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Chapter 1: Introduction

1.1. Biomass is a potential source of fuel and chemicals

Renewable energy sources are becoming more crucial as a result of the exponential rise in
the consumption of fossil fuels. Since biomass has so many uses in the fields of bioenergy, biofuel,
biomaterials, and other fields, it was found to be the key to this passage 1. "Biomass" is a general
term that refers to any renewable organic material that is obtained from plants or animals, and it
includes residues and waste from crop production, wood, animals, and aquatic plants, as well as
municipal and other waste as depicted in Figure 1.1. Furthermore, plants absorb atmospheric CO2
for photosynthesis, a process that converts CO2 and water into carbohydrates and oxygen in the
presence of sunlight. Plants produce the vast majority of biomass, and their growth has no effect

on the amount of carbon dioxide in the atmosphere; in fact, it can reduce it.

Biomass sources

| o . Eﬂ E ‘&& ) ¢
Crops and Animal Industrial Municipal Forestry
residues residues residues solid waste residues

Sewage

Figure 1.1. Biomass sources

The availability of biomass varies widely across different areas and nations, depending on
factors such as temperature, land use, agricultural methods, and natural resources. India is a diverse
country with a wide range of climatic conditions, topographies, and agricultural systems, all of
which influence biomass resource availability. A recent study covered by the Government of
India’s Ministry of New and Renewable Energy revealed that the country now has access to 750
million metric tons of biomass each year 3. The study showed estimated spare biomass availability
at about 230 million metric tons per annum of agricultural residues. As a result, biomass is

abundant and inexpensive, and these features make biomass a sustainable source for future
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due to diminishing resources, political concerns, and the negative environmental effects of CO2
emissions from the consumption of fossil fuel feedstocks, such as global warming and pollution °-
12 Moreover, lignocellulosic biomass is the most prominent natural and renewable resource in
modern industrial society compared to fossil feedstocks 3. It is an economical, easily available
alternative, however, besides the huge potential of biomass, unfortunately currently much of the
lignocellulosic biomass is used to burn for energy generation *. As a result, researchers have
concentrated on the utilization of diverse byproducts obtained from lignocellulosic biomass for the
utilization to synthesize fuels and chemicals.

1.1.1. Classification of biomass

Animal derived

Biomass Edible Hemicellulose

Plant-derived

J Non-edible
(Lignocellulose)

Lignin

Cellulose

Figure 1.2. Classification of biomass

Biomass is classified into two types based on its origin: animal-derived and plant-derived.
Animal manure and other items derived from it comprise animal biomass. Plant byproducts and
products are classified as plant-derived biomass, which is further categorized as edible and non-
edible biomass. The basic components of lignocellulosic biomass, often known as non-edible

plant-derived biomass, are cellulose, hemicellulose, and lignin. These components are held
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together by various covalent and noncovalent interactions *°. According to the information
stipulated biomass can be categorized as shown in Figure 1.2.
1.1.2. Composition and structure of lignocellulosic components
1.1.2.1. Composition of lignocellulosic biomass

The basic constituents of lignocellulosic biomass are carbon (47-53%), hydrogen (5.9-
6.1%), and oxygen (40-45%), with minor amounts of sulfur, nitrogen, and different minerals such
as sodium, potassium, iron, magnesium, and manganese. Biomass feedstocks have a higher oxygen
concentration than fossil feedstocks. The key components of lignocellulosic biomass are 35-50%
cellulose, 20-35 hemicellulose, and 20-35% lignin. The remaining material consists of minerals,
wax, ash, protein, lipids, and oils 4516,
1.1.2.2.Structure of cellulose

p-(1—4) glyosidic linkage

OH

~ OH
OH
~ O o)
~No HO 0]
HO © HO o
OH © OH
OH

Figure 1.3: Structure of cellulose

-n

The bulk of polysaccharides comprises cellulose, which accounts for around half of all
lignocellulosic biomass. The homopolysaccharide cellulose is constituted of linearly arranged D-
glucose units that are linked together by B-(1—4) glycosidic linkages (Figure 1.3) ¥’. The hydrogen
bonds that exist between and within cellulose molecules cause them to crystallize. Because of
strong PB-(1—4) glycosidic bonding, cellulose cannot be digested directly by any vertebrate,

including humans, while some symbiotic bacteria present in the digestive tracts of herbivorous
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mammals create the enzyme that breaks down cellulose. Although it is not edible to humans,
cellulose is employed in a variety of everyday activities, including the creation of paper and,
clothes.
1.1.2.3. Structure of Hemicellulose

Hemicelluloses, the polysaccharide produced by the plants, account for around 30% of
lignocellulosic biomass. In contrast to cellulose, hemicellulose is the hetero- or homo-
polysaccharide consisting of numerous C5 and C6 sugars, and its composition is relay on the plant
15,18. Based on their composition, hemicelluloses can be categorized as glucomannan, Xylan,
arabinan, arabinogalactan, and so onl18. Typically, hardwood hemicellulose contains xylan,
whereas softwood hemicellulose is composed of glucomannan 18. Other monosaccharides, such
as arabinose and glucuronic acid, can be found in trace levels in xylan-containing materials such
as beech wood, oat flour, and cereal wood. Only pure xylan produced by sea algae contains a

homopolymer of xylose.
OH
OH

HO

OH
o
OH 0
HO
0 HO
1 o OH
HO

Figure 1.4: Structure of Hemicellulose
1.1.2.4.Structure of lignin components
Lignin is a complex, branching polymer of aromatic chemicals that reports 15-30% of

lignocellulosic biomass 4,16,19. This complex, branching polymer of the lignin contains some
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their structures are shown in Figure 1.5. The specific structure of lignin is debatable and it is
affected by a variety of conditions, including plant type, environment, and age. According to
studies, the separation process can cause structural alteration and has a major impact on the
structure and functional groups present in lignin. Different species, and even different parts of the
same plant, may have different amounts and compositions of lignin. Hardwoods are reported to

have the second-highest levels of lignin, whereas grasses have the lowest 15.

o

HO HO HO
\O:Q\/\/OH ~o AV \O\/\/OH
Coniferyl alcohol Sinapyl alcohol Coumaryl alcohol
Figure 1.5. Structure of lignin components
1.2.  Conversion processes of lignocellulosic biomass to value-added products
Before getting into the specifics of chemicals obtained from lignocellulosic biomass
utilizing various conversion strategies, we must first comprehend these processes. After the
pretreatment process, biomass can be converted into a variety of products 20. The pretreatment of
lignocellulosic materials aims to eliminate the cellulose-covering lignin and hemicellulose,
decrease crystallinity, increase porosity, enhance the formation of sugar units through hydrolysis,
and stop biomass degradation in inhibitory byproducts for subsequent conversion processes 19—
21. The following are examples of common biomass energy conversion process categories: The

next paragraphs provide an overview of the conversion processes depicted in Figure 1.6.
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I Conversion

(" processes
«Chemicals
»Chemical *Fuels
> Thermo-chemical *Materials
> Bio-chemical *Energy
»Physical

Products

Figure 1.6 Biomass conversion methods

Chemical processes: These techniques comprise the chemical conversion of biomass or
derived feedstock into different types of products. It has been extensively researched how
lignocelluloses, can be transformed into other molecules with added value. Although starch, an
edible feedstock, can be used in biorefineries, the conversion of lignocellulosic biomass, which is
inedible to humans, is the only issue covered in this article. A homogeneous catalyst, such as
mineral acid (HCI, H2S04)?*2* and some solid acids such as metal oxides, sulfonated carbon
amberlyst, and zeolites, Heteropoly acids®32 are used to convert lignocellulosic biomass into
sugars, furans, sugar acids, sugar alcohols, and so on.

Thermo-chemical processes: These are the processes that transform biomass into
chemical compounds that can be utilized to generate energy more quickly, although they do not
directly generate energy. These compounds have a higher energy density and more controlled
burning properties than untreated biomass. For instance, the calorific value of wood is about 3000
kcal/kg, and the calorific value of bio-oil, which is made by pyrolyzing biomass, is about 10,000
kcal/kg. Pyrolysis oil, often referred to as bio-oil, is created by heating biomass for a bit of time at
350-500 °C in an oxygen-free environment. Char and tar are seen to build beside the oil. Biomass

can be gasified at high temperatures (700-900°C) with a controlled oxygen supply to create
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biomass. Incomplete combustion produces CO2 and H.O which are further reduced to make CO
and Ha. The gaseous result of gasification contains around 20% Ha, 20% CO, 3% CHa, and 10%
CO; (the remaining nitrogen)*>°,

Biochemical processes: Microbes are used in these processes to convert biomass into
different products. One of the earliest known biochemical processes is the anaerobic fermentation
of biomass such as animal manure and crop waste to produce methane-rich biogas. Under
anaerobic conditions, a methanogenic bacterial culture transforms biomass into biogas with a
methane level of roughly 55%. There are numerous reports in the literature of enzymatic hydrolysis
of polysaccharides such as cellulose and hemicellulose to produce monomer sugars, as well as
sugar fermentation to produce ethanol*>33:34,

Physical process: High-quality vegetable or seed oils can be extracted from biomass in a
straightforward manner *°. For instance, it is accepted as a suitable feedstock for the synthesis of
biodiesel using vegetable oil from plants like Jatropha curcas and soapnut (Sapindus mukorossi).
The plant's gathered oils can be transformed into fuel (biodiesel) by a base-catalyzed
transesterification reaction. Also found in plants are materials like rubber, adhesives, and derived
colors.

1.3.  Value-added chemicals from carbohydrate biomass

Table 1.1 List of biomass-derived platform chemicals

Carbon species Important chemical platforms

C2 Ethanol, Ethylene, Acetic acid, oxalic acid, glycolic acid

C3 Glycerol, Acetone, Propanediol, Lactic acid, acrylic acid

C4 1,2,4-butane triol, 1-butanol, 1,3-butane diol, Formic acid, Succinic acid,
malic acid, Aspartic acid

C5 Xylose Arabinose, Furfural, Levulinic acid, glutamic acid

C6 5-HMF, Lysine, Sucrose, Sorbitol, Adipic acid, Citric acid
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The compounds derived from petrochemical resources that can be used as platform
chemicals consist of propylene, 1,3, -butadiene, alkanes like ethane and butane, and aromatics such
as benzene, xylene, and toluene, %%, Currently, a similar method is employed to generate platform
molecules from lignin and carbohydrates ", These substances, which are listed in Table 1.1, have
been identified by researchers as having the potential to be used as building blocks. Those building
blocks can be derived from primary biomass products such as cellulose, starch, hemicellulose,
lignin, proteins, and oils *¢28, Using carbohydrates as reactants, several of those on the list can be
produced. Liquid-phase approaches are preferred for biomass processing due to their high
functionality, reactivity, and low volatility. Biotechnological/chemical approaches can generally
be used to produce a range of essential fuels and important chemical intermediates from
carbohydrates 3941, The top 12 important value-added chemicals derived from biomass selected

by the US DOE can be converted into alcohols, furans, and acids 4?43,
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Figure 1.7 Route to obtain Glucose and Furfuryl alcohol

The effective conversion of these biomass-derived components into useful chemicals serves as
a model for biomass utilization strategies. The carbohydrates of cellulose and hemicellulose
components in lignocellulose can be depolymerized into monosaccharide sugars (such as glucose,
fructose, and xylose) and some soluble intermediates via enzymatic or acidic hydrolysis (as shown
in Figure 1.7) 4. Using enzymes (amylases) or acids, sugar cane or sugar beets can be
hydrolyzed to produce glucose on an industrial scale from starch-rich crops like corn, wheat, or
potatoes “>*¢, The market value of glucose can vary depending on factors such as production costs,
demand, and regional differences. In 2021, the price of glucose typically ranged from around $0.35
to $0.60 per pound (Ib) or $770 to $1,320 per metric ton. According to a precedence, research
report the glucose market size was exhibited at USD 47.88 billion in 2022 and was expected to
grow in 2023 . Glucose is used in various industries, including food and beverage,
pharmaceuticals, and industrial applications. It's used as a sweetener, a source of energy in medical
formulations, and as a raw material in chemical processes.

Similarly, furfuryl alcohol is produced industrially by dehydrating pentoses (such as xylose)
found in these materials using acid catalysts to form furfural, which is subsequently hydrogenated
to furfuryl alcohol (as shown in Figure 1.7) 3253, The price of furfuryl alcohol can also fluctuate
based on supply, demand, and production factors. In 2021, its price was approximately $1,200 to
$1,600 per metric ton °*°, Furfuryl alcohol is primarily used in the production and manufacture
of various chemicals, including pharmaceuticals and agricultural chemicals.

Lignocellulose chemical transformation undergoes a variety of processes such as dehydration,
hydrolysis, isomerization, aldol condensation, hydrogenation, oxidation, and reforming to produce

compounds with important applications 5. Figure 1.8 shows the chemical transformation of sugars
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to render an array of useful chemicals.
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Figurel.8. Transformation of sugars into useful chemicals

Catalytic biomass conversion to platform compounds, which can be used directly as
precursors in the manufacture of more valuable chemicals, is one approach for biomass
valorization. Among biomass-derived compounds, glucose, furfural, and furfuryl alcohol are seen
to be highly promising compounds because they provide a renewable route for turning biomass
into benign products. Both alkyl levulinate (AL) and furfuryl ether (FE) are part of the broader
bio-based chemicals sector, which has been experiencing growth due to increased interest in
sustainable and environmentally friendly alternatives to petrochemicals. Recently, alkyl

levulinates and furan derivatives have drawn more attention because of their potential use as
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industries °-%2, The ultimate objective of this thesis is to provide knowledge regarding the use of
modified heteropolyacids as solid acid catalysts in the conversion of glucose and furfuryl alcohol
into biofuels and additives (AL and FE). Hence various aspects of these important chemical
feedstocks derived from lignocellulose are discussed below in more detail.
1.3.1. Alkyl levulinate a platform chemical

The term "platform chemical™ refers to a compound that can undergo various chemical
transformations to produce a variety of useful products. Due to their distinctive physicochemical
characteristics and reactivities, ALs are one of the lignocellulosic-based compounds that have
drawn a lot of interest. These compounds are essential for manufacturing pharmaceuticals,
insecticides, perfumes, and functional materials “>°"83, ALs are a class of adaptable and promising
chemicals with a broad variety of possible industrial uses®. AL is recognized as an important
platform chemical for conversion into various interesting derivatives %, as presented in Figure 1.9.
Levulinic esters have different physicochemical features that can be customized to chemical and
process industry applications where they are used like solvents and additives, fragrance agents,
flavorings, and so on. 8°° Levulinic acid esters have a large potential as gasoline additives due to
their identical characteristics to those of fatty acid methyl esters, as well as their low toxicity,
stability, and high lubricity . Levulinate esters, such as butyl levulinate (BL) and, ethyl levulinate
(EL) have been tested successfully as oxygenates, improving the lubricity, freezing point,
conductivity, and combustion emission of the gasoline 367, In 2021, the global market for levulinic
acid and its derivatives was valued at $ 26.35 million, and it is expected to rise by $61.04 million.
Similarly, the global market for ethyl levulinate was worth $ 14.3 billion in 2020, and it is expected

to rise substantially in the following years due to new uses and production methods 659,
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Figure 1.9 Organic transformation of Alkyl levulinates
1.3.2. Furfuryl ether as a platform chemical

Furanics are heterocyclic compounds derived from hexose and pentose sugars that have.
These oxygen-containing compounds have been employed as octane and cetane number enhancers
in gasoline and diesel. *7" The commonly used oxygenate furanic compound fuels can be
synthesized from hexose or pentose sugars through catalytic transformation. One such furanic that
is increasingly becoming important is furfuryl ethers. It has been reported that furfuryl ether (FE)
possesses a high-octane number "X, For instance, the octane number and cetane number of ethyl
furfuryl ether (EFE) were reported to be 89 and 18.4 respectively "*. Furfuryl ethers such as EFE
and Methy! Furfuryl ether (MFE) are also used as important flavor compounds 2.

Due to the highly reactive nature of the reaction (reactant and products), the role of acidity
must be taken into consideration as it might alter the reaction pathway and generate undesirable
adverse reactions ">-'°. In the current research, AL and FE synthesis was performed with the acidity
of heterogenized hetero-poly acids being fine-tuned, to explore its effect and provide insights into
the appropriate acidity for such complex reactions.

1.4. Heteropoly acids for biomass valorization

The development of environmentally friendly procedures and the complexity of the

carbohydrate feedstock both provide significant difficulties for the design of biomass conversion

catalysts. In many cases, a solid acid catalyst is preferable to a liquid acid catalyst for reducing
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waste formation and facilitating simple catalytic separation. HCI and H2SO, are examples of
homogeneous Brgnsted acids, while zeolites, metal oxides, and metal phosphides are examples of
solid Brgnsted acids.) 227877 can be used. Furthermore, heteropolyacids (HPAs) work
particularly well in hydration/dehydration reactions due to their variable redox and tunable acidic
properties. Due to their distinctive structures and remarkable physicochemical characteristics, such
as strong Brensted acidity, high solubility, high proton mobility, and, rapid multi-electron transfer
HPAs are the best catalyst options 88, HPA catalysts have Lewis-acid metals, acidic protons, and
different (one or two) types of acidic sites, either kind of acidic site can operate as an active site in

acid catalysis®®.

