyst studied, Ba-Zr (2 : 1) catalyst exhibited basicity/ acidity
ratio of 2.0 which was the most balanced ratio required for the
selective glucose isomerization to fructose observed in this
work.

Figure 4 shows the Raman spectra of all Ba-Zr samples
which consist of a band at two photon lines around 87 and
135 cm®which could be ascribed to TO1, TO2 first-order
modes. The second order modes were ascribed to the band at
223 cm®'. The band at 153 cm®' indicates that the crystal
structure of zirconium oxide remaining intact after increasing
the Ba concentration. Incorporation of barium in zirconium
matrix did not completely distort the octahedral structure of
zirconium but it induced oxygen vacancies in the zirconium
oxide material.[37:38 |n other words, it supports the doping of Ba
in zirconium lattice, which form perovskite phase and provides
strong basic sites required for glucose isomerization.

Ba-zr (3:1)
A
= Ba-zZr (2:1)
z A
‘@ :
=
]
£ :
§ : Ba-Zr (1:1)
s A
o '
Mg ! Ba-zr (0.5:1)
1 153! :
it 1694
1223 H
200 400 600 800 1000
Wavenumber (cm™)

Figure 4. Raman Spectra for Ba@Zr (0.5-3:1) catalysts.
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Figure 5 represents FT-IR spectra of calcined BaO, ZrO,, and
Ba-Zr mixed metal oxide catalysts. The FTIR spectrum of Ba-Zr
samples with various ratios of Ba-Zr showed a prominent band
at 3400-3500 cm®' which was assigned to the @0H stretching
vibration due to the adsorbed water molecule on the catalytic
surface. The absorption peaks in the range 400-780 cme®', 780-
1145 cm', 1145-1500 cm®', 450-560 cm®' were also observed.
The absorption peak at 450-560 cm®' corresponds to Zr-O
stretching mode of vibration in BaZrQOs;, which clearly indicates
the presence of ZrO; phasel*® which is in accordance with XRD
[JCPDS#86-1451] studies as discussed above. The peak at
1416 cm®' is due to the oxalate vibrational frequency in BaZrO;.
The peak at 560 cm®' corresponds to the Zr present in the
octahedral site in the perovskite structure.3% Hence, FTIR study
also confirms the presence of three phases viz. BaO, ZrO, and
BaZrOs; which was already characterized by other techniques.

Figure 6 represents X-ray photoelectron spectra of Ba@Zr
(1 : 1) catalyst. Figure 6 (a) clearly showed a doublet of Zr 3d for
Zr 3d3/2 and Zr 3d5/2 at B.E. of 183.2 and 185.5 eV,
respectively. [ XPS spectra of O 1s (Figure 6c), after deconvolu-
tion showed three peaks at B.E. of 533, 532.3 and 530.8 eV out
of which peaks at B.E. of 533, 532.3 eV corresponded to Si-O-
Si, Si-O-Zr bridging oxygen atoms in the silica frame- work
while, the peak at B.E. of 530.8 eV was assigned to non-
bridging oxygen atoms as O @r. Ba 3d5/2 XPS shows a peak at
780.5 eV.141 XPS spectra of reused catalyst showed retention of
all the peaks at same binding energy for Ba 3d5/2, which
clearly suggest that there was any considerable change in
oxidation state of metals after use of the catalyst (Figure 6a, d).
It was inferred that BaO phase mostly possessed rod shape
morphology covered with some spherical particles of zirconium
oxide and cubic shape particles of BaZrOs.

Activity studies

The base catalyzed glucose isomerization is reported to
proceed through the ene-diol mechanism .['3] Since. Fructose is
obtained as a major product, it is proposed thatC-2 proton on

3470 \/ : ' '
Ba-Zr(3:1) 1427
Ba-Zr(2:1) 1427V |

Ba-Zr(1:1)

|

1403

T

1427

zro, 1452\r\(v
BaO 1750
” I £1
142 861

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Ba-Zr(0.5:1)

Transmittance (a. u.)

Figure 5. FT-IR spectra for calcined BaO, ZrOz, and Ba@Zr mixed metal oxide
catalyst.
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acyclic form of glucose is abstracted by the basic catalyst
resulting in the formation of an ene-diol intermediate and
followed by hydrogen transfer from 0-2 to O-1 and protonation
of C-1. This results in the formation of fructose as the major
product and mannose as abyproduct. The ene-diol mechanism
involves the formation of trans-ene-diol to give D- fructose
whereas; cis-enediol produces D-mannose as shown in
Scheme 1.[42:431 Another byproduct HMF formation is possible at
higher temeprature and/or enhanced acidity of the catalyst.
Whereas the Lewis acid catalysed glucose to fructose isomer-
ization involves opening of the glucose ring to open chain
form followed by H- shift from C, to C4 position and ring
closure to form fructose. The acidic sites on catalytic surface
play an important role in H- shift during isomerization
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o
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Scheme 1. Glucose isomerization to fructose, mannose and other by-
products.
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reaction.[* The mixed metal oxide catalyst prepared in this
work, from alkaline earth metal Ba being basic and early
transition metal Zr more acidic renders the Ba@Zr (2 : 1) catalyst
to exhibit tunable base/acid bifunctional character efficiently
catalyzed the glucose isomerization as shown in Scheme 2.Ini-
tially glucose molecule gets adsorbed on the catalyst surface
where the basic sites actively participate in deprotonation at C;
to form the ene-diol intermediate. The acidic sites are
responsible for the stabilization of ene-diol intermediate
formed and drive the deprotonation of the O-2 proton.

The final step involves cyclization to give fructofuranose as
the major product. Our study revealed that the Ba®@Zr (2:1)
MMO provides the accessibility to both the baseand acid sites
present on the catalytic surface that play an important role in
the selective (89 %) isomerization of glucose to fructose in
presence of water at 100 °C, 1 atm pressure within 6h with
57 % conversion.

Catalyst screening and catalyst optimization

Keeping in view that isomerization of glucose to fructose is
catalyzed either by Lewis acid sites or basic sites, we have