\ /ok///io‘ W/O
OSSN
DN
/007\ \o/ \o/(//\
NN %

AL g AN

Figure 1.10 Keggin structure of HPA

HPAs can be distinguished from solid acids due to their high solubility in both water and
organic solvents. Three-dimensional (polyoxometalate) acidic protonated clusters of early
transition metal joined by oxygen atoms. POMs are known as hetero-poly anions when there are
two distinct metals present. Oxoanions of the central heteroatom X (P**, Si**, and so on) are
surrounded by oxyanions of the addenda atom M (W?®", Mo®*, and so on) &. The Keggin structure
(as shown in Figure 1.10), which is made up of POMs of the type XM12040n, is the most recognized
and stable POM structure. The fundamental structure of HPAs (Figure 1.10) depicts 12 corner-

and edge-linked octahedral MOsn units surrounding the central tetrahedral XOasn unit. The
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secondary structure is made up of the water of crystallization, which surrounds the anion in

addition, and the tertiary structure is made up of the constructed solid particles .
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acidity
~— Heterogenous
* Easy separation
- +  Multiple reuse
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S
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Figure 1.11 Some unique properties of Heteropolyacids

As shown in Figure 1.11, HPA catalysts have some unique properties such as high acidity;
comparable to or even stronger than traditional mineral acids like sulfuric acid 8, and tunability;
the acidity of HPAs can be tailored to the optimal level for specific biomass conversion reactions
enhancing catalytic efficiency and selectivity®. High water tolerance, high thermal stability,
compatible with a wide range of renewable feedstocks. In many circumstances, HPAs allow
biomass conversion processes to take place under moderate conditions (lower temperatures and
pressures) than other catalysts necessitate. This contributes to the preservation of the desired
product's integrity. As a result, their use as catalysts for biomass transformation is appropriate.

HPAs are frequently utilized in research and industry, particularly the commercially accessible
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ones such as HsPW12040 (HPW), HsPMo120s0 (HPMOo), HaSiW12040 (HSIW), and HaSiMos12040
(HSiMo).

While heteropolyacids offer numerous advantages for biomass transformation, it's
important to note that the choice of catalyst depends on the specific reaction and feedstock under
consideration. Researchers continue to explore and develop catalysts that best suit the requirements
of different biomass conversion processes. In gas-solid, liquid-solid, and heterogeneous catalysis,
heteropoly compounds are frequently used because of their acidity, oxidizing power, and ability
to maintain the molecular character of the heteropolyanion in the solid state. The HPA, H3PW12040
is the one that is regularly used among all of the HPASs. It is unsuitable for the selective synthesis
of particular biomass derivatives and requires balanced Lewis and Brgnsted acid sites 8-¢87, Pure
HPAs have a tiny surface area and are about 10 nm in size. It is critical to be able to recycle HPA
catalysts enough to sustainably valorize biomass and construct industrial-scale processes. To
address this shortcoming, increase the hydrophobicity of HPAs, and construct a heterogeneous
catalysis system, we used two different strategies in this work to convert commercially available
HPW into a heterogeneous catalyst: metal exchange (Zr, Cs,) and immobilization using a metal-
organic framework (UiO66-NH2) as a support.

1.5.  Scope and Objective of the Thesis:
1.5.1. Scope of the Thesis:
The following are some issues with the previously known procedures for producing alkyl

levulinates and furfuryl ethers from glucose and furans:
> Use of homogenous acid catalyst: difficult recovery and corrosiveness of catalyst
> Use of costly lonic liquids: high cost and needs a multistep process for separation and

purification
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> Use of traditional zeolites and acid-functionalized clays: low catalytic activity and deactivates
due to pore blockage by humin’s formation and leaching of active sites

> Low yield and selectivity for Al and FE production from sugars and furans
> Catalyst recyclability and regeneration

To solve the aforementioned obstacles, an efficient, green, one-pot process for converting
lignocellulosic-based sugar and furanics to Al and FE must be developed. Another significant
difficulty is the stability and reuse of catalysts. Catalysts with high recyclability and exploitability
across a wide range of reaction conditions should be developed for the conversion of a variety of
substrates (glucose, furfuryl aldehyde, and furfuryl alcohol).

1.5.2. The objectives of the thesis:

Considering the challenges indicated earlier, our main goal of the thesis is to use relatively
cheaper, highly acidic Heteropoly acids as a heterogeneous (recoverable and recyclable) catalyst.
It is well known that heteropolyacid is hydrothermally stable but very soluble in a polar solution,
and the conversion of lignocellulosic biomass and associated sugars and chemicals to ethers and

esters occurs in polar solvents. So our key objectives are as follows:
> Modification heteropoly acid: to generate heterogeneity and to alter physicochemical properties
> Use of modified heteropoly acid as a recoverable/reusable catalyst for valorization

lignocellulosic feedstock/derived Sugars and furanic to FE and AL.
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Chapter 2: Glucose Conversion to Ethyl Levulinate Over Zr-exchanged HPW catalyst and Sn-beta as a co-catalyst

2.1 Introduction

As natural energy resources (fossil fuels) are depleting, the use of renewable feedstocks is
emerging as a new sustainable alternative. Based on its wide availability, agricultural biomass may
be the best option among the other potential options. Direct biomass or carbohydrates derived from
biomass can be catalyzed into specialty and fine chemicals and fuel additives. Alkyl levulinates
(AL) have specific physicochemical properties that can be tailored to various chemicals and
process industry applications such as crude oil additives, solvents, flavorings, fragrance agents,
and so on. »? Because of their similar qualities to fatty acid methyl esters, as well as their low
toxicity, high stability, and lubricity, AL have a significant potential as gasoline additives 3. They
are regarded as promising from the perspective of sustainability since they originate from
"renewable feedstock” and have a positive impact on the ideas of "less hazardous chemical

syntheses,” "safer solvents and auxiliaries,” and "inherently safer chemistry for accident
avoidance." Levulinate esters, such as ethyl levulinate (EL) and butyl levulinate (BL), have been
investigated as oxygenate additives, boosting the conductivity, lubricity, and freezing point of
fuels, and lowering combustion emissions 3. Amongst these esters, Ethyl Levulinate (EL) is the
most preferable ester over methyl and butyl, due to its higher mixing properties with biodiesel +7.
The application of these biofuel additives will enhance the consumption of biodiesel in the
automotive sector of the world.

EL can be synthesized by esterification of Levulinic acid (LA) and it is also reported that
Furfuryl alcohol from xylose can also be converted into EL using acid catalysts®%. The direct

conversion of Glucose to AL will be more cost-effective, and the creation of a highly effective

catalytic system for the one-pot transformation of sugars into AL will be beneficial. Because
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appealing choice in terms of academic and industrial relevance 2.

EL synthesis from carbohydrates such as glucose was studied over various catalysts such as
HCL, H3PO4, H2S04, H2SO4-Al (OTf)s, SO4*- ZrO,, SO47- ZrO,/SBA-15, Amberlyst-35 and H-
USY (zeolite) 28, Among homogenous catalysts, H2SO4-AlI(OTf)s having both Bransted and
Lewis acidity showed 64.9% EL at 180 °C in 3 h '® and heterogeneous catalysts such as HUSY
showed maximum yield EL (41%) EL at 160°C in 20 h.** According to the literature, a catalyst
with only Lewis or Brgnsted acidity is not suitable for converting glucose to EL because Brgnsted
acidity is required for the subsequent reactions of hydration and dehydration of fructose to EL,
whereas Lewis acidity is primarily required for isomerizing glucose to fructose. As a result, a
catalyst with the proper balance of Brgnsted and Lewis acidity is more beneficial than a catalyst
with exclusively acidic sites. Jiang et al. reported a mixed catalytic system comprised of Lewis
(Sn-Beta) and Bransted (SO4%*/Zr0;) acidic catalysts for the synthesis of methyl levulinate (ML)
17_

HPAs are a fascinating family of well-defined strong solid Brensted acids with outstanding
catalytic activity in a wide range of acid-catalyzed processes 1°2°. However, HPAs are not much
explored for the transformation of cellulose, glucose, and fructose to fine and specialty chemicals
and fuel additives because of their solubility in polar mediums like water and alcohol. To overcome
this drawback of HPAs, in our previous work 2, HPA tungstophosphoric acid (HsPW12040) was
modified by exchanging proton with zirconia (Zr) and was used as a heterogenized catalyst in a
polar medium, so that it can be used in carbohydrate chemistry effectively where hydration,
dehydration, and rehydration reactions are prominent. The catalytic applicability of Zr-modified

HPW for the one-step conversion of glucose to EL is described in this chapter. The direct one-step
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conversion of glucose to EL using a synergetic physical mixture of HoZriPW1,040 + Sn-Beta with
Bronsted and Lewis acidity is examined to maximize EL production and convert wider glucose
concentrations under milder working conditions.

2.2 Experimental

2.2.1 Materials

Zirconium nitrate and Keggin-type tungstophosphoric acid (AR) were purchased from Thomas
Baker, Mumbai (India), tetraethyl ammonium hydroxide (TEAOH, aq. 40% solution, V.P.
Chemicals), tetraethyl orthosilicate (TEOS, 98%, Silbond), Tin (V) chloride (SnCl4.5H20, 98%,
Loba Chem), hydrofluoric acid (HF, 48 wt %, Thomas Baker), sodium aluminate (43.8% Al.Os,
39.0% Naz0, Loba Chem), perchloric acid (HCIO4, 70%, Merck), sodium hydroxide (NaOH, 98
% AR Loba Chem), Tin (IV) chloride (SnCl4.5H20, 98%, Loba Chem), silica sol (40% SiO, Loba
Chem), CTAB, NH4OH, TBOT, and IPA.

Chemicals and analytical standards Glucose from Loba Chem, EFE, EL, and FAIlc were
procured from Sigma Aldrich and Ethanol from Changshu Hongsheng Fine Chemical China
2.2.2 Catalyst Preparation
2.2.2.1 Synthesis of Zr Exchanged HPW

We synthesized Zr exchanged HPW samples by adding 0.25 and 0.5 mmol aqueous
solution of ZrO(NO3z)2.xH20 dropwise to a 1 mmol aqueous solution of Hz[PW12040].nH20
(tungstophosphoric acid/HPW) vigorously combined. The resulting milky suspension was allowed
to rest for 12 hours at room temperature. At a temperature of 100°C, water slowly evaporated in
an oil bath to produce the white powder. The samples were then calcined for 3 hours at 350 °C
after being dried for 12 hours in a 120 °C oven. The catalysts were labeled H2ZriPW12040 and

H1Zr,PW1204 for ease of use.
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2.2.2.2 Synthesis of Lewis acid co-catalysts
2.2.2.2.1 Synthesis of Sn-beta

According to a prior report, 2 Sn-beta was synthesized. To make Sn-beta, 42.4 g of TEOS
and 39.69 g of TEAOH were combined while being vigorously stirred. At a temperature of 30 °C,
the stirring was continued. We observed the weight loss (about 17%) brought on by the release of
ethanol. With continual stirring, 0.58 g of SnCl4.5H,0 in 10 ml water and 4.5 g of HF were added
to this mixture. The aforesaid mixture was then vigorously stirred while 2.84 g of 70% aqueous
perchloric acid, employed as a promoter, was added. This process was repeated until a
homogenous gel was formed. This gel's estimated molar composition was SiO2: 0.0083 SnO2:
0.54 TEAOH: 0.54 HF: 0.1 HCIO4: 7.5 H20. After that, a 30-day hydrothermal treatment at 140
°C was performed on the obtained gel in an autoclave. Vacuum filtration was used to separate the
solid after crystallization, and it was then dried at 120°C for four hours. After that, the dry product
was air-calcined at 550°C for 12 hours.

2.2.2.2.2 Synthesis of SnO>

The surfactant-based based approach is used to produce SnO. powder. In a typical
synthesis, three grams of CTAB were combined with 25 ml of water, and the resulting mixture
was stirred until it became homogenous. The CTAB solution was then mixed with 2 ml of NH4sOH
(25-weight percent solution) solution that had been diluted with 8 ml of distilled water. The above-
mentioned ammonical CTAB solution was then gently added while being constantly stirred, 2.5 g
SnCl45H,0 dissolved in 25 ml pure deionized water. The resultant slurry was aged at room
temperature for 48 hours after being continuously stirred for 3 hours. The aged slurry was further
filtered, the wet cake was washed with distilled water, dried at ambient temperature, and then

subjected to a 5-hour calcination process at 500 °C.
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2.2.2.2.3 Synthesis of TiO>

TiO2 was synthesized using the sol-gel method. A typical synthesis consisted of the
addition of 4.23 g of TBOT with constant stirring, in an (42 g ) IPA. The mixture was agitated
after the addition was finished for a further six hours, and then it was dried at 80 °C. The dry
powder was then heated to 550 °C in the air for 9 hours at a heating rate of 1 °C/mi.
2.2.3 Characterization of the catalysts

Catalyst powder X-ray diffraction (XRD) patterns were acquired using a PANalytical system
(model Xpert-PRO-1712) and monochromated Cu K radiation (=0.154) in the 50 to 90° range.

To assess the textural qualities of materials, a typical nitrogen adsorption equipment
(Micromeritics ASAP 2010 system) was employed. The Brunauer-Emmett-Teller (BET) method
was used to analyze the sample's specific surface area.

Using a MicromeriticsAutoChem (2910, USA) with a thermal conductivity detector, the total
acidity and acid strength related to each site were determined. The material was dehydrated for 1
hour at 300 °C in He (30 cm3 minl) before the measurements. After that, the temperature was
lowered to 100 °C, and the sample was exposed for an hour to a gas stream composed of 10% NH3
and He. He was then used to flush it for an additional hour. By increasing the temperature to 800
°C, the NHz desorption was performed in He flows (30 cm3 minl) at a rate of 10 °C minl. ATCD
was used to calculate the amount of desorbed ammonia.

On a Thermo-Nicolet 670 spectrometer, an FTIR spectrum between 400 and 4000 cm-1 was
acquired. A JASCO J810 spectrometer with a peltier water circulation thermostated six locations
automatic cell changer and a variable slit system was utilized to capture the spectra.

Another application of IR spectroscopy is to find out the type of active sites on the catalyst

surface (mainly acidic and basic sites) by using various probe molecules. Pyridine is one of the
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most often utilized probes because it can provide information on both the Lewis and Bransted acid
sites simultaneously. The IR bands from pyridine coordinated to Lewis acid sites appear at 1450
and 1620 cm, while the typical bands of pyridine hydrogen bound at a Brgnsted acid site appear
in the areas of 1400-1477 cm™, 1485-1490 cm™, and 1580-1600 cm™ 28-%C,

Ex-situ pyridine-FTIR was used to determine the type of acid sites (Brgnsted and/or Lewis)
present in the catalyst. Using a high vacuum, a catalyst powder sample was cooled to ambient
temperature after being activated at 200°C for two hours. Then, it was subjected to pyridine vapors
for two hours. By activating at 100°C for two hours while under a high vacuum, the physisorbed
pyridine was driven off. The Fourier Transform Infrared Spectroscopy (FTIR) of the IR spectra
was carried out using a Bruker Alpha-P ATR FTIR spectrometer, and the B/L ratio was computed
using the published method 28,

2.2.4 Reaction procedure

A 30 ml capacity SS316 stainless steel reactor with a pressure gauge was used for all reactions.
In a typical reaction, 0.37 g of glucose, 50 weight percent catalyst for the glucose weight, and 12
mL of ethanol were introduced to the reactor. The reactor was then heated to a temperature between
140 and 200°C with constant stirring at 800 rpm for 3 hours. The reactor then cooled to room
temperature in a cold-water bath at the end of the reaction to quench the reaction. The catalyst was
then separated by centrifugation, and the centrifuged sample was diluted in ethanol before being
analyzed using gas chromatography and HPLC. The following equations were used to compute

glucose conversion and yield of EMF, EL, and ELA.

Initial moles of glucose — Final moles ofglucose) 100
*k

% C on =
% Conversion ( Initial moles of glucose
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) moles of product Formed
% Yield = — * 100
Initial glucose moles
2.3 Results and Discussion
2.3.1 Catalysts characterization
2.3.1.1 X-ray diffraction
(@) (b)
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Figure 2.1 XRD profiles of Bronsted acids (a) HaPW12040, H2Zr1PW12040, H2Zr1PW12040, and
ZrOz and Lewis acids (b) TiO2, SnO2 and Sn-p

The powder X-ray diffraction pattern of HsPW12040, H2ZriPW12040, H2Zr1PW12040, and
ZrO-are presented in Figure 2.1 (a). The XRD pattern of HsPW12040 and HxZrs.xPW12040 exhibits
diffraction peaks of Keggin structure at 2 6 = 10.5°, 18.3°, 23.7°, 26.1°, 30.2°, 35.6°and 38.8°, which

%6 However, there is no extra peak

are also assigned to a body-centered cubic structure
corresponding to ZrO> or peak due to a change in the Keggin structure. This indicates that Zr may
have been incorporated into the Keggin structure.

The XRD diffraction pattern for the Sn-beta sample was comparable with the structure of

standard zeolite beta, with no impurity phases detected, as shown in Figure 2.1. (b) 2"%! and XRD

diffraction patterns of SnO, and TiO2 also showed pure crystalline phase®?22,
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2.3.1.2 FT-IR
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Figure 2.2 FT-IR spectra of Hs3PW12040, H2Zr1PW12040, and H2Zr1PW12040

The FT-IR spectra revealed bands at 1080, 983, 890, and 820 cm, which are ascribed to
the asymmetric vibrations of P-O (oxygen atoms bound to three W atoms and one P), W-O
(terminal oxygen atom), W-O-W (corner sharing bridging oxygen atom), and W-O-W (edge
sharing bridging oxygen atom) respectively3*. These bands are the typical characteristic bands of
the Keggin structure 33, The FTIR data show that a Keggin structure was maintained during the

proton exchange of zirconium with HsPW12040.

32



Chapter 2: Glucose Conversion to Ethyl Levulinate Over Zr-exchanged HPW catalyst and Sn-beta as a co-catalyst

2.3.1.3 N2 physisorption

The BET surface area and crystallite size of HizPW12040, H2ZriPWi2049, and
H1Zr,PW12040 have been tabulated in Table 2.1. No noticeable influence of Zr on BET surface
area was observed, the BET surface area of all samples remained in the range of 4-6 m?/g.
2.3.1.4 NHs-TPD

Table 2.1 Physicochemical characteristics of the catalyst

Sample Total Acidity umol/g  BET surface area m?/g  Crystallite Size (nm)
H3PW12040 1241 4 42.52
H2Zr1PW12040 1511 3 42.50
H1Zr2PW12040 1310 6 44.68

The acidity of the Zr exchanged samples was calculated by using NH3-TPD analysis and data
is given in Table 2.1. The parent sample that is HPW has shown total acidty 1241 umol/g while Zr
exchanged samples show a slight increase in total acidity, H2ZriPW12040 was found to be increased
to 1511 umol/g, and the sample with more Zr that is HiZr.PW12040 have shown total acidity of
1310 umol/g. However, a reduction in acidity (1310 umol/g) of H1Zr.PW1.040 has been observed
compared to H2ZriPW12040. This decline in total acidity with the increase in Zr may be ascribed
to the amorphous part of Keggin which reduces the accessibility of acidic active sites of Keggin

unit 2%, While TPD profiles are shown in Figure 2.3 have not shown many more changes.
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Figure 2.3 NH3-TPD profiles of Hs3PW12040, H2Zr1PW12040, and H2Zr1PW12040
2.3.1.5 Pyridine FTIR

Pyridine vibrations adsorbed on Lewis acid sites are normally represented by the bands at
1450 cm-1 and 1610 cm-1, whereas those of pyridine adsorbed on Brgnsted acid sites are typically
represented by the bands at 1489 cm-1 and 1635 cm-1. The combination of pyridine absorption on
Brensted and Lewis acid sites results in the band at 1540 cm-1 28-30,

Figure 2.4. shows individual Py-FTIR spectra of Sn-beta, H3PW12040, H2ZriPW12040, and
H1Zr,PW12040. The Py-FTIR of Sn-beta majorly shows intense bands of Lewis acid sites at 1450

cm* and 1610 cm™, while the phosphotungstic acid and Zr exchanged phosphotungstic acid have
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shown an intense band for Bransted acid sites at 1489 cm™, and there is the small band at 1450

cm started appearing for the sample with higher Zr exchange/ content (H1Zr2PW12040).
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Figure 2.4 Py-FTIR spectra of HPW, H2Zr1PW12040, and H2ZriPW12,040 and Sn-beta
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To obtain the proper Lewis and Brgnsted acid sites desirable for the selective alcoholysis of
glucose to AL, we used a mixture of Sn-beta as a Lewis acid component and Brgnsted acidic Zr

exchanged HPW samples.
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Figure 2.5 Py-FTIR spectra of individual Sn-beta and Physical combinations of #H1Zr.PW12040

+ Sn-beta and *H»Zr1PW1,040 + Sn-beta

36



Chapter 2: Glucose Conversion to Ethyl Levulinate Over Zr-exchanged HPW catalyst and Sn-beta as a co-catalyst

To identify the relative Lewis and Brgnsted sites, we performed an ex-situ Pyridine IR
study of various ranges of the physical mixture, and the Spectra are displayed in Figure 2.5. From
Figure 2.5 it can be confirmed that with an increase in Zr exchanged HPW in the physical mixture
of Sn-beta and Zr-HPW samples the band at 1489 cm™* corresponding to Bragnsted acid sites started
appearing and the peak goes on increasing with higher content of Brgnsted acid component that is
Zr-HPW. So, we have calculated the relative B/L ratio of each sample using a Bransted acid peak
at 1489 cm™ and a Lewis acid peak at 1450 cm™ and data are given in Table 2.3.

2.4 Catalytic activity

OH OH o o
0] HyZr | PW 7,04, + Sn-bet:L OC,H;
Y o + OC,H;
OH OH o OH
Glucose Ethyl levulinate Ethyl lactate

Scheme 2.1. Direct conversion of Glucose to EL

Table 2.2. Catalyst screening for glucose to EL conversion

% % EMF % EL % ELA
Entry Name of catalyst
Conversion  vyield yield yield
1 H1Zr,PW 12040 98 0.0 14.0 0.0
2 H2Zr1PW12040 99 0.0 26 0.0
3 Sn-Beta 95 10 0.0 18
4 H2ZriPW12040 + TiO2 (80:20) 96 0.0 145 0.0
5 H2ZriPW12040 + SnO2 (80:20) 97 0.0 26 0.0
6 H1Zr,PWi12040 + Sn-Beta (80:20) 99 1.4 34.7 33
7 H2ZriPW1,040 + Sn-Beta (80:20) 99 3.2 48 16.4
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8 H1Zr,PW12040 + Sn-Beta (50:50) 97 1.5 34 53

Reaction conditions; 160°C, catalyst loading: 50% w.r.t. glucose, Glucose concentration: 50g/lit,
3hrs, 600rpm

Conventionally, EL can be synthesized by esterification of LA and it is also reported that
Furfuryl alcohol from xylose can be converted into EL using acid catalysts. However, LA and
Furfuryl alcohol can be synthesized from carbohydrates but they need to be purified for further
conversion to EL. However, there is another route in which carbohydrates or carbohydrate-derived
sugars can be directly converted to EL in the ethanolic medium by acid catalysis (scheme 2.1.)

The catalytic conversion of Glucose to EL was carried out by using different Lewis and
Bronsted + Lewis catalysts (Table 2.2). Entry 1 and 2 of Table 2.2 presented the product
distribution on partly substituted H+ proton of HPA with Zr making the catalyst partly insoluble
(50%) in the polar medium like ethanol. In all the cases, glucose conversion is in the range of 95-
100%. Apart from EL, another product formation was 5- Ethoxymethyl furfural (EMF); Ethyl
lactate (ELA); and a minor contribution of humins and other polymeric compounds. Entry 1 and
2, formed EL 14 and 26% yield respectively. The activity has increased with the presence of more
H+ ions in the catalyst. This catalyst has shown activity due to the presence of Brensted acidity.
In the presence of only Lewis acidic catalyst viz; Sn-beta, as per reaction mechanism (Figure 2.6)
it is expected that Lewis acidic catalyst will favor ELA (18%) formation than EL (0%). The
reaction is stuck up to 5-EMF (10%) Entry 4 to 8 of Table 2.2.; reveal the results with a physical
mixture of Lewis + Brgnsted acidic catalyst. It was found that the existence of highly Lewis acid
catalyst viz; Sn-beta and its percentage in whole catalyst loading, leads to more formation of ELA
than EL. Whereas, less Lewis acidic catalyst like TiO2 and SnO> (entries 4 and 5) shows less ELA

formation due to a reduction in the rate of Lewis acidic reaction like isomerization and retro-aldol
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condensation. Entries 6 and 8; gave the same EL (34%) despite having variation in the percentage
of Sn-beta, whereas ELA formation has increased in case of a 50:50 ratio of H1Zr.PW12040 +Sn-
Beta as compared to 80:20, as more Lewis acid sites due to increasing in Sn-beta contribution
increases Lewis acidic reaction which leads to the formation of ELA. Amongst all studied catalysts
physical mixture of HoZriPW12040 + Sn-Beta (80:20) combination gave maximum formation of
EL (47.6%). This confirmed that proper combination with B+L and B/L >2.5 ratio is vital for the
conversion of glucose to EL in one step.
2.4.1 Effect of Process Variables on EL synthesis from Glucose

It is generally known that the synthesis of EL necessitates Brgnsted as well as Lewis acidity
17 The current study established Bransted and Lewis acidity in the catalyst by combining Zr-HPA
(Brgnsted acid) and Sn-beta (Lewis acid). Different combinations of Brgnsted and Lewis acids,
B/L ratio from 0.68 to 3.9 were prepared (Table 2.3.) by changing the weight ratio of Zr-HPA and
Sn-beta from 30:70 to 90:10. Table 2.3. represents the catalytic performance in comparison with
the B/L ratio.

Table 2.3. Effect of the Catalyst Composition

Weight % %EMF %EL %ELA BI/L
Entry Catalysts
ratios  Conv. yield yield yield ratio

1 H1Zr,PW12,040 + Sn-Beta  30:70 95 24 36.0 50 0.68
2 H1Zr,PW12040 + Sn-Beta  50:50 96 1.5 34 52 1.2
3 H1Zr,PW12040 + Sn-Beta  70:30 97 1.2 32 40 1.9
4 H1Zr,PW12040 + Sn-Beta  80:20 96 1.4 35 34 2.6
5 H2ZriPW1,040 + Sn-Beta  80:20 97 3.2 48 16 3.7
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6 H2ZriPW12040 + Sn-Beta  90:10 98 1.1 35 9 3.9

Reaction conditions: 160°C, catalyst loading: 50% w.r.t. glucose, glucose concentration: 50g/lit,
3hrs, 600 rpm.

It is clear from the catalytic performance study, that the combination of Brgnsted acidic (Zr-
HPA) and Lewis acidic (Sn-Beta) is crucial for EL yield. Nevertheless, the composition of Zr-
HPA and Sn-Beta governs the actual B/L ratio which is an important parameter to get the
maximum yield of EL. Table 2.3, presented the product distribution of H1Zr.,PW1,04 and
H2ZriPW12040 in combination with Sn-beta at different weight ratios. In the case of the 30:70
synergetic catalyst combinations of H1Zr.PW1.040and Sn-beta with a B/L ratio of 0.68, entry 1 in
Table 2.2 has shown EMF, EL, and ELA vyield of 2.4%, 36%, and 50% respectively. The
remarkably higher by-product yield (ELA) is probably due to the lower B/L ratio (0.68) which
gives higher Lewis acidity and follows retro aldol condition over dehydration. In the case of 50:50
& and 70:30 weight ratio (entries No 2 & 3) the B/L ratio increased by 1.2 & and 1.9 respectively,
the identical activity as a catalyst with a 30:70 ratio was observed. Above B/L ratio 1.9 ELA
formation has decreased. In combination with H1Zr.TPA and Sn-beta in the ratio of 80:20 (entry
no. 4) having a B/L ratio of 2.6 decreases the ELA formation from 50 to 34 at an identical EL yield
of 35. In the case of H2ZriPW12040 and Sn-beta (80:20) having a B/L ratio of 3.7 increases the
EL formation from 35 to 48 % at lower ELA formation of 16%, formation of EMF (1.1 to 1.4%)
is same in all the cases. Further increase in H2ZriPW12040 contribution from 80% to 90% reduces
the EL formation by 13% and ELA formation by 7%, this reduction in EL and ELA is mainly due
to humins formation. Thus, the optimum combination of H2ZriPW12040 and Sn-beta (80:20)
having a B/L ratio of 3.7 is crucial for the maximum formation of EL with the lower contribution

of ELA and humins.
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isomerization, dehydration, and retro-aldol condensation. The catalyst H2ZriPWi2040 in
combination with Sn-Beta gives Brgnsted and Lewis acidity so the present study confirms that
when the contribution of H2ZriPW12040 is more means a higher B/L ratio leads to an increase in
EL formation. Whereas, when the H2ZriPW12040 contribution is lower and more Sn-beta means
the B/L ratio is low and it follows retro-aldol condensation steps leading to the formation of ELA.
The optimum contribution of H2Zr1PW12040 and Sn-beta 80:20 having a B/L ratio of 3.7 is crucial
to maximize the yield of EL and suppress the ELA formation. In addition to this, the generation of
EMF was also detected. Thus, the present experimental results validate the proposed mechanism

(shown in Figure 2.6).
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Figure 2.6 Mechanism of Alkyl levulinate and Alkyl lactate formation from glucose
2.4.1.1 The effect of glucose concentrations
The effect of glucose concentrations (25-50 g/L) which is an important parameter to study,

was explored on an 80:20 physical mixture of H2ZriPW12040 + Sn-Beta (80:20) at 160-C for 3
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hours. As illustrated in Figure 2.7, as glucose concentration increased from 25 to 50 g/L, keeping
ethanol concentration the same, EL yield and ELA yield were found to decrease from 47% to 39%
and from 38 to 26%, respectively. This drop-in activity with a surge in glucose concentration is
due to the slighter solubility of glucose in ethanol, as the glucose concentration rises. This lower
glucose solubility reduces the rate of substrate mass transfer without chemical reaction, which
affects catalyst activity. Thus, 30 g¢/L initial glucose concentration was used for further

experiments.
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Figure 2.7 Effect of glucose concentration.

Reaction conditions: - 50% catalyst w.r.t. glucose, 160°C, 3hrs, stirring 800rpm.
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2.4.1.2 The influence of reaction temperature

The effect of reaction temperature on the conversion of glucose to EL is a critical parameter
to investigate. The results of the physical mixture of HoZriPW12040+ Sn-beta (80:20) as a function
of reaction temperature are plotted in Figure 2.8 It was noted that, as the reaction temperature
raised from 140°C to 180°C, the EL was found to be improved from 45 to 54%, with the identical
formation of ELA (30%). Above 180°C, the EL and ELA decreased substantially. This is mostly
owing to the formation of additional humins at 200°C, which deposit on the active sites of the
catalyst, reducing activity due to deactivation. After the reaction catalyst turned deep brown from

white at 200°C.
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Figure 2.8 Effect of temperature
Reaction conditions: - (80:20 H2ZriPW12040 + Sn-Beta) 50% catalyst w.r.t. glucose, 30g/L

glucose concentration, 3hr, 800rpm
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2.4.1.3 Effect of the Catalyst Loading

Figure 2.9 confirmed that as the catalyst loading increases from 25% to 50%, the EL and
ELA formation increases from 29% to 54% and 18% to 32%, respectively. This increase in activity
is mainly due to arise in active catalyst sites, which upsurge the reaction rates and activity. Above
50% catalyst loading (this is high enough for most of the reaction); more catalyst concentration
will hinder the mass transfer of substrates and their interaction with each other at the catalyst

surface and inside the catalyst pores, reducing catalyst activity.
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Figure 2.9 Effect of catalyst loading.
Reaction conditions: - (80:20 HxZriPW12040 + Sn-Beta) 50% cat w.r.t. glucose, 30g/L glucose

conc., 180°C Temp., 3hr, 800rpm
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2.5 Comparison of the present catalytic system with the literature

Table 2.4 Comparison of the present catalytic system with the literature

Sr.  Catalyst Reaction Parameters % % % Ref.
No. Catalyst  Glucose Temp. Time Conversion EL EMF No.
Loading concentration (°C) h Yield Yield
(wt. %)  (g/L)
1 K-HPW-1 75 20 150 2 99.2 145 15 16
2 Tio7sTPA 2.5 4.51 120 6 100 21 - 36
3 20% HPW/H- 150 20 160 2 - 191 - 87
ZSM-5
4 Amberlyst-15 20 12 180 2 94.3 39.2 15 38
5 5KCC-1/Al- 50 24.2 200 6 - 423 - 39
SOzH
6 80:20 50 30 180 3 99 54 31 This
H2ZriPW12040 work
+ Sn-Beta

In Table 2.4, our investigation was compared with recent and outstanding research for the
conversion of glucose to EL. It can be observed that the EL yields of 14.5%-54% were achieved
by various heterogeneous catalysts under different reaction conditions. Under the catalysis of
5KCC-1/Al-SOsH, a high EL vyield of 42.3% could be obtained at a high temperature of 200 °C
39 While conventional high acidic resin Aberlyst-15 showed a remarkably 39.2 % EL yield*® and
HPA-based catalysts such as K-HPW-1, Tio7sTPA, and 20% HPW/H-ZSM-5 reported relatively low EL
yield®337 Surprisingly, the EL yield (54%) obtained by 80:20 H2ZriPW1,04 + Sn-Beta catalyst
surpassed those obtained by the published catalysts. Moreover, the DPW-CeSiM catalysis was
conducted at relatively mild reaction conditions (180 °C and 3 h).

2.6 Conclusions
The present study investigated the right combination of Brgnsted and Lewis acidic catalyst
and its percentage for the maximization of direct glucose transformation to EL in one step.