/ ™)
(o} Ba— 1 ( O’H 6 O-n.
Sl il 10 5 O-gy
5a A0 e HC s
300 ‘H’V OH Lo ;40 O-pa”
J HO H - HO—+—H N
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Scheme 2. Base catalysed isomerization of glucose to fructose.
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screened various metal oxide and mixed metal oxide catalysts
for this reaction and the results are as shown in Table 2.Zirconia
(ZrO2) has been used extensively as a catalyst and also as a
support as it possesses both acidic as well as basic properties
and high thermal stability. Whereas, the basic sites generated
from hydration of SnO, promote glucose isomerization. The
experimental results showed that bare SnO; and ZrO, showed
12 % and 27 % conversion for glucose, respectively (Table 2,
entries 1 and 2,respectively). Al;0; gave very low conversion
(04%) (Table 2, entry 3). The basic metal oxides BaO and CaO
also catalysed isomerization of glucose and gave conversions
of 20 and 34 %, respectively (Table 2, entries 4 and 5). As metal
oxides gave lower conversion, these were supported on SBA-15
as it provides high thermal stability, variable framework
composition and high surface to volume ratio to promote the
catalytic activity. Glucose isomerization did not proceed in
absence of the catalyst as well as in presence of bare SBA-15
(Table 2, entry 6). Interestingly, SBA-15 supported metal oxides
as Sn-SBA-15 and Zr-SBA-15 increased conversion of glucose to
36 and 32 %, respectively (Table 2, entries 7 and 8 ). To explore
the role of acidity on the catalytic activity and glucose
isomerization,20 % PWA-SBA-15 catalyst was used, which
showed only 12 % conversion of glucose (Table 2, entry 9).
Although acidic catalyst like 20 % PWA-SBA-15 showed poor
performance, the mixed metal oxides of barium with acidic
zirconium in Ba@Zr (1 : 1) showed excellent results with 50 %
glucose conversion and 82 % fructose selectivity (Table 2,
entry 10). Our study revealed that the Ba@Zr (1 : 1) MMO
provides high surface to volume ratio and accessibility, to both
the base/ acid sites present on the catalytic surface that plays
an important role in the selective isomerization of glucose to
fructose. The base/ acid sites present on the catalytic surface
are found to accelerate the isomerization rate by participating
in the reaction pathway. In order to study the effect of
increasedacidity,20 % PWA was introduced to Ba®@Zr (1 : 1)
catalyst which showed no any improvementwith 53% glucose
conversion and 65 % fructose selectivity (Table 2, entry 11). As
Ba@Zr (1 : 1) MMO catalysed glucose isomerization effectively,
further glucose isomerization studies were carried out using
Ba@Zr mixed metal oxides prepared in various ratios. The

Table 2. Isomerisation of glucose to fructose over different metal oxide

catalysts.

Sr. No. Catalyst Conv. (%) Sel. (%) Fructose
1 Sn02 12 37
2 ZrO; 27 78
3 AL0; 04 52
4 BaO 20 64
5 Ca0 39 60
6 SBA-15 - -
7 Sn-SBA-15 36 72
8 Zr-SBA-15 32 69
9 20%PWA-SBA-15 12 42
10 Ba@Zr(1:1) 50 82
11 20%PWA-Ba@Zr(1:1) 53 65

Reaction Conditions: Glucose (180 mg, 1 mmol), Water (6 mL), Time (6 h),
Temp (100°C), Catalyst (100 mg).
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objective being to tailor the basic character of the bifunctional
catalyst by increasing the Ba concentration in varying ratios to
enhance the glucose isomerization. The effects of varying
Ba@Zr ratios on glucose conversion and fructose selectivity are
discussed below.CO,-TPD and NH3-TPD study revealed that
although bare BaO exhibits highest basicity but it showed very
low conversion of glucose (20 %). On the other hand, ZrO; had
negligible basicity in other words has highest acidity and
showed slightly higher conversion (27 %). Whereas, all the
MMO exhibited increasing order of basic site density with
increasing Ba concentration, which effectively showed a linear
rise in activity.

Effect of various molar ratios of Ba-Zr

Effect of various molar ratios of Ba@Zr on glucose isomerization
was studied and the results are presented in Figure 7which
helps to explore role of base/ acid sites on the catalytic surface
responsible for conversion. Ba@Zr (0.5 : 1) catalyst gave 44 %
conversion of glucose with 80% selectivity to fructose. Ba@Zr
(1: 1) showed higher conversion of 50 % glucose conversion
and 82 % fructose selectivity towards fructose. Ba@Zr (2 : 1) gave
the highest selectivity of 89 % to fructose with 57 % conversion
of glucose. Further increase in barium molar ratio that is Ba@Zr
(3 : 1), did not show much improvement in the glucose
conversion (57-59 %.). While, all Ba@Zr MMOs show very less
selectivity towards mannose between 11-20 %. From previous
reports, glucose isomerization mainly depends on base/ acid
mole ratio of metal oxides as base/ acid ratio greater than 1.0
would increase the fructose selectivity.*! Since Ba@Zr (2 : 1)
catalyst possessed the balanced ratio of basicity/ acidity it was
found to be the most efficient catalyst for glucose isomer-
ization and further studied for optimization of reaction
parameters.

Effect of substrate to catalyst ratio

Figure 8 presents the effect of substrate to catalyst ratios on
glucose isomerisation. A range of substrate loading with
respect to catalyst (constant at 100 mg) was studied to

| Conversion
90 4 [ Selectivity
80+
£
Z 60+
g
2 504
w
S 40
#
£
2 304
=
© 20
10
0
Ba-Zr (0.5:1) Ba-Zr (1:1) Ba-Zr (2:1) Ba-Zr (3:1)

Catalyst

Figure 7. Effect of various molar ratios of Ba@Zr. Reaction conditions: Glucose
(180 mg, 1 mmol), Water (6 mL), Time (6 h), Temp (100°C), Catalyst (100 mg).
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The increase in temperature increased the reaction rates by
o] = Conversion increasing the number of collisions and lowering the energy of
wl S activation thereby resulting in glucose isomerization. The
. increasing temperature accelerated the isomerization and
Eﬂ, shortened the equilibration time for isomerization reaction.
: 50 Thus maximum fructose yield was observed at 100°C in6 h.
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b : Solvent screening
10+ Figure 10 reveals the effect of solvent on glucose isomerisation.
- ' ’ " In order to understand the influence of solvent system on
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Figure 8. Effect of substrate to catalyst ratios on glucose isomerization.
Reaction conditions: Glucose (1-10 mmol), Water (6 mL), Time (6 h), Temp
(100°C), Catalyst (100 mg).

determine the optimal condition for glucose isomerization. The
glucose to the Ba@Zr (2: 1) catalyst ratio was varied from 1.8 to
18. The increase in substrate loading (moles of glucose)
resulted in a decrease in the glucose conversion from 57 to
42 %, which could be attributed to low availability of active
sites. As expected, fructose selectivity was found to be highest
at glucose to catalyst ratio of 1.8 due to availability of increased
number of active sites on catalytic surface. Thus, the catalyst is
highly selective towards glucose isomerisation to fructose.
Figure 9shows the effect of temperature on glucose isomer-
ization. The study of the influence of temperature on glucose
isomerisation was conducted in the temperature range of 80-
110°C to accelerate the isomerization reaction. As glucose to
fructose isomerization requires high activation energy, it is
carried out at higher temperature (T > 100 °C). However higher
temperature leads to low fructose selectivity as glucose and
fructose being unstable, decompose at higher temperatures.
Figure 9illustrates that with increase in temperature there was
a linear increase in the glucose conversion from 36-59 % and
fructose selectivity to 89% with fructose yield of about 29%.
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Figure 9. Effect of temperature on glucose isomerisation. Reaction condi-
tions: Glucose (180 mg, 1 mmol), Water (6 mL), Time (6 h), Temp (80-110°C),
Catalyst (100 mg).
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glucose isomerization various mixtures of solvents such as
(MeOH+ H;0), (DMSO + H;0), (DMF+H;0) and H;O were
screened. From Figure 10, it is clear that the addition of organic
phase to aqueous phase causes significant decrease in glucose
conversion as well as fructose selectivity. Glucose being highly
soluble in polar protic solvent i. e. water seems to have strong
positive effect on glucose conversion. But the mixtures of polar
aprotic i. e. organic solvents with water showed decrease in
reaction rate, low glucose conversion with drastic decrease in
the fructose selectivity. This could be attributed to the
formation of by-products such as mannose, organic acids,
methyl glucoside etc. in presence of organic solvents as shown
in Scheme 1. Thus, water was used as a solvent for optimising
the other reaction parameters as it favours the proton
exchange required for glucose to fructose isomerisation. Water
as a solvent gave 57% glucose conversion and 89% fructose
selectivity. Whereas, other mixture of solvents gave low
conversion, (DMSO+ H,0) gave 46 %, (MeO + H,0) gave 44 %
and (DMF+ H,0) gave 10% glucose conversion.