H2ZriPW12,040 + Sn-beta with an 80:20 weight ratio was found to be an ideal blend for the
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maximum EL yield (54%). Another advantage of the study is to use of HPA-based material for

polar-solvent-based reactions. In this case, H2ZriPW12040 is an HPA having Bransted as well as

Lewis acidity by exchanging the H+ proton with Zr. This combination also improves the

heterogeneity of the HPA-based sample in the polar medium by 50%. The current study also

discovered that this combined physical mixture of HoZriPW12040 + Sn-beta can bear glucose

concentrations up to 30g/L. Therefore, it can be concluded that the correct ratio of B and L catalysts

is essential for the one-step direct conversion of glucose to EL.
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3.1 Introduction
As crude oil supplies decline and global demand for fossil fuels rises, alternative renewable
sources such as biomass, solar, and water splitting must be considered. Because of its great
sustainability, biomass may be the most chosen option among these. Biomass is a readily available,
renewable carbon-based source for value-added chemicals and biofuels, notably agricultural
waste. In India, the availability of biomass based on agricultural waste, such as rice husk, wheat
straw, rice straw, and sugarcane bagasse, accounts for over 75% of the total. A vital first step
towards improving the environment and a sustainable economy is to use renewable biomass®. The
Biofuels Directive of the European Union (EU) Commission emphasizes a 20% biofuel blend.
Therefore, in the current and future state of the planet, research on bio-based technologies,
particularly furan catalytic converting technologies, is essential. One of the most noteworthy furan
derivatives, furfuryl alcohol (FAIc), was produced industrially by hydrogenating furfural, which
has the potential to serve as a platform chemical for the production of more useful compounds 2
°. Due to their useful fuel qualities, Furanic ethers are an important class of chemicals that can be
employed as gasoline additives or in diesel blends ¢2. According to the analytical analysis by
Lange et al. al., among the investigated products from Furan upgrading, ethyl furfural ether (EFE)
demonstrates a very low carbon footprint with a high octane number (ON 110). ° Furfuryl ether
can also be used to make ethyl levulinate (EL) and other fuel molecules like alkyl tetrahydrofuryl
ether. Furanic ethers are an appealing class of potential biofuel to consider because of their wide
range of applications 12, Furanic ethers are an appealing class of potential biofuel to consider
because of their wide range of applications
Due to the ability of these compounds for self-polymerization to humins, ** furanics

(Furfural, FAIc, and HMF) have poor acid stability and pose substantial limitations when used in
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harsh conditions. As a result, there has been little research on the catalytic etherification of furfuryl
alcohol. Catalysts such as ZSM-5, Zr-SBA-15, and Amberlyst-15 have been documented in a few
reports *1%16_ It appears that the acid catalyst, particularly the Lewis and Brgnsted acid catalyst
blend, may be operative for this reaction.

The heteropolyacids (HPAs) are a special type of strong solid Brensted acid that exhibits
exceptional catalytic activity in a wide range of acid-catalyzed activities, including the
manufacture of biofuel 1522, Due to the high instability of furanic compounds, HPA, as it is, has a
strong Brgnsted acidity, which may promote the creation of additional humins. Additionally, HPAs
are soluble in polar media like alcohol or water. By replacing the H™ proton of HPAs with other
monovalent ions such as NH4*, Cs*, K*, Rb", etc., it is possible to decrease Brgnsted acidity and
render HPA insoluble in the polar medium 2327, In comparison to other monovalent ions, Cs*
appears to be more favored since its mirror replacement with H* reduces the Bragnsted acid site,
promotes the creation of new Lewis acid sites, increases surface area, creates mesoporosity, and
also aids in the total insolubility of HPA in a polar solution 2327,

This chapter therefore concentrated on the synthesis of a Cs-modified HPA catalyst and its
characterization using various methods, including X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), ammonia-temperature programmed desorption (TPD), nitrogen adsorption, and
FTIR (Fourier transform infrared spectroscopy). The etherification of furfural alcohol to ethyl
furfuryl ether was one of the furanic reactions for which the catalyst had been evaluated.

3.2 Experimental

3.2.1 Materials and Methods
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Cesium nitrate (LR), and Keggin-type 12-tungstophosphoric acid (AR) were purchased
from Thomas Baker, Mumbai (India) and analytical standard’s EFE, EL, and FAlc were purchased
from Sigma Aldrich, Ethanol from Changshu Hongsheng Fine chemical China.

3.2.2 Catalyst synthesis
3.2.2.1 Cs exchanged HPW

The procedure for the synthesis of CsxHz-xPW12040 (X = 0.5,1,2,2.5) is similar to be reported
24 We have prepared Cs exchanged HPW samples as H25CsosPWi12040, H2CS1PW12040,
H1Cs2PW12040, and HosCs25PW12040, for this we added 0.5 mmol, 1 mmol, 2 mmol and 2.5 mmol
aqueous solution of CsNOs to the aqueous 1 mmol solution of H3[PW12040].nH20 under constant
stirring for 30 min at room temperature. The resulting milky suspension was allowed to age at
room temperature for 12 hours. Water was slowly evaporated at 100 °C in an oil bath to get the
white powder. The samples were then dried in an oven at 120 °C for 12 hours and calcined at 350
°C for 3 hours.
3.2.2.2 Ce Exchanged HPW (H1Ce2PW12040)

Ce Exchanged HPW was made by dropwise adding 0.5 mmol of an aqueous solution of
Ce(NO3)3.6H20 to a 1 mmol aqueous solution of H3z[PW12040].nH20 (tungstophosphoric
acid/HPW) under vigorous stirring. The resulting milky suspension was left at room temperature
for 12 hours. The white powder was obtained by slowly evaporating water in an oil bath at 100
°C. The samples were then dried in an oven at 120 °C for 12 hours before being calcined at 350
°C for 3 hours. For convenience, we designated the catalysts as HiCe2PW12040.
3.2.2.3 Mg Exchanged HPW (H1Mg2PW12040)

Mg Exchanged HPW sample was prepared using the aforesaid procedure; for this, a 1
mmol solution of Mg(NO3)2.6H20 aqueous solution was added dropwise to a 1 mmol solution of

H3[PW12040]. nH20 under vigorous stirring. The resulting milky suspension was left to age at
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generate the white powder. The samples were then dried in an oven at 120 °C for 12 hours before
being calcined at 350 °C for 3 hours. For convenience, we have named the catalysts
H1Mg2PW12040.

3.2.3 Characterization of the catalysts

Using a PANalytical system (model Xpert-PRO-1712) and monochromated Cu K radiation
(=0.154) in the 50 to 900 range, X-ray diffraction (XRD) patterns of catalyst powder were
obtained.

To assess the textural qualities of materials, a typical volumetric nitrogen adsorption
equipment (Micromeritics ASAP 2010 system) was employed. The Brunauer-Emmett-Teller
(BET) method was used to calculate the sample's specific surface area.

Using a MicromeriticsAutoChem (2910, USA) fitted with a thermal conductivity detector,
the total acidity and acid strength related to each site were determined. The material was
dehydrated for 1 hour at 300 °C in He (30 cm3 minl) before the measurements. The temperature
was then lowered to 100 °C, and the sample was exposed to a gas stream that included 10% NH3
in He to allow NH3 to adsorb for an hour. He was then used to flush it for an additional hour. By
increasing the temperature to 800 °C, the NH3 desorption was performed in He flows (30 cm3
minl) at a rate of 10 °C minl. A thermal conductivity detector (TCD) was used to calculate the
amount of desorbed ammonia.

On a Thermo-Nicolet 670 spectrometer, an FTIR spectrum between 400 and 4000 cm-1
was acquired. A JASCO J810 spectrometer with a peltier water circulation thermostated six
locations automatic cell changer and a variable slit system was utilized to capture the spectra.

Another application of IR spectroscopy is to find out the type of active sites on the catalyst

surface (mainly acidic and basic sites) by using various probe molecules. One of the often-used
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probes is pyridine since it can offer data on both the Lewis and Bransted acid sites at the same
time. The IR bands from pyridine coordinated to Lewis acid sites appear at 1450 and 1620 cm™,
while the typical bands of pyridine hydrogen bound at a Brgnsted acid site appear in the areas of
1400-1477 cm™, 1485-1490 cm™, and 1580-1600 cm™* 2830,

Ex-situ pyridine-FTIR was used to determine the type of acid sites (Brgnsted and/or Lewis)
present in the catalyst. Using a high vacuum, a catalyst powder sample was cooled to ambient
temperature after being activated at 200°C for two hours. Then, it was subjected to pyridine vapors
for two hours. By activating at 100°C for two hours while under a high vacuum, the physisorbed
pyridine was driven off. The Fourier Transform Infrared Spectroscopy (FTIR) of the IR spectra
was carried out using a Bruker Alpha-P ATR FTIR spectrometer, and the B/L ratio was computed
using the published method 28,

The Perkin-Elmer Optima 3000DV inductive coupled plasma-optical emission
spectroscopy (ICP-OES) was used to check the heterogeneity of the catalyst using the reaction
mixture after the reaction.

3.2.4 Reaction procedure and analysis

Reactions were carried out in a high-pressure Parr reactor (4871 series controller) with a
volume of 100 mL and external temperature and stirring controllers. Based on the FALc
concentration, 7.2 mmol of FAIc, 360 mmol of alcohol, and 20% catalyst were loaded in a typical
reaction. The reactor was then sealed and placed in a heating unit with stirring at 300 rpm. After
the reaction was completed, the reactor was cooled to room temperature in a cooling water bath
and the reaction mixture centrifuged to isolate the used catalyst. The used catalyst was washed and

dried before being utilized in the next run to test its reusability.

54



Chapter 3: Furfuryl alcohol conversion to Ethyl furfuryl ether over Recyclable Cs exchanged HPW catalyst

spectrometry (GC-MS-QP2020 NX, Shimadzu) using a TR-5 MS column (30 m 250 m 0.25 m).
The quantitative analysis of liquid products was performed using a Varian CP-3800 series with an
RTX-5 capillary column (60 m 320 m 0.25 m) fitted with a flame ionization detector (FID). For
both GCMS and GC analyses, the following temperature program was used: the initial temperature
was 50 °C, followed by heating at a rate of 20 °C/min to 220 °C. The quantities of product samples
were quantified using external standard curves with commercial samples. Product yields were
calculated as the ratio of moles of the product obtained to moles of the substrate in the feed. The
EFE yield was determined using FALc calibration data that is not widely available and was

validated by GCMS. The following equations were used to calculate product yield and conversion:

FALc initial moles — FALc final moles
k

% Conversion =
0 FALc initial moles

moles of product

% Yield =
orie FALc initial moles

Weight of humin = Residue collected(dried) — Weight of Catalyst

Weight of humin
*
Initial weight of FALc

% Humin = 100

3.3 Results and Discussion

3.3.1 Catalysts characterization

55



Chapter 3: Furfuryl alcohol conversion to Ethyl furfuryl ether over Recyclable Cs exchanged HPW catalyst

All catalysts produced were characterized using various techniques such as Nitrogen

adsorption, XRD, XPS, and TPD, and the results are reported in Tables 3.1 and 3.2.

3.3.1.1 X-Ray diffraction
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Figure 3.1. Powder XRD of (a) H3PW12040 and CsxHz-«PW12040 samples and (b) HiMg2PW 1204,

and H1CeaPW12040
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~ The structural changes as a function of Cs, Ce, and Mg exchange with H* in HsPW12040 were
carried out by XRD (Figure 3.1. a and b). All Cs exchanged samples have shown a typical cubic
crystalline XRD pattern of Keggin units. After initial Cs doping in H25CSo5PW12040, a2 new set of
peaks at 2 thetas of 25.6 evolve as shoulders on the main 25 of HsPW 1204 reflections. Diffraction
peaks related to free acid vanish as the Cs level exceeds x = 2. The shift in H3PW12040 peaks
toward higher angles (shift by 1.4°) in the CsxH3—xPW12040 samples is consistent with the body-
centered cubic structure of CssPWi204 salts 2%, The effect of Cs exchange was studied by
calculating its crystallite size (D nm) with Scherrer’s equations (Table 3.1). The crystallinity was
observed to be decreased from 100% (plane HPA) to 66% due to the insertion of Cs+ up to 2.5 in
the HPA Keggin framework. The corresponding crystallite size was also found to drop down to
14nm from 40nm. This is likely because of bond stretching due to the insertion of Cs in the Keggin
framework, which weakens the structure and so, the crystallinity and crystallite size. In the case of
Magnesium (H:Mg2PW12040) insertion in H3PW12040 leads to a partial loss of keggin structure
along with the formation of WO species, its reflections can be seen in XRD (Figure 3.1. b) whereas
cerium (H1Ce2PW12040) insertion in H3PW12040 leads to complete collapsed of Keggin structure.
3.3.1.2 N2-Physisorption

The BET surface area (Table 3.1.) pointed out that as Cs insertion in Hs3PW12040 increases
from 0 to 2.5 the corresponding surface area was found to be improved from 4m?/g to 43.2m?/g
and mesopore surface area has elevated to 16m?/g. According to the literature Cs insertion in
HPA generates micro-crystallites which lead to void formation 2. As the insertion of Cs
increases the void formation and bond stretching increase which creates more surface area and

Mesoporosity.
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Table 3.1. Surface properties of H3PW12040 and CsxHz.xPW12040 samples

Entry Catalystname % The crystallite  BET Surface  Mesopore
Crystallinity  size (nm) area m?/g surface
(relative) area (m?/g)

1 H3PW12040 100 40 4 -

2 H25Cs05sPW1204 93 13 4.2 0.06

3 H2Cs1PW 12040 83 21 9.1 3.1

4 H1Cs2PW 12040 69 17 36.4 10

5 Ho5Cs25PW12040 66 14 43.2 16

3.3.1.3 X-ray photoelectron spectroscopy

The high-resolution XP spectra of W 4f and O 1s (Figure 3.2) tell the W and O
environments are disturbed on Cs exchange. Figure 3.2 a shows XP spectra of W4f7/2 of
H3PW 12040 occur at 35.7 eV with a peak width of 2.8eV, after Cs exchange (0.5 to 2.5) this peak
shifted to lower binding energy from 35.7 to 35.6 eV confirmed that new binding of W is generated
with the insertion of Cs. This shift is more at Cs2.5 than at Cs0.5, confirming the stretching of W
bonding. A similar trend was also observed for O1s (Figure 3.2 b) with the binding energy of the
O 1s reducing from 530.8 to 530.5 eV with increasing Cs exchange from 0 to 2.5 in H3PW12040.
It is speculated that Cesium's more electropositive nature enhanced the electron density of both O
and W by reducing their binding energies. Figure 3.2 c. depicts the XP spectra of Cs 3d5/2 before
Cs exchange, which causes an increase in intensity as well as an expansion in the area under the
peak. The first binding energy peak at 724.1eV with a peak width of 1.18 eV and the second

binding energy peak at 738.1eV with a peak width of 1.16 eV was found to be elevated with an
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increase in Cs doping: 1.26 (Csl), 1.28 (Cs2), 1.29 eV (Cs2.5) for first binding energy and 1.18

(Csl), 1.41 (Cs2), 1.42 eV (Cs2.5). It indicates that an increase in Cs doping leads to saturation of

Cs on the surface.
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Figure 3.2. XP spectra of H3PW12040 and CsxHsz.xPW12040 Samples as a function of Cs content

(a) W4t XP spectra of HsPW12040 and CsxHz.xPW12040 samples (b) O 1s XP spectra of

H3PW 12040 and CsxHz.xPW12040 samples (c) Cs 3ds2 XP spectra of CsxHzxPW12049 sample
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Figure 3.3. NHs Temperature Programmed Desorption profiles

Table 3.2. represents the acidic properties of all studied catalysts investigated by NH3z-TPD
and Pyridine-FTIR. TPD profiles of Mg, Ce, and Cs-exchanged tungstophosphoric acid catalysts
are provided in Figure 3.3. All samples showed distinctive desorption in two temperature ranges:
150°C to 250°C and 600°C to 700°C. The intensity of the high-temperature desorption peak was
decreased as the Cesium content increased. The high-temperature desorption peak's strength
reduced as the cesium content increased. In the case of Cs insertion of 0.5, 1, 2, and 2.5 moles in

exchange with H* proton, the strong acidity was observed to be reduced to 12, 42, 62 and 82 %,
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respectively whereas weak acidity was decreased by 40, 51, 72 and 84%, respectively. These
results are obvious, due to less availability of H* protons for acidity.
Table 3.2. Investigation of Acidic Properties by NHs temperature programmed desorption and B/L

ratio (Pyridine-FTIR) of H3PW12040, and CsxHz.xPW12040 samples.

weak acidity  strong acidity S/W Total acidity B/L
Entry Catalyst name

(umol/g) (umol/g) ratio  (umol/g) ratio
1 H3PW12040 994.1 1541.8 1.5 2536 na
2 H25Cs05PW12040 595.3 1356.6 2.2 1952 5.8
3 H2Cs1PW 12040 478.7 881.2 1.8 1360 4.3
4 HiCs2 PW12,04  277.4 585 2.1 786 3.6
5 HosCs25PW12040 152.5 211.4 1.3 364 1.7

3.3.1.5 Pyridine-FTIR

The type of acidity is also an important factor to consider for any organic transformation,
many intermediate steps are dependent on both the acid sites (Brensted along Lewis acid sites).
Figure 3.4 represents the PY-IR spectra of the HsPW 12040 and CsxHszxPW12040 samples taken after
ex-situ Pyridine adsorption. The bands at 1450 cm™ and 1610 cm™ are typically attributed to
pyridine vibrations adsorbed on Lewis acid sites, whereas the bands at 1489 cm-1 and 1635 cm™
are attributed to pyridine vibrations adsorbed on Bransted acid sites, and the band at 1540 cm™ is
caused to the combined effect of pyridine absorption on Brgnsted and Lewis acid sites 22-%°. From
Figure 3.4 the parent HsPW12040 has shown a band at ~ 1489 cm™ while the Cs exchanged samples
contain Brgnsted acidity (band at ~ 1489 cm™) with an increase in Cs continents started to develop

lewis acid sites which are assigned at ~ 1450 cm™ and intensity of this characteristic band is also
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increased with increase in Cs content and from relative intensities of Peaks for Lewis (~ 1450 cm™

1y and Bransted acid sites (~ 1489 cm™) calculated the B/L acid ratio given in Table 3.2.