Catalyst Recycle Study

One of the most important advantages of heterogeneous
catalyst over homogeneous catalyst is its easy separation and
reuse. In order to study the stability of the heterogeneous
mixed metal oxide catalyst, the recycle study was carried out
and results are shown in Figure 11. Hence, the optimised Ba@Zr
(2:1) catalyst after the first run was filtered and washed with
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Figure 10. Effect of solvent on glucose isomerisation. Reaction conditions:
Glucose (180 mg, 1 mmol), Time (6 h), Temp (100°C), Catalyst (100 mg).
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Figure 11. Recycle study.

deionised water till the pale yellow coloured catalyst became
white; the catalyst was dried at 110 °C and then calcined at
550 °C for 3 neat reuse. The procedure was followed for four
subsequent runs. The glucose conversion was found to
decrease marginally from 57 % to 55% due to handling losses,
whereas the selectivity was found to be constant at 89 % to
fructose and 11 % to mannose. Thus, the catalyst prepared by
Co-precipitation method showed excellent recyclability per-
formance up to 4 cycles.

Conclusion

Ba@Zr (2 : 1) MMO was found to be highly selective towards
glucose to fructose isomerization (89 %) and this could be
attributed to the structural and physico-chemical properties of
the catalyst confirmed by XRD, SEM, CO; TPD and XPS
analysis.XRD pattern for mixed metal oxides of Ba@Zr (2 : 1)
clearly indicated the presence of BaO, ZrO, phases along with
perovskite type cubic phase ofBaZrO; with reflections corre-
sponding to (211), (220), (222), (330) and (400) planes, . Various
molar ratios of Ba@Zr were screened out of which Ba@Zr (2 : 1)
was found to be efficient catalyst whereas on further increasing
the concentration of Ba, there was not much increase in
glucose conversion. This could be attributed to the base/acid
mole ratio of metal oxide. Various parameters such as solvent,
temperature and substrate to catalyst ratio were studied in
order to determine appropriate condition for efficient catalytic
activity. Various experiments carried out with organic solvents
and their mixtures with water revealed that neat water acts as
the best solvent for glucose isomerization thereby enhancing
the glucose conversion. Thus, the bifunctional Ba@Zr (2 : 1)
MMO plays an important role by providing base/ acid active
sites on the catalytic surface for selective (89%) isomerization
of glucose to fructose by participating in the reaction pathway
in presence of water at 100°C, 1 atm pressure within 6h with
57 % conversion. The reaction pathway involved adsorption of
glucose molecule at the catalytic surface where the basic sites
actively participate in deprotonation at C; to form the ene-diol
intermediate which is stabilized by the acidic sites present on
the catalytic surface. The deprotonation of the O-2 proton
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followed by cyclization gives fructofuranose as the major
product. Finally, the experimental results proved that the
catalyst was easily separable and reused up to 4 cycles without
any loss in activity.

Supporting information summary

The supporting information contains Experimental section,Ta-
ble S1Crystallite sizes of all the three phases formed in all Ba: Zr
MMO catalyst,Figure S1 Powdered XRD pattern for A) Ba@Zr
(2:1) fresh and B)Ba@Zr (2: 1) used mixed metal oxide catalysts.
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Abstract

Purpose Effectual waste utilization from plant as well as marine biomass has gained tremendous importance with reference
to sustainability. The valorization of marine biomass produces value added compounds containing not only C, H, O but also
renewable N atom in the skeleton which widens the scope for its exploration which may prove to be economically beneficial
to the society. Heterogeneous catalytic transformation of marine biomass i.e. N-acetyl glucosamine (NAG) to N-substituted
aromatic heterocyclic furan derivatives is reported for the very first time. Cost effective and stable metal oxide catalysts
were deployed for the transformation. Catalyst screening study showed that La,O3z was found to be an excellent catalyst for
N-acetyl glucosamine (NAG) dehydration which mainly produced 3-acetamidofuran (3AF). Methods The physicochemi-
cal properties of the metal oxide catalyst were investigated by various techniques such as XRD, FTIR, MeOH-FTIR, TPD,
SEM, N sorption studies and HR-TEM analysis for structure activity relationship. Results The effect of various reaction
parameters such as catalyst concentration, reaction temperature, reaction time and solvent effect on dehydration of N-acetyl
glucosamine has been studied in detail for higher yields. The results revealed that the presence of weak basic sites which are
Brgnsted in nature and nano pores present on the surface were responsible for improved dehydration of the chitin biomass
to selectively yield 3-acetamidofuran (3AF). La,Os3 catalyst showed optimum 50% 3AF yield from N-acetyl glucosamine
at 180 °C in 3 h. Conclusion Efficacious exploitation of marine biomass to value added chemicals using heterogeneous
catalysts can be extensively exploited. Separation of N-substituted heterocyclic aromatics is the most innovative aspect of
the current study. Thus, utilization of heterogeneous catalyst and renewable biomass as a raw material indicates a transition
towards more sustainable and greener approach.

Graphical Abstract

With reference to valorization of biomass waste towards sustainability. We report for the first time heterogeneous catalytic
transformation of marine biomass i.e. N-acetyl glucosamine (NAG) over La,Os catalyst to yield 50% 3-acetamido furan
(3AF) and 20% 3-acetamido-5-acetylfuran with 100% NAG conversion. The superior performance of La,Os catalyst was
attributed to the presence of brgnsted basicity and nanopores present at catalysts surface.
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Abbreviations

DMSO Dimethyl sulfoxide

NAG N-Acetyl-p-glucosamine
GlIcNHz  Glucosamine

HMF 5-Hydroxymethylfurfural
IL lonic liquid

LA Levulinic acid

NAG N-Acetyl-p-glucosamine
EtOAC Ethylacetate

DMA Dimethylacetamide
DMF Dimethylformamide
MIBK Methylisobutylketone
3AF 3-Acetamido furan
3A5AF  3-Acetamido-5-acetyl furan

3ASHEF  3-Acetamido-5-(1-hydroxylethyl)furan

Statement of Novelty

We report for the first time, dehydration of NAG to N-con-
taining renewable platform molecules by heterogeneous
catalyst without use of any additives, ionic liquids or boron
compounds. The catalyst showed high stability, easy sep-
aration and excellent recyclability upto 5 cycles. The co-
operative effects of Brgnsted basicity and nanopores on the
catalyst activity play vital role in NAG conversion (100%) to
yield 50% 3AF and 20% 3A5AF yield. The physicochemical
properties of the metal oxide catalyst were investigated by
XRD, FTIR, MeOH-FTIR, TPD, SEM, N, sorption stud-
ies and HR-TEM analysis for structure activity relationship.
As far as sustainability is concerned this study represents a
direct one pot conversion of NAG to N-substituted renewable
compounds by valorization of marine biomass.

Introduction

Efficient waste valorization has been in limelight as it could
aid the society to mitigate the alarming environmental
issues arising due to the depletion of fossil fuels such as
energy crises, green house effects etc. [, , 1-3]. Among the
biomass variants, marine biomass is readily available as
oceans occupy around 71% of earth’s surface. But for dec-
ades, the advancement and valorization of marine biomass
has remained unexplored, which could emerge as a strong
feedstock to bring sustainability and economic benefit to
the society. After cellulosic biomass, chitin stands second
most abundant biomass on earth with 100 billion tons pro-
duced annually [4]. Chitin biomass is obtained from shells

of several marine animals like crabs, lobsters, shrimps, cray-
fish, arthropods as well as from cell wall of fungi and yeast
[, , 5-7]. Cellulosic biomass on valorization produces value
added compounds containing mainly C, H, and O. Whereas,
the marine biomass on valorization widens the scope for pro-
duction of N-containing platform chemicals having various
applications as adsorbents, for waste water treatment, agri-
cultural chemicals, polymers, in food industries, biomedi-
cal applications, formation of films, fibers, composites and
cosmetics [, , 8-10]. Chitin biomass comprises of N-acetyl
glucosamine units linked through B-1, 4 glycosidic linkages
to form polymeric chains in three different allomorphic
forms viz. a, B, y. Therefore, the chitin biomass exhibits
distinct physicochemical properties due to the presence of
N-functionality in its skeleton and serves as most important
natural source of nitrogen [, , , 8, 11-13]. Cellulosic bio-
mass and chitin biomass have structural similarities with the
exception that cellulosic biomass on valorization produces
value added compounds and platform chemicals containing
C, H and O whereas, chitin biomass produces chemicals
containing C, H, O and N. Owing to the presence of 7 wt.
% renewable N atom in chitin it has put the marine biomass
on fame and has attracted the attention of researchers as it
has tremendous scope for its valorization with wide range of
applications [, 14, 15]. The chitin hydrolysis is carried out
by biological, physical and chemical pretreatment methods
which produces NAG, which requires number of steps and
harsh conditions like use of mineral acids, high temperature
and, thus suffers from major drawbacks making the process
non feasible. Also, the biological methods fail to eliminate
the minerals and proteins from the crustacean shells and
high cost of enzymes makes the process less cost effective
[, 16, 17]. Prior to chitin hydrolysis, microwave irradiation
and sonication were used to increase the chitin solubility
in HCI thereby enhancing the chitin hydrolysis to produce
NAG [, 18, 19]. Franich et al. reported for the first time that
the pyrolysis of tar produced several degradation products
with 5% 3-acetamidofuran (3AF), 2% 3-acetamido-5-acetyl
furan (3A5AF) and 3% 3-acetamidoacetaldehyde yield [20].
Chen et al. studied the NAG pyrolysis at 200 °C for 30 min
to produce 3A5AF as the major product with 3AF and sev-
eral furanic and pyrazine derivatives as minor products.
The pyrolysis pathway results in the formation of number
of products thus making the process less economical due
to lower selectivity towards desired product formation [16].
The platform chemical 3A5AF, is a precursor for the synthe-
sis of an anticancer drug proximycin A [, 21, 22]. Both the
products 3AF and 3A5AF have N-containing amide func-
tionality in the form of furanic aromatic platform chemicals
which can further be explored for their transformations to
value added products. But the challenge is retention of amide
group as it easily gets fragmented from the main chain [23].
3AF and 3A5AF may find a role as synthetic precursors for
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the synthesis of naturally occurring antibiotic and antitumor
drug proximycin A, B and C and amino sugars, amino acids
and dihydrodifuro pyridine derivatives, aminated bicyclic
ethers, pyridine derivatives, bicyclic pyrrolidines via various
multi step organic transformations due to its structural simi-
larity and presence of N atom in its skeleton [, , , , 24-28].
3A5AF on asymmetric reduction, produced (3-aceta-
mido-5-(-1-hydroxyethyl)furan, a precursor for the synthesis
of amino sugar, L-rednose which is a precursor forming the
structural unit of biologically active natural products such
as anthracycline [29], saquamycin [30] and rudolphomy-
cin [31]. Ha et al. reported chemoenzymatic dehydration
of NAG and its further enantioselective asymmetric reduc-
tion to 3-Acetamido-5-(1-hydroxylethyl)furan (3A5HEF)
with good yield [32]. Omari et al. reported the conversion
of NAG to 3A5AF in the presence of B(OH)s; and NaCl
under high temperature microwave irradiation (220 °C for
15 min) to give 58% 3A5AF yield. His group highlighted the
importance of the presence of chloride and boron atoms in
the hydrolysis of chitin and dehydration of NAG to 3A5AF,
respectively [21]. Drover et al. studied the transformation of
NAG into 3A5AF with 60% yield under microwave heating
with ionic liquid, [BMIM]CI in which imidazolium ring was
found to play an important role in the conversion of NAG
to 3A5AF [18]. Chen et al. introduced the acidic proton at
C-2 position and reported the importance of Cl anion in the
solubility and dissolution of chitin thereby accelerating its
hydrolysis to yield value added products. They reported the
direct conversion of chitin to 3A5AF with 7% yield in ionic
liquid using boric acid and HCI as an additive [19]. Wang
et al. reported conversion of chitin to yield 43% 3A5AF
in glycine chloride ionic liquid [33]. Hence, ionic liquids
can be used as ideal solvents as they can bare high tem-
perature range, non-volatile and are non-inflammable. But
certain disadvantages like toxicity, handling difficulty and
higher cost make ionic liquids less economical for use [34].
Surprisingly, the synthesis of furanic compounds remains
unexplored using heterogeneous catalysts which excel others
in cost, recyclability, ease of separation, catalyst tunability
and process improvisation. Visualizing the importance of
the marine waste valorization and advantages of the het-
erogeneously catalyzed conversion, the current study gives
first hand report on dehydration and partial deoxygenation of
NAG to N-containing renewable platform molecules using
various metal oxide catalysts. Choice of catalyst originated
from some striking features like stability, cost effectiveness
and ease of preparation. A comparative study of acid and
basic catalysts has been attempted to furnish insights into
type of sites required for selective formation of furans. The
best catalyst was characterized by XRD, FTIR, MeOH-FTIR
and SEM along with effect of reaction parameters on NAG
dehydration to produce 3AF has been carried out.

Experimental
Materials

N-acetyl glucosamine, lanthanum oxide (La2Os), calcium
oxide (CaO), cerium oxide (Ce203), zirconium oxide (ZrO,),
aluminium oxide (Al>O3) and barium hydroxide (BaOHy)
were purchased from Thomas Baker Chemicals, India. The
chemicals were used as received without further purification.
The solvents such as MeOH, DMF, DMSO, ACN, n-Hexane,
EtOAc, DMA, MIBK, dioxane and other chemicals were
also purchased from HIMEDIA chemicals, India. DMSO-
d6 was purchased from Sigma Aldrich, India and was used
as NMR solvent.

Catalyst Preparation

Barium hydroxide was calcined at 550 °C for 6 h to produce
barium oxide.