1400 1450 1500 1550 1600 1650 1700

Absorbance (a.u.)

T T T T T T T T
1400 1450 1500 1550 1600 1650 1700

Wavenumber (cm™)

Figure 3.4 Pyridine IR spectra of H3PW12040 and CsxH3zxPW12040 samples

3.3.2 Etherification of Furfuryl Alcohol with Ethanol to Ethyl Furfuryl Ether
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reaction to investigate aiming for a new potential catalyst with an improved yield of the desired
product. In this work, the prepared and well-characterized Cs inserted CsxH3zxPW1204o catalyst
having Brensted and Lewis acidity was evaluated for etherification of furfuryl alcohol to ethyl

furfuryl ether a biofuel additive (Scheme 3.1).

E—.
Z OH P ~~ o)
Catalyzed OH Ethyl furfuryl ether

furfuryl alcohol
Band L Al catalyzed
Humins o
*/W o\/
O

ethyl levulinate

Scheme 3.1 Etherification of furfuryl alcohol to ethyl furfuryl ether

Ethyl furfuryl ether (EFE) and ethyl levulinate (EL) are the two primary biofuel products
that are produced when furfuryl alcohol is etherified on a Lewis or Lewis + Brgnsted acidic catalyst
[16, 17]. Amongst the two, ethyl furfuryl ether is more advantageous in terms of its utilization as
a blend in petroleum diesel or 100% replacement. If higher Brensted acidity is present in the
catalyst then there is a chance of polymerization of furfuryl alcohol and then to humin’s. Thus, the
proper combination of Lewis and Brgnsted properties is required to have the desired biofuel
products. The present study is an attempt to selectively synthesize ethyl furfuryl ether than ethyl
levulinate. Thus, this study was mainly focused on the formation of EFE as the main product over

Lewis + Brensted acidic properties of the CsxHz.xPW12040 catalyst.
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3.3.3 Catalyst Screening
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Figure 3.5 Catalyst screening as a function of total acidity
Reaction conditions: - 1:10 FAlc/Ethanol mol. Ratio, 110 T Temp, 2.5h Time, 5 wt. % w.r.t. FAlc
Catalyst

Being highly Bransted acidity of HsPW12,04o tends to have almost 98% conversion of FAIc.
The activity trends follow HsPW12040 = H1Ce2PW12040>H1Mg2PW12040 (90%) >H1Cs2PW12040
(58%) which is in the replica of acidity values (Figure 3.5). EFE formation was observed to be
maximum (43%) with HiMgPW12040 as compared to HiCe,PW12040 (35%); H1Cs2PW12040
(32%) and H3PW12040 (28%). EL formation is in the range of 10-15% which is forming at the
expense of EFE consumption. The lowest formation of EL (3%) is recorded for H1Cs2PW12040.

The humins formation of 25-30% was found with highly acidic catalysts viz; Hs3PW12040 and

64



Chapter 3: Furfuryl alcohol conversion to Ethyl furfuryl ether over Recyclable Cs exchanged HPW catalyst

H1Ce2PW12040, whereas in the case of HiMgzPW12040 and HiCsePW12Ouo, it is <10%. The
unknown product due to side reactions of furfuryl alcohol was found to be a maximum of 25-30%
with the catalysts having considerably high B and L acidity, whereas in the case of HiCs2PW12040
which is less acidic than other studies showed the unknown formation of 15%. Even though
H3PW12040; H1Ce2PW12040 and HiMg2PW 1204 are highly active catalysts for this reaction these
catalysts are almost completely soluble in ethanol (polar medium) whereas HiCs:PW12040 is
completely insoluble. According to the report, the introduction of Cs in HPA knocks out HsO,*
moiety and strongly interacts with W=0 and W-O-W by bridging terminal attachment leading to
the widening of structure, and the sample becomes insoluble in the polar medium 3L,

Because the catalyst should be more reusable; the process should have a clean and green
approach HiCs:PW1204 is the best option to go ahead and optimize the process parameters to
improve the activity and EEF yield. Thus; the optimization of process parameters was done on the
H1Cs2PW12040 catalyst.

3.3.4 Influence of Cs insertion in Hs3PW12040 on the acidity and catalytic activity

From the above discussion, it can be concluded that the Cs-exchanged sample
(H1Cs2PW12040) was found to be more useful for this type of reaction. So, the various amounts of
Cs inserted samples (from 0.5 to 2.5 moles) in HPW were prepared meticulously and screened
under the identical reaction conditions, ICP-OES of the reaction mixture after the reaction was
done to check the heterogeneity of the catalyst, and all Cs exchanged samples has shown no sign
of W from HPA unit and no sign identical leaching in the reaction mixture. The graphical data of
all the Cs-exchanged samples under an identical set of reaction conditions are given in Figure 3.6
After 0.5 moles Cs exchange designated as H2.5CsosPW12040, there is a 24% loss in total acidity

(21952pmol/g) along with the generation of Lewis acid sites Figure 3.4 with a 5.8 B/L ratio, showed
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35% EFE, 14.4% EL yield 26% humin’s, and 24% unknowns at the complete conversion of FAlc.
In the case of HoCs1PW 1204, there is a 47% loss in total acidity than the parent, and the generation
of more Lewis acids with a 4.3 B/L ratio showed 39% EFE, 13.4% EL, 19.9% humins, and 25%
unknowns with complete conversion of FAIc. Yet there is a 24 % and 47 % drop in total acidity
of H25Cs05sPW12040 and H2Cs1PW12040 sample has high B/L ratio (5.8 and 4.3 respectively)
indicating the number of Brensted acid sites till present there and responsible for complete
conversion of FAlIc as like parent (HsPW12040). Further increase in Cs exchange from 1 to 2 moles
leads to a 69% drop in total acidity, especially in Brgnsted acidity leading to a B/L ratio of 3.6,
showed 58% FAlc conversion 32% EFE, 2.4% EL, 14.5% unknowns and 7.6% humin’s. The high
drop in humins generation, EL formation, and high EFE selectivity is due to the low Brgnsted
acidity (3.6 B/L) with low total acidity (786umol/g) which might be slowing down the poly-
condensation among FAlc and ethanolysis of formed EFE. According to Figure 3.6 and Table 3.2,
increasing the Cs exchange from 0.5 to 2 results in a continuous decline in overall acidity and the
formation of additional Lewis acid sites. This allows less EL and humins as well as unknown
compound formation without compromising EFE yield. Above Cs insertion of 2, i.e.,
Ho.5Cs25PW12040 there is a drastic drop in total acidity ~ 85% (364umol/g) than the parent with
the formation of more Lewis acid sites, which leads to only 5% FAIlc conversion and 2% EFE,
0.9% EL, 1.5% humins and 1.8% unknowns’ formations. Among Cs inserted samples,
H1Cs2PW12040 with a 3.6 B/L ratio showed a high selectivity of 55% with 30% EFE yield and
60% FAIlc conversion. It may be due to the cumulative effect of moderate acidity, B/L ratio, and
high surface area (43m?/g). Thus, further optimization of parameters was done using the

H1Cs2PW12040 catalyst.
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Figure 3.6 Effect of Cs insertion on the acidity and catalytic activity
Reaction conditions: - 1:10 FAlc/Ethanol mol. Ratio, 110 T Temp, 2.5h Time, 5 wt. % w.r.t. FAlc
Catalyst
3.3.5 Effect of molar ratio

The substrate concentration is a critical process parameter that influences the utilization
efficiency of FAIlc and the final product concentrations. Experiments were carried out with ethanol
concentrations ranging from 1:2.5 to 1:20 FAIc to Ethanol mole ratio, and the results are shown in
Figure 3.7. As can be seen from Figure 6 there is the impact of ethanol concentration on
conversion, with an increase in ethanol concentration there is a drop in FAlc conversion and
maximum conversion was observed at 1: 2.5 which is 61%. The formation of EFE is marginally

reduced from 34% (1:2.5) to 33% (1:5) and was identical up to 1:15. Above, the 1:15 ratio, the
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whereas the humins contribution was 12% (1:2.5) to 6% (1:20). Higher formation of humins at
1:2.5 may be due to the more concentration of FAlc. The unknown formations were in the range
of 15-17%. Thus, the 1:10 (FAlc: ethanol) molar ratio looks to be optimum for this reaction to get

optimum FAlc conversion and EFE yield with the lower formation of humins
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Reaction conditions: - 110°C Temp, 2.5h Time, 5 wt. % catalyst loading w. r.t. FAIc.
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3.3.6 Effect of Temperature
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Figure 3.8 Effect of Temperature
Reaction conditions: - 1:10 FAIc/Ethanol mol. Ratio, 2.5h Time, 5 wt. % catalyst loading w.r.t.
FAlc.

Temperature affects the etherification and esterification processes. Temperature effects on
FAlc conversion and product yield were investigated, and the experiments were carried out at
temperatures ranging from 90 °C to 130 °C. The FAIlc conversion increased from 50% to 72% as
the temperature rose from 90°C to 120°C. After that, the FAlc conversion was identical. As the

temperature rises, the rate of reaction increases, boosting the etherification reaction of FAIlc to
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and 7%, respectively. The unknown products were increased from 8 % to 15%, this is obvious at
the higher temperature. Above 110 °C, at 120 °C maximum, an EFE yield of 37% was observed.
Above 120 °C, other reactions rate is higher over the etherification rate which leads to an increase
in EL; humins, and unknown formation at the cost of EFE. Thus, 120 °C was found to be the
identical temperature for the maximum formation of EFE.

3.3.7 Effect of Catalyst Loading
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Reaction conditions: 1:10 FAlc to Ethanol mol ratio, 2.5 h Time, 120 °C Temp.
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Enhancement in the active site by increasing catalyst loading is also one of the important
parameters to consider for process optimization. Higher availability of active sites improves
overall activity or conversion. The FAIlc conversion was increased from 70% to 95% by increasing
catalyst loading from 5% to 15%. This increase in active sites also changes the overall product
distribution due to favoring one reaction over others. In the present study, etherification of FAlc
to EFE was favored in a major way with an increment in EFE formation up to 65% (15 wt. %
catalyst loading) from 38% (5 wt. % catalyst loading). A similar increasing trend of 10% was also
observed for humins generation with a rise in catalyst loading to 15%, whereas, unknown product
formation was reduced up to 10% with EL formation of 5%. Above, 15% catalyst loading almost
identical FAIlc conversion was found with a marginal decrease in EFE yield by 2%.

3.3.8 Effect of reaction time

Time is another key component to consider when studying catalytic activity. To determine
the shortest time required to complete FAlc conversion, the other optimal parameters were used
15% catalyst loading, a 1:10 molar ratio of FAIc to Ethanol, and a reaction temperature of 120°C.
After 0.5, 1.5, and 2.5 hours of rigorous analysis, the reaction was stopped and quenched. Initially
at 0.5hr, conversion of FAIc and yield of EFE is 88% and 58% respectively which is increased up
to 93% and 61% within 1.5hrs, Further reaction was carried out up to 2.5hrs and got almost
complete conversion (97%) yielding 65% EFE along with 6% EL, 20% humins and remaining are
unknowns. Within 0.5h there is a 60% EFE yield and there is only 7% EL formation along with
20% humins due to the fastest etherification and Polycondensation, however further ethanolysis

of EFE to EL becomes much slower and complex and require more time to produce.
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Figure 3.10 Effect of reaction time

Reaction conditions: - 1:10 FAIlc to Ethanol mol. ratio, 15 wt. % Catalyst loading w.r.t. FAlc, 120
°C Temp
3.3.9 Catalyst regeneration

In FAIlc conversion catalyst regeneration and its reusability is an important issue because
of the formation of insoluble humins which block the active sites. It is quite difficult to dissolve
the humins,®>* by taking consideration of the standard analytical protocol developed for the
dissolution of humins type poly-condensed compound in wood and pulp approved by the standard
analytical Technical Association of the Pulp and Paper Industry (TAPPI) “T204 cm 97”. Using

said protocol used catalyst having humins was washed with a solvent mixture of THF + Acetone
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(50:50 ratio) for 1h to regenerate the catalyst. After washing and drying at 120 °C for 4 h catalyst

has shown only 20% FAlc conversion and 12% EFE. In another case, the used catalyst having

humins was washed with THF + Acetone (50:50 ratio) for 1h and then was calcined at 350 °C for

5h which has shown a regain in catalyst activity as that of fresh (Figure 3.11) and was maintained

for next two cycles. Figure 3.12 depicts XRD plots for fresh; spent, and treated (washing +

calcination) catalysts It confirmed that after washing with a mixture of THF and Acetone and

calcination at 350 °C for 5h catalyst regained its crystallinity as compared to the spent catalyst.
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Figure 3.12 Powder XRD of fresh, spent, and regenerated H1Cs,PW12040 samples

3.4 Comparison of the present catalytic system with the literature

Table 3.3 Comparison of the present catalytic system with the literature

Sr. Catalyst Catalyst Reaction conditions % % Ref.
No. loading (Wt %  Temp. Time Conversion  Yield
of FAIc) °C h

1 SiO2—Al;03 60 200 4.5 99 68 34

2 HZSM-5 (25) 80 55 18 90.6 470 10

3 Kaolinite 50 180 2 57 342 %

4 H1Cso:PW12040 15 120 2.5 98 65 This
work
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Table 3.3 highlights the catalytic activity of the current works in contrast to the reported
literature. Cao et al. employed a mixed oxide of silica and alumina (SiO2-Al>O3) as a catalyst to
etherify FALc. Using a 60% weight proportion of catalyst loading relative to FALc, they were able
to achieve 99 % FALc conversion and 68 % EFE production in 4.5 hours at temperatures up to
200°C.3* In another investigation, Cao et al. employed Si/Al-25 as a catalyst with typical zeolite
ZSM-5.1% At a low reaction temperature of 50°C and 80% catalyst loading, they obtained 90%
conversion and 47% EFE yield. Natsir et al. used natural clay Kaolinite as a catalyst for the
etherification of FALc using different alcohols, using ethanol as the alcohol supply and 50%
Kaolinite loading, achieving 57% conversion and 34.2% EFE production after 2 hours of reaction
at 180°C . In our current study, we achieved 98% conversion and 65% EFE yield at moderate
reaction conditions using a Cs exchanged HPW catalyst (H1Cs2PW12040) with a 15% loading

against FALc loading.

3.5 Conclusions

A successful attempt was made to heterogenize hetero-polyacid in the polar medium by
exchange of Cs (from 0.5 to 2.5 moles) in place of H* proton. The prepared catalysts were
meticulously characterized by several characterization techniques such as XRD; TPD; BET
Surface area; XPS; Pyridine —FTIR, and established fingerprint of these samples. Etherification
reaction of furfuryl alcohol with ethanol to Ethyl Furfuryl Ether, a biofuel was carried out.
H1Cs2PW12040 catalyst having total acidity of 786 pmol/g; B/L ratio of 3.6; Surface area of 43m?/g
was found to be optimum catalyst composition for maximum FAIc conversion of 98%; 65% EFE
yield at 120°C; 1:10 (FAlc: Ethanol); 15% catalyst loading w.r.t FAlc; 2.5h reaction time.

H1Cs2PW1204 catalyst was found to be reusable 4 times (fresh + 3 reuse) by solvent washing

75



Chapter 3: Furfuryl alcohol conversion to Ethyl furfuryl ether over Recyclable Cs exchanged HPW catalyst

(THF + Acetone) 50:50 ratio and then calcination at 350°C for 5h. This study has shown the

effective development of catalysts and optimization of process parameters for the selective

synthesis of biofuel from renewable furfuryl alcohol.
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4.1 Introduction
Heteropolyacids (HPAs) are an interesting class of well-defined strong solid Brgnsted acids
with exceptional catalytic activity in a variety of acid-catalyzed processes such as esterification,
transesterification, hydrolysis, alkylation, acylation, and redox reactions *?. However, HPAs are
often soluble in a wide range of polar solvents, making recovery, separation, and recycling of the
catalysts problematic, limiting their eco-friendly applications. As a result, developing a reusable
HPA-based catalyst will be advantageous. Nonetheless, heterogeneous HPA-based catalysts
typically have several drawbacks, such as poor surface area, active site leaching, and low activity
15 Many techniques, such as immobilization and solidification, have been proposed to address
the aforementioned restrictions and improve the stability and catalytic performance. HPAs can be
immobilized using a variety of supports, including mesoporous silica, metal-organic frameworks,
transition metal oxides, zeolites, and mesoporous carbon 27, It is well known that HPAs have
strong acidity and even it reacts with weak bases and form bonding with them. HPAs will get
heterogeneity by interacting with bases such as alkali metals and organic amines®+58-12, Materials
such as organically modified silica with amine functionality, organic polymers containing an
amino-functional group, organic amines, ionic liquids, and organic surfactants containing amino
groups were often used as a carrier for anchoring HPA employing strong bonding*'-%°. For acid-
base dispersion and anchoring of HPAs on Metal-Organic frameworks (MOF) containing amine
functionality may be the best option because MOFs have high porosity and high surface area which
will provide more active sites for host-guest interaction.
MOFs are a class of crystalline, well-ordered inorganic-organic porous hybrid material
with tunable textural and diverse framework functionalities. MOFs can be used as multifunctional

catalysts in tandem reactions and their catalytic properties can be enhanced by engineering metal
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in pores cavities'®°. Zirconium-based MOFs, such as UiO-66 and its amine derivative UiO-66-
NHoa, have a high surface area and are more hydrothermally and chemically stable throughout a
wide pH range in aqueous solutions. This makes UiO-66 extremely useful as a catalyst and an
ideal platform to introduce active sites °21. Biomass conversion involves hydrolysis, dehydration,
alcoholysis, esterification, and etherification over Lewis as well as Brgnsted acid sites. Brgnsted
acidity in MOFs is introduced by using acid-functionalized ligands, by encapsulation of HPAs
during solvothermal synthesis, and by impregnation of HPAs on MOFs. Encapsulation of HPAs
in MOF may lead to pores blockage, extensive drop-down in total surface area, slow diffusion,
and less contact of reactants with active sites, while impregnation of HPAs on MOFs may lead to
low homogeneity in dispersion, occupation of the large cavities and leaching during the
reaction*”?2, Thus, the objective of this work is to overcome the above-mentioned problems by
firm anchoring/binding of HPAs on UiO-66-NH:, by reacting it with the basic sites (-NH>).

In this chapter, we have demonstrated the post-synthetic modification of UiO-66-NH2 by
binding with phosphotungstic acid (HPW). The prepared UiO-66-NH2-HPW catalyst was
characterized by XRD, ATR-FTIR, XPS, STEM-EDS, SEM, HR-TEM, N2 adsorption-desorption
analysis, and ammonia-temperature programmed desorption (NHs-TPD). Preparation of furfuryl
ethers (FE) such as Ethyl furfuryl ether (FEF), Methyl furfuryl ether (MFE), Isopropyl furfuryl
ether (IPFE), and alkyl levulinates (AL) such as Ethyl levulinate (EL), Methyl levulinate (ML),
and Isopropyl levulinate (IPL) significantly considered in recent years, due to their applicability
as a fuel and fuel additive along with other applications?®7. Hence, we carried out the catalytic
evaluation of prepared UiO-66-NH>-HPW for hydrogenation and alcoholysis of Furfural (FFR)

and Furfuryl alcohol (FALc) to FE and AL
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4.2 Experimental
4.2.1 Materials and Methods

Zirconium tetrachloride procured from Acros, 2-amino terephthalic acid purchased from
Alfa Aesar, N-N-dimethylformamide and Keggin-type 12-tungstophosphoric acid (AR) purchased
from Thomas Baker, Mumbai (India) and analytical standard’s EFE, EL, ML, FAlc and FFR were
purchased from Sigma Aldrich, Ethanol from Changshu Hongsheng Fine chemical China.

4.2.2 Catalyst synthesis
4.2.2.1 Synthesis of UiO66-NH2; MOF

Based on past studies, UiO-66-NH. was created using a hydrothermal method with slight
modifications [2]. At room temperature, 5.6 mol of N-N-dimethylformamide was dissolved in 13.5
mmol of ZrCls, 13.5 mmol of 2-amino terephthalic acid, and 13.5 mmol of water. A 1 L stainless
steel Teflon-lined reactor was used to crystallize the material under static circumstances for 18
hours at 120°C in a prepared oven. The reactor was then removed from the oven and allowed to
cool naturally until it reached room temperature. To remove the unreacted ligand, the resulting
solid was centrifuged and repeatedly washed with DMF and methanol. It was then dried at 80°C
for two hours in the oven to produce dry powder.
4.2.2.2 Immobilization of HPW on UiO-66-NH:

The Immobilization of HPW on UiO-66-NH> was done by dissolving 2.3 mmol of HPW
in 60 mL of acetonitrile, and 1.14 mmol of freshly prepared powder of UiO-66-NH; was added to
HPW solution and kept under vigorous stirring for 30 min. The resulting material was separated
by centrifugation washed multiple times with acetonitrile to remove unreacted HPW, and dried in

an oven at 80°C for 2 hours to yield UiO-66-NH2-HPW.
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4.2.3 Catalyst characterization

Wide-angle X-ray diffraction (XRD) patterns were produced using a Rigaku Miniflex X-
ray diffractometer with a Cu K radiation source, operating at 40 KV and 30 mA over a 2 range of
5° to 50° at a scanning rate of 3°/min.

On a Bruker Alpha-P ATR FTIR spectrometer, the functional groups of the generated
compounds were characterized using Fourier Transform Infrared Spectroscopy (FTIR).

The surface area of the samples was calculated using the BrunauerEmmettTeller (BET)
method from nitrogen adsorption-desorption isotherms in liquid nitrogen on Quantachrome
Autosorb iQ equipment, and all samples were degassed to 0.1 Pa at 200 °C for 3 hours before
measurement.

Images of Field Emission Scanning Electron Microscopy (FE-SEM) were obtained using
a NOVA NANOSEM 450 equipment, while images of High-Resolution Transmission Electron
Microscopy (HRTEM), STEM, and Elemental mapping were captured using a JEOL JEM-F200
(URP) instrument.

Thermo Fisher Scientific K-Alpha+ model XPS apparatus with an Al K source was used
for X-ray Photoelectron Spectroscopy (XPS). The Shirley-type background subtraction method
was used to fit the XPS data of all compounds using Fitiyk software.

Micrometric AutoChem 2950 HP equipment was used to measure the temperature-
programmed desorption (TPD) profiles of NH3 from the synthesized catalysts. The sample cell
was originally treated with a helium flow of 40ml min-1 at 200°C for 2 hours, then cooled to 100°C
and exposed to pulses of ammonia (10% in helium) until saturation, and finally purged with a
helium flow at 100°C for 1 hour. The sample cell was then heated to 600°C with a 10°C min-1

ramp. The concentration of desorbed ammonia was continually measured using a TCD detector.
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4.2.4 Reaction procedure and analysis

Reactions were carried out in a high-pressure Parr reactor (4871 series controller) with a
volume of 100 mL and external temperature and stirring controllers. Based on the FFR or FALc
concentration, 7.2 mmol of FFR or FAIc, 360 mmol of alcohol, and 20% catalyst were loaded in
a typical reaction. The reactor was then sealed and placed in a heating unit with 300 rpm churning.
After the completion of the reaction, the reactor was cooled to room temperature using a cooling
water bath. Centrifugation was used to remove the used catalyst. The used catalyst was washed
and dried before being utilized in the next run to examination of its stability and reusability.

The quality of the liquid products was determined using gas chromatography-mass
spectrometry (GC-MS-QP2020 NX, Shimadzu) using a TR-5 MS column (30 m 250 m 0.25 m).
The quantitative analysis of liquid products was performed using a Varian CP-3800 series with an
RTX-5 capillary column (60 m 320 m 0.25 m) fitted with a flame ionization detector (FID). For
both GCMS and GC analyses, the following temperature program was used: the initial temperature
was 50 °C, followed by heating at a rate of 20 °C/min to 220 °C. The quantities of product samples
were quantified using external standard curves with commercial samples. Product yields were
calculated as the ratio of moles of the product obtained to moles of the substrate in the feed. The
yield of IPFE, EFE, and MFE was calculated via calibration data of FALc. It is commercially
unavailable and was confirmed by GC—MS. The yield of products and conversion were determined
according to the following equations:

% C ) Reactant initial moles — Reactant final moles 100
onversion = *
° Reactant initial moles

) moles of product
% Yield = —— * 100
Reactant initial moles
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Weight of humin = Residue collected(dried) — Weight of Catalyst

Weight of humin

100
Initial weight of Reactant i

% Humin =

4.3 Results and Discussion
4.3.1 Catalysts characterization

4.3.1.1 X-Ray diffraction

—— Ui0-66-NH,-HPW
— Ui0-66-NH,
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Figure 4.1 Powder XRD of parent UiO-66-NH2 and UiO-66-NH2-HPW

Figure 4.1 depicts the powder XRD patterns of the samples before and after modification.
The powder XRD patterns of the samples both before and after modification are shown in Figure
4.1. The XRD patterns of the synthesized UiO-66-NH, are analogous to those of earlier studies 28
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3. Moreover, the morphology and XRD pattern remains the same after post-synthetic

modification.

4.3.1.2 SEM, TEM, and elemental mapping

ap | 12292021 | dwel WY nog O |t | wo | 500 nm
™ 12:01:48PM | 1053 18.00kV_240000x | 30 | S8 mm HCL-PUNE

Figure 4.3 HR-TEM image of (A) UiO-66-NH; and (B) UiO-66-NH,-HPW
The surface morphology of the sample was detected by the SEM and TEM imaging
techniques and images are given in Figure 4.2 A and B and Figure 4.3 A and B, images indicate
the crystals of UiO-66-NH2 and UiO-66-NH2-HPW were regular octahedrons in shape. Figure 4.4
TEM and EDS mapping images of UiO-66-NH>-HPW indicate that well dispersion and
distribution of HPW throughout the UiO-66-NH- crystal, while Figure 4.5 represents the parent

sample (UiO-66-NH3) only shows framework elements- Zr, O, C, and N in EDS mapping.
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Figure 4.4 STEM image and Elemental mapping of UiO-66-NH2-HPW

Figure 4.5 STEM image and Elemental mapping of UiO-66-NH>
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4.3.1.3 ATR-FTIR
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Figure 4.6 ATR-FTIR of parent UiO-66-NH> and Ui0-66-NH2-HPW
The ATR-FTIR spectra of the UiO-66-NH> and UiO-66-NH2-HPW samples are displayed
in Figure 4.6. The ligand of UiO-66-NH> was an amine-functionalized terephthalic acid (2-amino
terephthalic acid), and the spectrum of UiO-66-NH2 showed the strong uncoordinated free -NH>

band of aromatic primary amine N-H stretching at 1655 cm-1 3. The spectral band at 1568 cm™
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was caused by the skeletal vibration of the benzene ring. Additionally, the vibrational spectrum of
the C—N stretching is assigned to a component at 1257 cm-1, while a component at 1400 cm-1
corresponds to the OCO symmetric stretching 223!, After the modification of UiO-66-NH: with
HPW to UiO-66-NH2-HPW, only a reduction in the characteristic N-H stretching band of primary
amine at 1655 cm™ (shown in the inset of Figure 4.6) was observed. Hence it specifies that there
is a strong chemical interaction between the -NH. group and HPW.

4.3.1.4 X-ray photoelectron spectroscopy
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Figure 4.7 (A) XPS survey scan of UiO-66-NH> and UiO-66-NH2-HPW, and high-resolution XPS

data of UiO-66-NH. and UiO-66-NH.-HPW (B) N 1, (C) O 1s, (D) Zr 3d, (E) C 1s
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Figure 4.8 High-resolution XPS data of W 4f and P 2p scan of UiO-66-NH2-HPW
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Table 4.1 SEM-EDAX analysis of the chemical composition of UiO-66-NH2 and UiO-66-NH,-

HPW

Chemical composition (Mass%o)
Catalyst

C N @) Zr w P

UiO-66-NH2 62.95 539 15.67 1598 ND ND

UiO-66-NH2-HPW 64.80 4.41 140 14,60 220 ND

ND stands for Not Detected

To check the chemical state of the element, XPS analysis was done and the spectra are
shown in Figure 4.7. Figure 4.7 A. is the XPS survey scan of UiO-66-NH> and UiO-66-NH2-HPW
which signifies the elements Zr 3d, O 1s, C 1s, N 1s, and Zr 3d, O 1s, C 1s, N 1s, W 4f, P 1s
respectively. Table 4.1. displays the elemental composition of UiO-66-NH2 and UiO-66-NH.-
HPW by XPS and EDS analysis. Three unique peaks can be seen in the N 1s XPS spectra of the
samples UiO-66-NH> and UiO-66-NH>-HPW (Figure 4.7 B); the peak at 398.8 eV is attributed to
C-N, the peak at 399.3 eV is attributed to -NH,, and the peak at 400.5 eV is caused by the
interaction between the amino group and proton 1123032 After post-synthetic modification of
UiO-66-NH2 with HPW to UiO-66-NH>-HPW, the area under the peak at 400.5 eV attributed to -
NHs" grows exponentially. As a result, the strong ionic bond could have formed between -NH3*
and phosphotungstic ion (HPW-) 1312 Figure 4.7 C represents the O 1s XPS spectra of samples
UiO-66-NH2 and UiO-66-NH>-HPW. Post synthetically modified sample clearly shows a total of
five peaks, three peaks for Zr-O, C-0O, and C=0 at the binding energy level of 590.9 eV, 531.4 eV,
531.8 eV, and two peaks for W-O-W, P-O-W at the energy level of 330.6 eV and 333.2 eV
respectively, while UiO-66-NH> shows only three peaks links to Zr-O, C-O, C=0 at the binding

energy level of 590.9 eV, 531.4 eV, 531.8 eV. 33 As shown in Figure 4.7 D, the Zr 3d spectrum
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can be separated into four peaks ®. The peaks at 182.3 eV and 184.8 eV are ascribed to Zr-O
bonds, and the peaks at 182.8 eV and 185.6 eV are accredited to Zr-Zr bonds. As shown in Figure
5.7. E, the C 1s spectrum can be divided into four peaks; C=C, C-N, C-C, and C=0 link to 284.3
eV, 285.2 eV, 285.9 eV, and 288.5 eV, binding energies 3. Figure 4.8 shows high-resolution XP
spectra of W 4f and P 2p of the sample UiO-66-NH2-HPW, the W 4f XP spectra show the two
distinctive peaks at the energy level of 35.8 eV and 37.9 eV while P 2p XP spectra show a single
peak at 134 eV 3. According to the literature and our XPS and ATR-FTIR analysis, there is a

specific interaction between the basic -NH. group and Brensted acidic HPW, as illustrated in

Scheme 4.1.
HPW
Acetonitrile ® e)
@‘NHZ (30 min vigorous stirring at RT) @‘NHZ-H PW NH--H.PW
3712
UIO-66-NH, UIO-66-NH,-HPW UIO-66-NH,-HPW

Scheme 4.1 Schematic illustration of post-synthetic formulation of UiO-66-NH2-HPW from

UiO-66-NH:

4.3.1.5 N2-Physisorption

Table 4.2 Surface properties and Ammonia TPD acidity of UiO-66-NH2 and UiO-66-NH2-HPW

Sample SeenmM?gt  Viwta(cmig?l) Dnm  Total Acidity mmol g
UiO-66-NH:2 907 0.543 3.793 0.301
UiO-66-NH2-HPW 669 0.399 3.385 0.436
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The N2 adsorption-desorption isotherm of UiO-66-NH, and UiO-66-NH2-HPW is
provided in Figure 4.9, and listed in Table 4.2 the specific surface area of UiO-66-NH> and post
synthetically modified UiO-66-NH2-HPW were 907 m?g* and 669 m?g respectively. The total
pore volume and pore diameter of UiO-66-NH, was 0.543 cm3g™ and 3.793 nm which is reduced
to 0.399 cm3g* and 3.385 nm subsequent post-synthetic modification of UiO-66-NH; to UiO-66-

NH2-HPW. The decrease in specific surface area, pore diameter total, and pore volume indicated

anchoring of HPW to the framework -NHz group

300 4
—— UiO—66—NH2
—o— Ui0-66-NH,-HPW
o
|_
(V)]
T 250 -
(«b)
e
>
=
>
200 N 4 1 4 1 4 1 4 1 4 1
0.0 0.2 0.4 0.6 0.8 1.0

P/P°

Figure 4.9 Nitrogen adsorption-desorption isotherms of UiO-66-NH2 and UiO-66-NH>-HPW
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4.3.1.6 NH3-TPD

NH3-TPD plots of UiO-66-NH, and UiO-66-NH2-HPW are shown in Figure 4.10 (in
supporting information) and acid values are given in Table 4.2. Two desorption peaks were
identified in the 185-430°C and 446-600°C temperature ranges, which are attributable to weak
acid sites and strong acid sites, respectively. It can be seen that the intensity of the strong acid site
is higher in post-synthetically modified UiO-66-NH>-HPW than in parent UiO-66-NH., and the

total acidity of UiO-66-NH2-HPW is more (0.436 mmol g*) than parent UiO-66-NH2 (0.301 mmol

9)

03] ~— ViO-66-NH,

0.2
0.1+

0.0

TCD Signal (a.u.)