Catalyst Characterization

The catalyst was characterized by using various techniques.
The X-ray diffraction(XRD) analysis was carried out on
a P Analytical PXRD system (Model X-Pert PRO-1712),
using Ni filtered Cu Ka radiation (A=0.154 nm) as an X-ray
source (current intensity, 30 mA,; voltage, 40 kV) and an
X-accelerator detector. XRD measurements were carried
out in a 20 range of 5°-85° with a scanning rate of 5%min.
The SEM-EDAX analysis was carried out in order to study
the morphology and elemental composition of the cata-
lysts on a LEO — LEICA STEREOSCAN 440 instrument.
Prior to the analysis the powdered samples were dispersed
in iso-propanol and sonicated for 15 min. Then drops of
the suspension were deposited on a carbon-coated copper
grid and dried, at room temperature. The samples were gold
coated before analysis. HR-TEM analysis was carried out
on JEOL 1200 EX model which provided information about
the morphology, particle size, d-spacing and fringe width.
Prior to the analysis the powdered samples were dispersed
in iso-propanol and sonicated for 15 min. Then drops of the
suspension were deposited on a carbon-coated copper grid
dried, at room temperature before analysis. FTIR spectra
of the catalysts were done on a Perkin Elmer 2000 FTIR
spectrometer in the range of 4000400 cm™'. The surface
areas of all the catalysts using BET equation were meas-
ured on Quantachrome v 2.0 instrument. The basic sites
present on the catalyst surface were quantitatively analyzed
by CO,-TPD carried out on Micromeritics-2720 (Chem-
isoftTPx) volumetric instrument. The samples were pre-
treated from room temperature to 200 °C under a helium
flow rate of 25 mL min~! followed by CO, adsorption at
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40 °C and finally CO; desorption with heating rate of 10 °C
min~! starting from adsorption temperature to 700 °C. The
TGA analysis of the catalyst was carried out on Simulta-
neous Thermal Analyzer SDT-650 apparatus. The analysis
was carried out in air (40 mLmin™!) at a heating rate of
10 °C min™! from room temperature to 800 °C.

Catalyst Activity Measurement

In a 50 mL Parr reactor, N-acetyl-glucosamine (1 gm), diox-
ane (25 mL) and catalyst (200 mg) were heated at 180 °C
under constant stirring for 4 h. After the reaction was com-
plete, the reaction mixture was filtered and the filtrate was
concentrated on Buchi Rotavap at 140 mbar and 60 °C. Yel-
lowish-red viscous liquid was obtained from which product
was separated by solvent extraction using ethyl acetate and
water. The humins were separated in water layer whereas the
product was extracted in the ethyl acetate layer. The crude
product thus obtained was then purified by silica gel col-
umn chromatography. The detailed procedure for isolation of
3AF and 3A5AF are given in supplementary material. Fig.
Sla, Fig.S1b, Fig.S2a and Fig.S2b show *H NMR and **C
NMR spectra of the isolated 3A5AF and 3AF, respectively.
Fig.S3 and Fig.S4 represent the HR-MS chromatograms of
3AF and 3A5AF and Fig.S5 and Fig.S6 shows FTIR (NAG
and 3AF, 3A5AF) analysis qualitatively. The NAG conver-
sion was analyzed by HPLC (Agilent 1260) equipped with
Hiplex-Pb column (300 mm length) equipped with refractive
index detector. Deionized water (DI) was used as a mobile
phase, which was filtered and used. The NAG conversion
was quantitatively determined by HPLC analysis by keeping
0.5 mL/min flow rate of the prepared mobile phase maintain-
ing column temperature at 80 °C and total analysis time of
20 min. The products formed were identified, separated by
solvent extraction and purified by column chromatography,
confirmed by HRMS, H and $3C NMR and isolated mass
yield was reported. The calibration curve is given in sup-
plementary material Fig.S7.

Recycling of Catalyst

At the end of reaction, the catalyst was recovered by filtra-
tion and washed four times with 10 mL DI water until pale
yellow-colored impurities faded, then dried at 110 °C over-
night in a vacuum oven followed by calcination at 550 °C
for 3 h and reused. In order to determine the reusability and
stability of the catalyst, the recovered catalyst was character-
ized by XRD, FTIR and TGA.

Results and Discussion
Catalyst Characterization

Figure 1b shows the powder XRD patterns of various metal
oxide catalysts. The wide angle XRD patterns of the sample
of La,O3 showed reflections at 206 = 15.70°, 27.18°, 28.09°,
39.41°, 48.2° ascribed to La,03; phase [JCPDS # 05-0602]
corresponding to (100), (002), (101), (102), (211) planes,
respectively, with lattice constants as a = 3.397 nm and
b =6.129 nm which indicated the presence of hexagonal
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Fig. 1 a Chemical structure of NAG, 3A5AF, 3AF and proximicin A.
b PXRD plots of CaO, BaO, La20s3, Ce203, ZrO2, Al.0s catalysts
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phase of La;Os; [JCPDS # 05-0602] [35]. The diffrac-
tion peaks at 20 = 15.70° and 48.80° can be indexed to the
hexagonal phase of La(OH)s; corresponding to (100) and
(211) planes with lattice constants as a=0.652 nm and
b = 0.858 nm [36]. The appearance of sharp peaks for the
hexagonal phases of La,O3 and LaOHz denote high crys-
tallinity of La;Os. La,Osz didn’t show typical peak for
carbonated form of lanthanum which can be observed at
260 = 10.2°, it confirmed the presence of La;Osz phase and
small amount of La(OH)s phase in the examined sample
[37]. All the other catalysts used for comparison also showed
well defined phase. The wide angle XRD pattern for tetrago-
nal phase of BaO showed the reflections at 26 =19.6°, 23.7°,
45.1°, [JCPDS#47-1488]. Whereas, reflections at 26 =23.7°,
29.1° and 55.8° were ascribed to monoclinic ZrO, phase
[JCPDS#86-1451] [38]. The XRD pattern for CaO showed
peaks at 18.14°, 28.73°, 34.16° 47.11° 50.86° 54.36°,
62.76°, 64.41°, 72.05°, and 84.87° which confirmed the pres-
ence of CaO phase [39]. The cubic phase of CeO; as con-
firmed by the presence of the characteristic peaks observed
at 20 = 28.83°, 33.2°, 47.9°, 56.7° and 59.4° corresponding
to (111), (200), (220), (311) and (222) planes, respectively
[40]. The XRD pattern for Al,Os; showed weak diffraction
peaks, observed at 26=19.2°, 31.0°, 36.6°, 39.3°, 46°, 61.5°,
and 67°, which can be indexed to the reflections at (111),

Fig. 2 Scanning Electron
Micrographs of A CaO B BaO
C La203 and D Ce20s3

(220), (311), (222), (400), (511), and (440) corresponding to
the presence of y-alumina phase according to JCPDS card:
100425 [41]. The detailed morphology, surface topography
of the catalysts was studied by FE- SEM.

Figure 2 displays the SEM images of various catalysts,
with different magnifications viz. (a) CaO, (b) BaO, (c)
La,03, (d) Ce20s. In case of calcined La,Os, irregular and
uneven shaped particles were predominantly present as
shown in Fig. 2c. The SEM images clearly indicated the
presence of pores of varied sizes in the range 90-450 nm on
the surface. The presence of these nano pores aid in provid-
ing high surface area for adsorption. The SEM analysis of
cerium oxide is shown in Fig. 2d. The morphological inves-
tigation revealed the presence of pores with spherical shaped
particles distributed on the surface with size 90-420 nm.
BaO showed the presence of mixed morphology with spheri-
cal and rod shaped particles. Rod shaped particles were pre-
sent predominantly with length in the range of 1-2.8 um and
the size of the spherical particles in the range 220-450 nm
as shown in Fig. 2b [38]. In case of CaO as shown in Fig. 2a,
the morphology revealed to contain clusters of flakey par-
ticles with particle size, viz. 150-750 nm. The percentage
elemental composition was acquired by EDS analysis for all
four metal oxide catalysts screened (Supporting information
Fig.S-10, S-11, S-12, S-13). It confirmed the presence of
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La,03 phase having composition in mass percentage of the
elements as 39.69% O and 60.31% La by weight. The peak
indexing of the elements for lanthanum was 4.63 keV and
for oxygen was 0.51 keV.