034  —— Ui0-66-NH,-HPW

0.2 1

0.1+

0.0 —

200 400 600

Temprature (°C)

Figure 4.10 Temperature-programmed Ammonia desorption of UiO-66-NH> and UiO-66-NH.-

HPW
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4.3.2 Catalyst screening

/9 /0 92
UiO-66-NH,-HPW OR
= OH > = OR + )]\/\n/

furfuryl alcohol R-OH o
150 °C, 4h Furfuryl ether Alkyl levulinate

R= Methyl, Ethyl, Isopropyl
Scheme 4.2 Catalytic conversion of FALc to FE and AL

Table 4.3 Activity comparison of parent and modified Catalyst

Catalyst name % Conversion  %Yield of EFE %Yield of EL % Humins
UiO-66-NH:2 20 8.7 54 0
UiO-66-NH2-HPW 83 34 23 2.5

Reaction conditions: FAIc to Ethanol 1:50 mol ratio, 20 wt. % catalyst wrt FALc, Reaction Time
2 h, stirring speed 300 rpm

Scheme 4.2. reveals, catalytic etherification and alcoholysis of FALc to EFE and EL. EFE
and EL formation were confirmed by GC-MS along with these products small fraction of
byproducts such as 2,2-methylene difuran, 2-Pentanone-5-5-diethoxy levulinaldehyde, 2,5-(2-
Furylmethyl), Ethyl 5-(5-methyl-2-furyl)-2,4-pentadienoate is also identified by GC-MS. Table
4.3 shows the initial catalytic screening of etherification and alcoholysis of FALc to EFE and EL
over 20 wt. % catalyst loading wrt FALc weight, at 150°C, for 2 h. UiO-66-NH2 has shown only
20% catalytic conversion of FALc with 8.7% EFE and 5.4% EL yield, while UiO-66-NH2-HPW
showed high catalytic activity to 83% FALc conversion with 34% and 23 % yield of EFE and EL,
respectively. Such drastic catalytic activity enhancement is due to the anchoring of highly acidic

HPW and more acidity of UiO-66-NH2-HPW (0.436 mmol g*) than the parent UiO-66-NH (0.301
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catalyzed, a leaching test was performed in which the UiO-66-NH.-HPW sample was heated at
150°C for 2 h in ethanol after 2 h, then cooled to room temperature and the catalyst was removed
by centrifugation and then FALc added and the reaction was continued for 2 h at 150°C. After 2 h
of reaction, it has shown 10% conversion without yielding the desired product confirming that the
reaction is purely heterogeneous.
4.3.3 Optimization of reaction parameters

In addition to the physical properties of UiO-66-NH2-HPW, the etherification and
alcoholysis conversion of FALc to EFE and EL equally depends on various reaction parameters.

4.3.3.1 Effect of catalyst amount

120 40

100

80

60

% Conversion
% Yield

40

20

10 20 30 40
Catalyst amount (wt % of FALc)

s % EFE mmmm % EL % Humin ==@==9% Conversion

Figure 4.11 Effect of UiO-66-NH2-HPW amount
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Reaction conditions: FAlc to Ethanol 1:50 mol ratio, Reaction temperature 150°C, Reaction Time
2 h, stirring speed 300 rpm

Figure 4.11 displays, the effect of catalyst loading wrt to FALc on the etherification and
alcoholysis of FALc to EFE and EL. An increasing catalytic amount from 10 wt.% to 40 wt.% of
initial FALc reflects the considerable increase in the conversion of FALc. However, unwanted
products such as humins were also observed to be increased. Thus, 20 wt. % catalyst amount was
considered optimum loading with low humins (2.5%), 83% FALc conversion, 34% EFE yield, and
24% EL yield.

4.3.3.2 Effect of Temperature
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Figure 4.12 Effect of Temperature on the catalytic activity of UiO-66-NH2-HPW
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Reaction conditions: FAIc to Ethanol 1:50 mol ratio, 20 wt. % catalyst wrt FALc, Reaction Time
2 h, stirring speed 300 rpm.

Figure 4.12 displays the effect of temperature on etherification and alcoholysis of FALc to
EFE and EL over UiO-66-NH>-HPW. It can be seen that reaction temperature showed an
exponential impact on the conversion of FALc and yield of EFE and EL. With an increase in
temperature from 110°C to 170°C, there is a positive impact on FAlc conversion from 61% to 98%
with a yield of EFE from 22% to 34% and EL from 7% to 30%. At lower temperatures of 110°C
and 130°C, there is a significant formation of EFE within the reaction time of 2 h. Lower formation
of EL suggests that at lower temperature further transformation of EFE to EL is limited. However,
above 130°C, a constant increment in EL yield was observed. It is worth observing that when the
temperature increases to 170°C favor the formation of EL but simultaneously there is an increase
in unwanted humins (5.7%) also. Thus, 150°C temperature is optimum with 20 wt.% catalyst
loading.
4.3.3.3 Effect of reaction time

Figure 4.13 denotes the effect of reaction time on etherification and alcoholysis of FALc
to EFE and EL over UiO-66-NH>-HPW. It can be seen that at FAlc conversion increased from
83% (2 h) to 97% (4 h). After 4 h, FAlc conversion is almost constant at 98%. At the initial stage
of reaction, there is a substantial formation of EFE than EL. After 4 h, equilibrium formation of

EFE (31%) and EL (33%) with humins formation of 3%.
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Figure 4.13 Effect of Time on the catalytic activity of UiO-66-NH2-HPW

Reaction conditions: FAlc to Ethanol 1:50 mol ratio, 20 wt. % catalyst wrt FALc, Reaction
temperature 150°C, stirring speed 300 rpm
4.3.3.4 Effect of type of alcohol

Alcohols such as methanol, ethanol, and isopropyl alcohol (IPA) were tested under optimal
reaction conditions for FALc conversion to FE and AL, and the results are displayed in Figure
4.14. As expected, ethanol and IPA are good solvents for this type of reaction and have shown
higher etherification and alcoholysis activity than methanol. With ethanol, there is 97 % FALc
conversion with 31% and 29% EFE and EL yield, respectively. Whereas, IPA has shown 80%

FAIlc conversion with 38 and 17% IPFE and IPL vyield respectively with low (2%) humins
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formation. In the case of methanol only 19% ML formation with high humins of 14% at 76% of

FALc conversion, indicates methanol is not a good solvent for this reaction.
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Figure 4.14 Effect of type of alcohol type on etherification and alcoholysis of FALc over UiO-66-
NHz-HPW
Reaction conditions: FAlc to alcohol 1:50 mol ratio, 20 wt. % catalyst wrt FALc, Reaction

temperature 150°C, Reaction time 4 h, stirring speed 300 rpm.
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4.3.3.5 Catalysts reusability
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Figure 4.16 Catalyst recycling for FALc conversion over UiO-66-NH>-HPW in Ethanol
Reaction conditions: FAlc to alcohol 1:50 mol ratio, 20 wt. % catalyst wrt FALc, Reaction
temperature 150°C, Reaction time 4 h, stirring speed 300 rpm

The reusability of heterogeneous catalysis is its primary advantage. The reusability test was
carried out by reacting FALc with Ethanol for 4 hours at 150 °C (Figure 4.16). Following the
completion of the reaction, the catalyst was centrifuged out of the reaction mixture, washed with
methanol, dried at 80 °C for 2 hours, and reused for the next cycle. As revealed in Figure 10, the
use of UiO-66-NH,-HPW is still capable of converting FALc to EFE and EL even after 2"
recycling. Though there is a decrease in FALc conversion (85% to 71%) and yield of EFE (28%
to 23%), and EL (26% to 17%). The decrease in catalytic activity is caused by the deposition of
insoluble humins on active sites, as confirmed by the ATR-FTIR measurement of the employed
catalyst (Figure 4.17).
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Figure 4.17 Powder XRD of Fresh and used catalyst (UiO-66-NH2-HPW) with an image of fresh
and used catalyst in the inset

The comparative ATR-FTIR spectra of the fresh and used catalysts given in Figure 4.18
clearly show that there are emerging new IR bands at 1708 cm™, 1625 cm™, 1436 cm™, 1079 cm"
1 and 1018 cm™ along with little suppression in IR transmittance as compared to the fresh sample.
The new IR band at 1708 cm-1 corresponds to stretching vibrations of C=0 conjugated with C=C,
while the band at 1625 cm-1 corresponds to stretching vibrations of C=C conjugated with C=0,
and these are the typical bands for humins 3%. The band at 1436 can be assigned to CH;
deformation vibration in aliphatic chains while the band at 1018 cm™! in humins resembles C=C
stretching, in the olefinic group and the Strong band at 1076 cm™' corresponds to C-O

stretching®®. ATR-FTIR study confirmed a deposition of humins on the catalyst's active surface,
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which is the foremost reason for catalyst deactivation. While powder XRD of the fresh and used
samples (Figure 4.17) shows no distinct crystallographic changes in UiO-66-NH.-HPW after the
reaction. However, the used catalyst becomes brown (Image in the inset of Figure 4.17) due to the

deposition of humins.
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Figure 4.18 ATR-FTIR of Fresh and used catalyst (UiO-66-NH2-HPW)
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4.3.4 Catalytic conversion of FFR
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Scheme 4.3 Catalytic conversion of FFR to FALc, FE, AL
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Figure 4.19 Catalytic hydrogenation of FFR over UiO-66-NH2-HPW in the presence of different
alcohols as a solvent and hydrogen donor
Reaction conditions: FFR to alcohol 1:50 mol ratio, 20 wt. % catalyst wrt FFR, Reaction

temperature 150°C, Reaction time 4 h, stirring speed 300 rpm
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UiO-66-NH>-HPW catalyst was further evaluated for direct conversion of FFR to FALc,
EFE, and EL in one step. FFR has been considered one of the most promising platform molecules
directly derived from biomass. The hydrogenation of FFR is one of the most versatile reactions for
upgrading furanic components to FALc, FE, and AL (Scheme 4.3) in a single step via catalytic
transfer hydrogenation, etherification, and alcoholysis. UiO-66-NH2-HPW was then tested in this
one-step reaction with other alcohols such as methanol, ethanol, and IPA. These solvents were also
used as hydrogen donors for the hydrogenation of FFR to FAIc along with its consumption for
etherification to FE and further to AL. Formed products were identified by GC-MS and data are
given in Figure 4.19. Despite 95% FFR conversion in methanol media, it shows only 23% MFE
formation while in the case of ethanol, 87% FFR conversion with 39% FAlc, 11% EFE and 7%
EL formation was observed. IPA as a well-known hydrogen donor for the catalytic transfer
hydrogenation type of reaction has shown 25% FALc, 33% IPFE, and 13% IPL with 98%
conversion of FFR. This confirmed that, amongst those studied, IPA is the best hydrogen donor
and solvent system for this reaction.
4.4 Comparison of the present catalytic system with the literature
The catalytic activity of present works has been compared with reported literature and
summarized in Table 4. Gao et al. directly used inorganic Brgnsted acidic H3PO4 with Lewis
acidic CrCls for conversion of FALc with ethanolic media gave 38% EL at 96% conversion®®,
Annatelli et al., used highly acidic commercial sulfated resin Purolite CT151, with 50 wt.%
catalyst loading at reflux conditions to get 63% EL vyield . Natsir et al. evaluated commercial
kaolinite at a high temperature of 180°C with external N2 pressure (0.8 MPa) and 50 wt.% catalyst
loading to achieve 57 % FALc conversion and 62 % EFE selectivity®. Zuo et al. used conventional

zeolite Silico-Alumino-Phosphate-34 (SAPO-34) with 35 wt. % loading and with 0.5 MPa external
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argon pressure to convert 43 % FALc with 16 % EFE and 4% EL yield®. Li et al. developed an
H-ZSM-5 catalyst with Nano b-axis channels (CNB-H-ZSM-5) with Si/Al=75, 30 wt. % catalyst
amount in reaction, with 2 MPa N pressure, and a longer reaction time (6 h), achieved 100% FALc
conversion at a low EFE vyield of 6.1% and EL yield of 60.5% °. Siva et al. used TPA
(tungstophosphoric acid) impregnated on mesoporous silica SBA-16, sample 25TS (25 % TPA
impregnated on SBA-16) with high acidity (2.17 mmol/g) and higher loading in reaction (3.05
substrate to catalyst ratio) converted 100% FALc with 20% EL selectivity*. In the present work,
the catalyst (UiO-66-NH2-HPW) with moderate acidity (0.436 mmol g*), low catalyst loading
concerning the substrate (20 wt. %), and without any external pressure converted 97 % FALc and
achieved 31 % EFE and 29% EL vyield, the present catalyst was also able to convert FFR by
catalytic transfer hydrogenation to FALc, FE, and AL, in one step. In short, the present catalyst
UiO-66-NH2-HPW has high SA, moderate acidity, and well-dispersed HPW active sites on the
porous framework of UiO-66-NHz is collectively responsible for high catalytic activity at a low
catalyst amount in reaction.

Table 4. Comparison of the present catalytic system with the literature

9 Catalyst Catalyst Reaction conditions % % Yield Ref.
(wt. % wrt FALc) | properties Conversion No.
SA Acidity Temp. | Tim | E.P. EFE | EL
(m?g) | (mmol/g) | (°C) e (h) | MPa
1 CrCls + H3PO4 NA np 110 2h - 96 - 38 |
(3.5 mol%)
2 Purolite CT151 12-25 | np 80? 5 NA | 100 - 63 | ¥
(50 wt.%)
3 Kaolinite np 0.431 180 2 0.8 |57 62° | - 38
(50 wt.%) N2
4 SAPO-34 444 0.399 160 2 0.5 43 16 4 39
(35 wt.%) Ar
5 CNB-H-ZSM-5 455 0.25 120 6 2Nz | 100 6.1 60. | 40
Si/Al=75(30 wt.%) 5
6 25TS (TPA/SBA- | 216 2.17 80 3 - 100 - 200 | 4
16) (300 wt.%)
7 UiO-66-NH2-HPW | 669 0.436 150 4 - 97 31 29 | This
(20 wt.%) work

SA=BET Surface area, E.P.=External pressure, NA=Not applicable, np=not provided, a Reaction
under reflux condition, b Selectivity (%)
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4.5 Conclusions

In this study, UiO-66-NH. MOF was successfully modified at a molecular level by a post-
synthetic modification approach and immobilized a superacid HPW by acid-basic interaction of -
NH2 group of UiO-66-NH; and HPW to obtain UiO-66-NH2-HPW as a catalyst. The prepared
catalyst has a BET surface area of 669 m?g™* with a total pore volume and pore diameter of 399
cm?g* and 3.385 nm, respectively. SEM, HR-TEM, and powder XRD were performed to analyze
the morphology and phase of UiO-66-NH.-HPW and confirm the intactness of octahedral
morphology and similar phase of UiO-66-NH: after post-synthetic modification. ATR-FTIR
spectroscopy and XPS results confirmed the protonation and interaction between HPW and the -
NH: group of UiO-66-NH2 and EDS mapping confirms the good distribution of HPW in the UiO-
66-NH> crystal. NH3-TPD results showed that there is a high increment in strong acid sites with
an increase in total acidity in a post-synthetical modified sample UiO-66-NH2-HPW (0.436 mmol
g1) than the parent UiO-66-NH; (0.301 mmol g*). Well-characterized catalysts were evaluated
for catalytic etherification and alcoholysis of FALc and found to be better than the parent one.
UiO-66-NH2-HPW catalyst has shown 97 mol% FALc conversions, 31 mol% EFE yield, and 29
mol% EL vyield. This catalyst could also be reused after reaction by simple washing and drying for
multiple reuses. Further, this acidic catalyst was also evaluated for direct conversion of FFR to
FALc, FE, and AL, in one step.
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Catalysis is critical in offering appropriate solutions to societal challenges. The topics
attracting global attention include energy security and environmental pollution. This stimulated
the drive to develop long-term energy production plans. The catalytic conversion of biomass to
renewable transport fuels and chemicals ensures long-term energy security by reducing the scarcity
of fossil fuels. The intricacy of the carbohydrate feedstock, as well as the creation of ecologically
friendly procedures, provide significant hurdles in the design of biomass conversion catalysts. To
produce crucial chemicals with critical applications, lignocellulose transformation employs some
processes such as hydrolysis, dehydration, isomerization, aldol condensation, hydrogenation, and
reforming. A solid acid catalyst is frequently preferable to a homogeneous acid catalyst for
reducing waste generation and enabling straightforward catalyst separation.

The present thesis has tried to cover the effective conversion of renewable carbohydrate
biomass-derived Sugars and Furanics to highly important platform chemicals Alkyl levulinate and
Fururyl ethers. Using commercially available, highly soluble, highly acidic, non-corrosive,
phosphotungstic acid by a modification to such extent that it gains heterogeneity along with
improvement in other properties such as generation of Lewis acid sites, and gain in surface area.
The current study is therefore crucial for sustainability and green chemistry.