High Resolution-Transmission Electron Microscopy (HR-
TEM) was utilized for detailed study of the size, shape, mor-
phology and surface distribution of the particles as shown
in Fig. 3 Irregular, unordered distributions of the particles
were observed at the surface. The agglomeration of the nano
particles due to aggregation of the particles by weak forces
was observed with average pore size in the range 90-500 nm
[42]. Thus, from the HR-TEM characterization we conclude
that the agglomerated catalyst possess good porosity due to
the presence of pores in the nano range [43].

Figure 4A presents FT-IR spectra of calcined (La203)
in the range 400-4000 cm™! which showed detailed infor-
mation about the metal and oxygen bonds present in the
metal oxide catalysts. The FTIR spectrum of La,O3; sample
showed a prominent band at 637 cm™! which was assigned
to the stretching vibration of La—O. The intense and sharp
absorption band at 3619 cm™! was ascribed to the —OH
stretching of water molecule absorbed from atmosphere on
the oxide surface and the band at 1530 cm™! corresponds
to the presence of extending and twisting —OH bending
vibration due to the physically adsorbed water molecule on
the catalyst surface. This confirms the presence of Bragn-
sted basic sites in the form of La(OH)s phase [, , 44-46].
Hence, the appearance of the above mentioned bands in

Fig. 3 A, B Transmission
Electron Micrographs La203
catalyst and C d-spacing for
La.O3 catalyst

the FTIR spectra confirmed the presence of La,O3; and the
La(OH); phases in accordance with XRD study [47]. BaO
showed an intense band at 692 cm™! corresponding to Ba—O
stretching frequency. Whereas, the band at 512 cm™' was
assigned to the Ca—O stretching vibration. The Ce—O stretch-
ing frequency was observed at 613 cm™. In case of CaO
and BaO, the absorption band due to the bending vibration
of the adsorbed water molecule on the catalyst surface was
observed at 1448 cm™! and intense and sharp absorption due
to the —OH stretching of the adsorbed water molecule was
observed at 3645 cm!(sharp) and 3350-3655 cm ™! (broad).
The broad absorption band corresponds to the superposi-
tion of the hydroxyl stretching bands due to the hydroxyl
groups present at the metal oxide surface and the hydrogen
bond. But in Ce,03, the band due to bending vibration for
the adsorbed water molecule shifted to 1626 cm™! and a
broad absorption band at 3200-3650 cm™' was observed
due to absorbed water molecule at the catalytic surface. This
clearly indicates the presence of hydroxyl group on the cata-
lytic surface.

Figure 4B represents the in-situ FT-IR spectra obtained by
subtracting adsorbed MeOH on metal oxide and neat metal
oxide spectra. The investigation of Brgnsted basicity was
carried out by performing in-situ methanol adsorption-IR
spectroscopy. Earlier, Verneker et al. studied various inter-
actions of FeO(OH)at the surface by MeOH adsorption IR
spectroscopy. Their results showed that MeOH interacts with
the basic sites on the catalytic surface to form monodentate
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Fig. 4 A FT-IR spectra for all
metal oxide catalyst. B FT-IR
spectra for MeOH adsorbed on
all metal oxide catalysts
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methoxy species, bidentate methoxy species and molecu-
larly adsorbed species with bands observed at 1115 cm ™,
1092 cm™!, 1064 cm ™' [, , 48-50]. In Fig. 4B, various inter-
actions of the adsorbed MeOH with the catalytic surface can
be seen. The formation of H-bonded molecularly adsorbed
MeOH at the La,O3 surface was observed with a band at
1064 cm™!. Whereas, the bands at 1115 cm ™ 'and 1092 cm™!
indicated the formation of monodentate and bidentate meth-
oxy species/metal complexed methoxy species. All these
bands were observed in La;O3; Ce;03; CaO and BaO cata-
lysts. The La,Oj3 catalyst showed intense band at 1063 cm™!
and 1117 cm ™! whereas, CaO and BaO showed weak bands
in this region. The presence of these intense bands in La;,O3
catalyst clearly indicates the presence of Brgnsted basic sites
on the catalyst surface, which play an important role in the
NAG dehydration.

Table 1 reveals the physico- chemical properties of the
screened catalysts. The surface areas of the catalysts deter-
mined by the Brunauer—Emmett-Teller (BET) measurement
using N adsorption desorption isotherms, were found to be

Table1 Physico-chemical properties of the catalysts
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98.097 m?g' for calcium oxide, 8.073 m?g™! for barium
oxide, 12.186 m?g ! for lanthanum oxide and 13.294 m%g™"
for cerium oxide catalysts. Fig.S8 (supporting info.) repre-
sents the adsorption isotherm of all the catalysts. The N»
adsorption- desorption isotherm gives detailed information
of surface area, pore volume and pore size of the catalyst
calculated using BJH method. The La,O3 catalyst exhibited
adsorption isotherm which represents unrestricted multi-
layer formation due to strong lateral interactions between the
adsorbed molecules [51]. The steepness of the isotherm was
found to decrease in the order BaO > CaO >La,03 = Ce;0s.
The hysteresis loop in case of CaO showed the presence of
relatively uniform and narrow pores whereas, the hysteresis
loop for La;Os and Ce;O3 showed the presence of narrow
pores with irregular shape and size [, 52, 53]. Table 1 shows
the BET surface area in terms of (m?g™"), it showed the total
surface area of 12.186 m?/g, pore volume of 0.0413 cc/g
and pore diameter of 0.1357 nm [, 54, 55]. whereas, Ce»03
showed total surface area of 13.294 m?g~', pore volume of
0.0405 ccg ! and pore diameter of 0.1219 nm. Also, BaO

Sr.No Catalyst S-[BET]? (m’g™!) Pore Pore Distribution of basic sites (mmolg™) Total Basicity® (total
\éﬂgmeu (cc ((Jr:?nrr)mter" Temperature®  Temperature®  Temperature® 53)2 HESOIBEL, Ot
(°C) (100-200) °C) (200-400) (°C) (400-700)
1 CaO 98.097 0.1569 0.6398 - 0.6780 0.0753 0.7533
2 BaO 8.073 0.0132 0.6582 0.0081 0.8512 0.1318 0.9911
3 La203 12.186 0.0413 0.1357 0.2739 0.0940 0.0175 0.3854
4 Ce203  13.294 0.0405 0.1219 0.0090 0.0068 0.0709 0.0867

S-[BET] BET surface area

3BET analysis, "BJH method, “Determined by CO, TPD measurement
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and CaO exhibited total surface area of 8.073 m?/g and
98.097 m?/g, pore volume of 0.0132 cc/g and 0.1569 cc/g
and pore diameter of 0.6582 nm and 0.6398 nm, respectively.
Table 1 showed the total CO, desorbed in terms of
mmol/gm as well as the temperature wise distribution of
the basic sites at the catalytic surface for all the samples
under study. It was used to determine the surface basicity of
the catalyst samples. The catalyst samples exhibited three
CO, desorption peaks corresponding to the weak, moderate
and strong Brgnsted basicity. The first peak in the region
of 100-200 °C represents weak Brgnsted basicity corre-
sponding to the desorption of physisorbed CO,. Whereas,
the peak in the temperature range 200—400 °C represents
moderate basic strength and that in the range 400-700 °C
represents strong basicity. The orders of the total basicity of
the screened catalysts were found to be BaO> CaO> La,03>
Ce;0s. The total basicity of La,Os was 0.3854 mmol g !,
0.0867 mmol g~! for Ce,0s, 0.7533 mmol g~' for CaO
and highest 0.99110 mmol g~! for BaO catalyst. Fig.S9
(supporting info.) represents the TPD plots for various
screened catalysts. The La,O3 catalyst was found to give
total basicity around 0.3854 mmol g~' with peak maxima
at 335 °C. Whereas, CaO was found to give basicity of
0.7533 mmol g ! with peak maxima at 420 °C, Cerium
oxide showed basicity of 0.0867 mmol g~ with peak
maxima at 290 °C and BaO showed highest basicity of
0.9911 mmol g~!. The CaO and BaO showed maximum des-
orption in the higher temperature range. Whereas, La>Os and
Ce,05 catalyst showed maximum desorption in the medium
temperature range. This was due to the -OH moiety at the
catalytic surface and the presence of coordinated O~ spe-
cies as evidenced by the MeOH-FTIR (presence of Bran-
sted sites) and XRD analysis (presence of La(OHs) phase).
As, La;Os catalyst showed strong desorption peak in the
low temperature range than Ce;O; catalyst, indicating the
presence of weak but dense basic sites at the catalytic sur-
face amongst all the catalysts. Hence, the basic properties
of the metal oxide catalyst were evaluated quantitavely by

CO,-TPD measurement.
Catalyst Screening

One pot partial deoxygenation and dehydration of NAG to
3AF and 3A5AF was studied using various metal oxides
and the results are presented in Table 2. NAG in absence
of any catalyst under the same reaction conditions didn’t
show any formation of 3AF and 3A5AF. Interestingly, all
the metal oxides showed activities according to acidic and
basic nature, they possessed. Al,O3 catalyst gave 11% yield
of 3AF and 18% vyield towards 3A5AF (Table 2, entry 1).
For ZrO; as a catalyst, NAG vyields 12% of 3AF and 6% of
3AS5AF (Table 2, entry 2). BaO showed 19% and 5% yield
for 3AF and 3A5AF, respectively (Table 2, entry 3). CaO

Table 2 Catalyst screening for NAG conversion to 3AF and 3A5AF

Sr. No Catalyst Yield (%)
3AF 3A5AF

1 Al203 11 18
2 ZrOz 12 06
3 BaO 19 05
4 CaO 36 19
5 La203 50 21
6 Ce203 32 11

Reaction Condition: NAG (1 g), catalyst (0.2 g), Dioxane (25 mL),
temperature, 180 °C; reaction time, 3 h

produced 36% yield of 3AF and 19% yield towards 3A5AF
(Table 2, entry 4). It can be seen that the basic nature of the
catalyst is responsible for formation of the desired product
i.e. 3AF as compared to activities shown by acidic metal
oxides. The 3AF yield could be enhanced by using rare earth
metal oxides which possess appreciable basic characteristics.
La,03 showed almost complete conversion of NAG with
50% yield towards 3AF and 21% yield for 3A5AF (Table 2,
entry 5). Another lanthanum series metal oxide, Ce,Os gave
32% 3AF yield and 11% yield for 3A5AF (Table 2, entry
6). It can be inferred from the above results that La,O3 was
a very promising catalyst for NAG dehydration and partial
deoxygenation producing 3AF product more selectively.
La,O3 showed better yield for 3AF as it possesses moderate
basicity which are Brgnsted in nature along with well dis-
tributed three-dimensional interconnected nanopores which
can be clearly seen from HR-TEM micrographs. These nano-
pores present on the surface of La,Os play a very impor-
tant role during reaction, allowing improved diffusion of
reactants and products. Further studies on optimization of
various reaction parameters was carried out using La,O3 as
catalyst for achieving the maximum yield for desired 3AF
product.

Effect of Substrate to Catalyst Ratio

Figure 5 presents the effect of substrate to catalyst ratio on
N-acetyl-glucosamine conversion. The catalyst loading was
varied in range 5 to 25 wt.% with respect to the substrate
(constant at 1 gm) to determine its effect on NAG conver-
sion to 3AF. With increase in the catalyst loading from 5 to
20 wt. % there was an increase in the yield from 20 to 50%,
which could be imputed to the availability of nanopores as
well as active basic sites at the catalytic surface for better
adsorption. As the catalyst loading was further increased to
25 wit. % there was slight decrease in the yield (48%), due to
increase in the formation of humins. Thus, 20 wt. % of the
catalyst was optimized for desired conversion.
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Fig. 5 Effect of substrate to catalyst ratios on 3AF production. Reac-
tion conditions: NAG (1-5 g), Dioxane (25 mL), Time (3 h), Temp
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Fig. 6 Effect of time on 3AF production. Reaction conditions:
NAG (1 g), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst
(200 mg)

Effect of Time

Figure 6 shows significant increase in 3AF and 3A5AF pro-
duction with increase in reaction time from 60 to 180 min.
3AF and 3A5AF yields were found to increase linearly with
increase in time to maximum up to 50% and 20%, respec-
tively. However, the yield of 3AF and 3A5AF was found
to decrease after 180 min due to thermal decomposition of
the products and acceleration in the rate of formation of
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Fig. 7 Effect of temperature on 3AF production. Reaction conditions:
NAG (1 g), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst
(200 mg)

humins as by-product was favoured by elevated temperature
and prolonged time.

Effect of Reaction Temperature

Figure 7 shows the effect of temperature on N-acetyl glu-
cosamine conversion. NAG conversion to 3AF with La,Os
catalyst was studied by examining the reaction at various
temperatures in range 120-210 °C. Figure 8 illustrates that
with increase in temperature there was a linear increase in
the yield of 3AF and reached to maximum at 180 °C. With
further increase in the temperature to 210 °C, the product
yield decreased as high temperature accelerated the humin
formation. Thus, with increase in temperature above 180 °C,
the selectivity to 3AF decreased due to enhancement in the
formation of humins. Thus, this decrease in product yield
at elevated temperature (above 180 °C) indicates that high
temperature favours humin formation. The increase in tem-
perature causes heat transfer resulting in increase in colli-
sions between the particles thereby increasing the collision
frequency. This lowers the energy of activation and enhances
the reaction rates. The increasing temperature accelerated
the 3AF production. Thus, maximum 50% 3AF yield was
observed within 3 h at 180 °C.

Solvent Screening

Solvents play a vital role in various phenomena such as heat
transfer, providing medium for reaction, separation and
purification of the products. Figure 8 exhibits the effect of
solvent on N-acetyl glucosamine conversion to 3AF. In order
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Fig. 8 Effect of solvent on 3AF production. Reaction conditions:
NAG (1 g), Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst
(200 mg)

to understand the influence of solvent system on NAG con-
version to 3AF and 3A5AF, several solvents such as DMA,
DMSO, DMF, MIBK and dioxane were screened. DMA,
DMSO and DMF were preferred solvents as they were used
for dehydration of cellulosic and chitin biomass previously
[56]. Whereas, dioxane is an aprotic solvent and is able to
solvate various inorganic compounds in it. DMF gave high-
est product yield of 55%, while DMA, DMSO, MIBK and
dioxane gave 52%, 48%, 39% and 50% yields of 3AF, respec-
tively. Among these, DMF, DMA and DMSO are toxic and
have few health hazards and separation of products is quite
tedious as these are high boiling solvents. Also, MIBK
showed low selectivity to the product due to formation of
large amount of humins. Thus, dioxane was chosen as the
best solvent for this conversion.

Effect of Addition of Water on Reaction Pathway

As water being green solvent and chitin biomass being read-
ily soluble in water, the mixtures of above individual sol-
vents with water were screened for the conversion of NAG to
3AF and 3A5AF. It was observed that the addition of water
to the organic phase significantly decreased the product
selectivity. Thus, the addition of water to the organic phase
showed negative effect on the product yield and selectivity.
This could be attributed to the fact that water caused accel-
eration in the formation of humins thereby decreasing the
selectivity of the product formation. The effect of addition
of water on NAG conversion was studied by adding 50%
water to the solvent system chosen. Figure 9 shows the effect
of addition of water to the solvents DMA, DMSO, DMF,
MIBK and dioxane on N-Acetylglucosamine conversion.
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Fig. 9 Effect of water on 3AF production. Reaction conditions:
NAG (1 g), Dioxane (12.5 mL), Water (12.5 mL), Time (3 h), Temp
(180 °C), Catalyst (200 mg)
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Fig. 10 Catalyst recycle study. Reaction conditions: NAG (1 g),
Dioxane (25 mL), Time (3 h), Temp (180 °C), Catalyst (200 mg)

Thus, water has negative effect on NAG conversion as pres-
ence of water enhances the humin formation.

Catalyst Recycle Study

The recycle study of the heterogeneous (La2Os3) catalyst was
carried out under the optimized conditions and results are as
shown in Fig. 10. After the first run, catalyst was filtered and
washed with deionised water till the pale-yellow coloured
catalyst faded, the catalyst was dried at 110 °C in an oven
and then calcined at 550 °C for further 3 runs. The procedure
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was followed for four successive cycles. The N-acetylglu-
cosamine conversion decreased marginally by 3% (from 50
to 47%) due to handling losses. In order to study the changes
of the catalyst surface during the reaction, the recovered
catalyst was characterised by XRD, FTIR and TGA analysis.
The XRD pattern of the used catalyst (Fig. 11) showed that
the crystallinity of the catalyst remained intact and there was
no deposition of any carbonatious material at the catalytic
surface. The FTIR spectrum of the reused catalyst (Fig. 12)
was similar with that of the fresh catalyst which confirms
the stability of the catalyst. The TGA analysis (Fig.S14, sup-
porting info.) of the catalysts confirmed that the catalyst was
thermally stable. Thus, the La,O3 catalyst showed exquisite
recyclability performance up to 4 cycles.

Plausible Mechanism

In the proposed mecahnism, N-acetyl glucosamine undergoes
ring opening in the presence of basic sites of the catalyst to
form an open chain compound as shown in Scheme 1, route
A. The presence of nano pores on the catalyst surface as con-
firmed by SEM and HR-TEM analysis are found to play vital
role in the adsorption of the substrate molecules. The basic
sites of the catalyst participate in the abstraction of C4-OH
proton (1). The nucleophilic attack of C4-O on C1-carbonyl
(1) results in the formation of five membered cyclic ring (1)
predominantly as formation of five membered ring is favored.
This (1) further undergoes dehydration followed by elimina-
tion of CH,OHCHO moiety. The driving force for elimina-
tion and dehydration is aromatization which provides extra
stability to the system thereby forming 3-acetamido furan

(100)
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a02) oy
} LayO3 used
g 101
z (101)
@*
g 100
£ 100) (502)
(102)
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2 0 (degree)

Fig. 11 Powder XRD pattern for fresh calcined La203 and used
La203 metal oxide catalysts
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Fig. 12 FT-IR spectra for Fresh and used La2Oscatalyst

(111) as the major product with 50% yield. Whereas, 3A5AF
(V1) is formed as a minor product with 21% yield as shown
in Scheme 1, route B, which is formed by nucleophilic attack
of C4-OH on C1-carbonyl (I) results in the formation of five
member cyclic ring (IV). This is followed by dehydration
with removal of two water molecules, as it makes the system
more stable due to aromatization (V) which on keto-enol tau-
tomerism results in the formation of 3A5AF (V1) with 21%
yield [16]. The insoluble polymer humins are also formed as
byproduct during the course of the reaction. Both the products
formed were extracted by using a mixture of ethyl acetate and
water followed by its purification by column chromatography
using 50% ethyl acetate and n-hexane as the mobile phase.
The products formed were confirmed by *H-NMR, **C-NMR,
HRMS and FTIR (NAG and 3AF, 3A5AF) analysis qualita-
tively (supporting information Fig.sS-1a, S-1b, S-2a, S-2b,
S-3 and S-4, S-5, S-6). The NAG conversion was quantita-
tively determined by HPLC analysis by keeping 0.5 mL/min
flow rate of the prepared mobile phase maintaining column
temperature at 80 °C and total analysis time of 20 min. The
calibration curve is given in supplementary material. Fig.
S7 which showed complete conversion of NAG (supporting
information).
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Conclusion

A comparative study of various metal oxide catalysts such
as Lay0s, Cey03, AlyO3, ZrO,, BaO and CaO was under-
taken for the dehydration of N-acetyl glucosamine to render
important furanic compounds. The physico-chemical prop-
erties of the catalyst were studied by XRD, CO,-TPD, BET
surface area measurements, SEM, HR-TEM, MeOH-FTIR
analysis. The parameters such as solvent, temperature, time
and substrate concentration were optimized for efficient cata-
Iytic activity. Various experiments carried out with organic
solvents and their mixtures with water revealed that dioxane
was the best solvent for NAG conversion whereas, water was
found to inhibit the reaction due to accelerating the forma-
tion of humins. La,O3 excelled as a catalyst for the trans-
formation of N-acetylglucosamine which yields 50% 3AF
and 20% 3A5AF at 180 °C in 3 h. The superior performance

was attributed to the presence of moderate basicity which
was Brgnsted in nature as confirmed from PXRD analysis
and MeOH-FTIR originating from presence of La(OH);
phase. While, FE-SEM, and HR-TEM disclosed existence
of nanopores on the catalytic surface. The cooperative effect

of Bragnsted basicity and nanopores (90-450 nm) were found
to play an importa rcﬂe |nn N/E% Sversdionto contalnbllng

platform molecules. We reported for the first time the use

of heterogeneous catalyst La;O3 to produce 50% 3AF and
21% 3A5AF yield which was 10 times more than the yield

reported by the pyrolysis method. The catalyst was recy-
clable upto 4 cycles and easily separable. As far as sustain-
ability is concerned this study represents a direct one pot
conversion of NAG to N-substituted renewable compounds
by valorization of marine biomass.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12649-023-02127-2.
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