As a result, in this study, we used ion exchange and immobilization methods to convert
easily available HPW into a recoverable and reusable catalyst. Metal salts (Cs, Zr, Mg, and Ce)
were used to exchange metal with the mobile proton of HPW, and HPW was immobilized on
UiO66-NH> MOF by reactive immobilization. X-ray diffraction (XRD), electron microscopy,
infrared spectroscopy (IR), and N2 sorption for BET surface area were used to characterize the
catalysts. The kind of acid sites was evaluated using Fourier transform infrared spectroscopy with

pyridine as a probe molecule (Pyridine-FTIR), and the acidity was investigated using temperature-
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programmed ammonia desorption (NH3-TPD). The synthesis of AL and furfuryl ether from sugars
and furanics (glucose and furfuryl alcohol) produced from biomass was carried out using well-
characterized catalysts. The thesis is divided into five chapters based on these findings, one of
which contains an overview of the work done for this dissertation.

Chapter 1 provides an overview of biomass and heteropolyacids. It gives an overview of
green chemistry and the potential of biomass-derived carbohydrates for chemical synthesis. The
dehydration of sugars and the etherification of furfuryl alcohol to alkyl levulinate and furfuryl
ethers, which are key platform chemicals and fuels, are given priority. It emphasizes the
importance of these industrially significant organic transformations. It also emphasizes the
possibility of developing catalysts employing less corrosive HPA (than mineral acids) and its
applicability for carbohydrate-derived feedstock to produce fuels and chemicals.

Chapter 2 described the modification of HPW by zirconium nitrate (ion exchange)
exchange with the mobile proton of HPW. Powder XRD and FTIR of Zirconium HPW samples
revealed the intactness of the HPW's characteristic kegging structure, while Pyridine IR unveiled
the generation of some Lewis acid sites with increased Zr content. On the other hand, NH3-TPD
unfolds a slight increase in total acidity with not much gain in BET surface area. The preliminary
evaluation of produced samples (H2ZriPW12040 and Hi1Zr.PW12040) for acid-driven glucose
alcoholysis revealed less EL yield (26% and 14%) with 50% to 60% catalyst recovery. As pyridine
IR revealed, some Lewis acid sites were generated, but they were insufficient, so we added co-
catalysts (Sn-beta, TiO., and SnO2) and it revealed an increase in EL yield. Among all tested
catalysts, the physical mixture of H2ZriPW12040 + Sn-Beta (80:20) produced the highest EL
(47.6%). This admits that the right combination of B+L and a B/L >2.5 ratio is critical for

converting glucose to EL in a single step. It encouraged the screening of various physical mixtures
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(different weight ratios) of Zr exchaged HPW (H2Zr1PWi12040 and H1Zr2PW1,040) with Lewis acid
co-catalyst Sn-beta for glucose ethanolysis to EL. After screening and parameter optimization,
unveiled that a 3.7 B/L ratio is required for maximum EL (54%) generation with the lower
contribution of ELA and humins.

Chapter 3 represents a modification of HPW by Cesium nitrate exchange (ion exchange
method) with the mobile proton of HPW and its applications for catalytic etherification of
renewable FAI to fuel additive EFE. The powder XRD of Cs exchanged samples revealed the
intactness of typical characteristics of the Keggin diffraction pattern but with an increase in Cs
content, there was a drop in % crystallinity. The XPS analysis admits that there is a shifting of
binding energy levels of W 4f and O 1s levels towards low energy sites due to the presence of
electropositive Cs. The acidity analysis by NH3z-TPD gave out that there is a drop in total acidity
with an increase in Cs content but Pyridine FTIR disclosed there was the generation of Lewis acid
sites with an increase in Cs content. This prepared series of samples are screened for etherification
reaction and initial screening showed that the sample (H1Cs2PW1.040) with moderate acidity (786
umol g) with 3.6 B/L ratio is found to be ideal for this reaction. After optimization of all reaction
parameters with the H1Cs,PW12040 sample, it has shown a maximum FAlc conversion of 98%;
and 65% EFE yield. H1Cs,PW12040 catalyst was found to be reusable 4 times (fresh + 3 reuse)
after washing and calcination. This study has shown the effective development of catalysts and
optimization of process parameters for the selective synthesis of biofuel from renewable furfuryl
alcohol.

Chapter 4 demonstrates the immobilization of HPW on UiO-66-NH2 MOF by acid-basic
interaction of the -NH. group of UiO-66-NH2; and HPW to obtain UiO-66-NH>-HPW as a catalyst.

The prepared catalyst has a high BET surface area (669 m?g*). SEM, HR-TEM, and powder XRD
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were performed to analyze the morphology and phase of UiO-66-NH,-HPW and confirm the
intactness of octahedral morphology and matching phase of UiO-66-NH, after post-synthetic
modification. ATR-FTIR spectroscopy and XPS analysis confirmed the protonation and contact
between HPW and the -NH2 group of UiO-66-NH2 and EDS mapping confirms the good
distribution of HPW in the UiO-66-NH: crystal. The acid analysis using NHs-TPD showed that
there is a high increment in strong acid sites with an increase in total acidity after HPW
immobilization. Well-characterized catalysts were evaluated for catalytic etherification and
alcoholysis of FALc and found to be improved than the parent one. UiO-66-NH2-HPW catalyst
has shown 97 mol% FALc conversions, 31 mol% EFE yield, and 29 mol% EL yield. This catalyst
could also be reused after reaction by simple washing and drying for multiple reuses. Further, this
acidic catalyst was also evaluated for direct conversion of FFR to FALc, FE, and AL, in one step.

The major purpose of this thesis is to use modified Heteropolyacid as a suitable
heterogeneous (recoverable and reusable) catalyst for the conversion of biomass-derived sugars
and chemicals to value-added chemicals and fuels. The study found that highly soluble and high
Brensted acidic HPW can be modified to become heterogenous/hydrophobic, as well as gain some
beneficial properties such as an increase in surface area and the generation of some active Lewis
acid sites, which are suitable for the selective conversion of biomass-derived feedstock to value-
added products. As a result, our work advances the science of catalysis for the conversion of
biomass into renewable fuels and chemicals.

Suggestions for future research: The current studies aim to use renewable carbohydrate
biomass to produce essential platform and bulk chemicals, which can then contribute to the
sustainable manufacturing of chemicals. From an industrial and economic standpoint, the process

must be efficient, and it should operate in continuous mode. As a result, the obtained catalyst can
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be further developed and evaluated in continuous operation mode to synthesize AL and FE from
biomass-derived furanics and sugars. Switching from batch to continuous mode may help to
overcome the side reaction and, to some extent, the generation of humin. Also, catalysts
investigated in this thesis have the potential to catalyze other processes, such as the creation of
other essential compounds such as lactic acid or alkyl lactates, HMF ethers, and alkyl levulinates
diols and triols from carbohydrates.

This research can also be expanded to create MOFs with more basic sites by employing
various ligands to improve HPA immobilization and dispersion. This will result in catalysts with
characteristics like high acidity and high SA, which may work better as catalysts for tandem

reactions involving the transformation of carbohydrates.
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The purpose of this thesis was to discuss the efficient conversion of renewable carbohydrate
biomass-derived Sugars and Furanics to very important platform chemicals, Alkyl levulinate and Fururyl
ethers. Using commercially available highly soluble, very acidic, and non-corrosive phosphotungstic acid.
As a result, we used ion exchange and immobilization approach to convert readily available HPW into a
recoverable and reusable catalyst.

The zirconium (ion) exchanged sample improves the heterogeneity in the polar medium by 50%,
and the combination of a physical mixture of HaZriPW1,04 + Sn-Beta with an 80:20 weight ratio was
found to be optimum for the maximum EL yield formation of 54% from glucose at 180°C in ethanol
medium. This study discovered that an ideal combination of B and L catalysts is required, and its ratio has
been identified to be critical for the direct transformation of glucose to EL in one step. While Cesium (ion)
exchanged HPW samples were used for Furfuryl alcohol etherification, H:Cs,PW1,040 samples with a total
acidity of 786 umol/g, B/L ratio of 3.6, and surface area of 43 m?/g were found to be ideal for maximum
FAlc conversion (98%) with 65% EFE yield at 120°C, with only 15% catalyst loading w.r.t. FAlc. After
solvent washing and calcination, this catalyst was discovered to be reusable four times.

HPW was immobilized at room temperature by protonation of the -NH; group of UiO-66-NH,
MOF to UiO-66-NH2-HPW. ATR-FTIR spectroscopy and XPS results validated the protonation and
chemical interaction between HPW and UiO-66-NH,. STEM-EDS mapping revealed a uniform distribution
of HPW on UiO-66-NH,. The reduction in specific surface area, total pore volume, and increase in total
acidity for UiO-66-NH.-HPW was validated by BET and NH3-TPD. Furthermore, powder XRD, SEM, and
HR-TEM revealed that the phase and shape of UiO-66-NH; did not change following HPW immobilization.
The developed catalyst was effective in the etherification and alcoholysis of furfuryl alcohol (FALCc) to
furfuryl ether (FE) and alkyl levulinate (AL). In an ethanolic medium, UiO-66-NH>-HPW demonstrated 97
mol% FALc conversions, 31 mol% Ethyl furfuryl ether (EFE) yield, and 29 mol% Ethyl levulinate (EL)
yield. UiO-66-NH,-HPW has also been proven efficient in the multistep conversion of Furfural (FFR) to
FALc, FE, and AL.

The primary goal of this thesis was to develop a heterogeneous (recoverable and reusable) catalyst
for the conversion of biomass-derived sugars and chemicals to value-added chemicals and fuels. The study
discovered that highly soluble and high Bronsted acidic HPW can be modified to become
heterogeneous/hydrophobic. Modification helped to gain some beneficial properties, such as an increase in
surface area alongside the generation of some active Lewis acid sites, which are helpful for the selective
conversion of biomass-derived feedstock to value-added products. As a result, our research adds to the
catalysis field for converting biomass into renewable fuels and chemicals.
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Synthesis of ethyl furfuryl ether (potential biofuel) by etherification of
furfuryl alcohol with ethanol over heterogenized reusable H1Cs:PW12040
catalyst

Nagesh L. Mulik - Prashant S. Niphadkar - Vijay V. Bokade

Abstract
Ethyl furfuryl ether (EFE) considered as potential biofuel can replace petroleum diesel up to 100%. EFE also
has efficient blending properties with biodiesel to improve its cold flow properties. Herein we demonstrate efficient
synthesis of EFE by etherification of renewable furfuryl alcohol (FAIc) with ethanol over heterogenized heteropoly
acids. Cs exchanged heterogenized heteropoly acids (HsxCsxPW12040, x= 0.5, 1, 2, 2.5) was prepared using ion
exchange method. The H3xCsxPW1,049 catalysts were well characterized by the XRD; BET; XPS; NHs-TPAD and
pyridine IR. The etherification of renewable FAIc with ethanol over H3.xCsyPW12040; H1Cs2PW1204 catalyst having
moderate acidity of 786umol/g; B/L of 3.6 has shown 65% EFE yield and low humin formation with after 98% FAlc

conversion and catalyst was observed to be reusable for 4 cycles (fresh + 3 recycles).

Intensity (a.u.)

Figure 1: Powder XRD of H3PW1,04 and CsyHzxPW1,049 samples
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Abstract

Ethyl furfuryl ether (EFE) considered as potential biofuel can replace petroleum die-
sel up to 100%. EFE also has efficient blending properties with biodiesel to improve
its cold flow properties. Herein we demonstrate efficient synthesis of EFE by etheri-
fication of renewable furfuryl alcohol (FAlc) with ethanol over heterogenized heter-
opoly acids. Cs-exchanged heterogenized heteropoly acid (H;_,Cs PW,,0,,, x=0.5,
1, 2, 2.5) was prepared using ion exchange method. The H,_,Cs,PW,0,, catalysts
were well characterized by the XRD, BET, XPS, NH;-TPAD and pyridine IR. The
etherification of renewable FAlc with ethanol over H;_ Cs PW,0,0; H,Cs,PW,0,,
catalyst having moderate acidity of 786 umol/g; and B/L of 3.6 have shown 65%
EFE yield and low humin formation with after 98% FAlc conversion and catalyst
was observed to be reusable for four cycles (fresh+ 3 recycles).

Keywords Heterogenized heteropoly acid - H;_ Cs PW,0,, - Etherification - B/L
ration - Ethyl furfuryl ether - Furfuryl alcohol

Introduction

With decreasing crude-oil reserves and the worldwide increase in demand for fos-
sil fuel, it necessitates opting for alternate renewable options like biomass, solar,
water splitting, etc. Among these options, biomass could be most preferred due to
its high sustainability. The biomass especially agricultural waste is an abundant
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carbon-based renewable source for the production of biofuels and value-added
chemicals. From Indian perspective, biomass based on agricultural waste such as
rice husk, wheat straw, rice straw and sugarcane bagasse contributes almost 75%
of total biomass availability. Utilization of renewable biomass is also an important
contribution toward the establishment of favorable conditions for the climate and a
sustainable economy [1]. Biofuels Directive of the European Union (EU) Commis-
sion emphasizes on 20% biofuels blending in fossil fuel by 2020 [2]. Thus, research
on biobased especially furan catalytic converting technologies is vital in the pre-
sent and future world scenario. Furfuryl alcohol (FAlc), one of the most important
furan derivatives, is industrially produced via hydrogenation of furfural which is the
potential platform chemical for its conversion to more useful chemicals [3—6]. Furo-
nic ethers are the interesting class of the compounds to be used as fuel additives or
diesel blends due to their efficient fuel properties [7-9]. Moreover, according to the
analysis report by Lange et al. [10], among the mainly studied products from furan
upgrading, ethyl furfural ether (EFE) shows a very limited footprint in terms of CO,
emission with high octane number (ON 110). Further, from furfuryl ether, other fuel
molecules such as alkyl tetrahydrofuryl ether and ethyl levulinate(EL) can be syn-
thesized [11-14]. Thus, furanic ethers represent an interesting class of potential bio-
fuel to consider for its wide applications.

Furanics (furfural, FAlc and HMF) have poor stability in the presence of acids
and represent strong limitations when working under harsh conditions due to their
tendency of self-polymerization to humins [15]. There is a very limited study on
catalytic etherification of furfuryl alcohol. Few reports reveal that catalysts such
as ZSM-5, Zr-SBA-15 and Amberlyst-15 have been used [10, 16, 17]. It looks that
acid catalyst especially the combination of Lewis and Brgnsted acid catalyst may
work for this reaction. The etherification reaction of furfuryl alcohol with ethanol
seems to perform on Lewis or Lewis + Brgnsted acidic catalyst [16, 17] to form two
main biofuel products: ethyl furfuryl ether (EFE) and ethyl levulinate (EL). Among
two, ethylfurfuryl ether is more advantageous in terms of its utilization as a blend
in petroleum diesel or 100% replacement. If higher Brgnsted acidity is present in
catalyst, then there is a chance of polymerization of furfuryl alcohol and then to
humin. Thus, the proper combination of Lewis and Brgnsted property is required
to have desired biofuel products. There are limited reports on the selective forma-
tion of ethyl furfuryl ether than ethyl levulinate. The present study is an attempt to
selectively synthesize ethyl furfuryl ether than ethyl levulinate. Thus, this study was
mainly focused on the formation of EFE as the main product over Lewis + Brgnsted
acidic properties of Cs H;_ PW,,0,, catalyst.

Heteropolyacids (HPAs) are an interesting class of well-defined strong solid
Brgnsted acids, exhibiting excellent catalytic behavior in a wide variety of acid-
catalyzed reactions such as synthesis of biofuels [17-20]. HPA as such has strong
Brgnsted acidity which may lead to more humin formation as furanic compounds
are highly unstable. Moreover, HPAs are soluble in a polar medium like water and
alcohol. In order to reduce Brgnsted acidity and to make HPA insoluble in the polar
medium is possible by exchanging H proton of HPAs with other monovalent ions
such as NH*, Cs*, K* and Rb*. [21-25]. Among various monovalent ions, Cs*
seems to be more preferred due to its mirror replacement with H" which lowers
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Brgnsted acid site, leads formation of new Lewis acid sites, increases surface area,
develops mesoporosity and also helps to make HPA completely insoluble in a polar
medium [21-25].

Thus, in the present work, attempts were made to synthesize Cs-modified HPA
catalyst; its characterization by various techniques such as X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), nitrogen adsorption, ammonia—tempera-
ture programmed desorption (TPD) and FTIR (Fourier transform infrared spectros-
copy). The prepared and well-characterized catalyst was evaluated in furanic reac-
tion especially etherification of furfuryl alcohol to ethyl furfuryl ether, a potential
biofuel.

Experimental
Material

Keggin-type 12-tungstophosphoric acid (AR) and cesium nitrate (LR) was pur-
chased from Thomas Baker, Mumbai (India), and analytical standard’s EFE, EL and
FAlc were purchased from Sigma-Aldrich, Ethanol from Changshu Hongsheng Fine
chemical China.

Catalyst preparation
Synthesis of Cs,H;_,PW,,0,,

The procedure for the synthesis of Cs,H;_ PW,0,, (x=0.5,1,2,2.5) is similar to be
reported [22]. Metal-exchanged 12-tungstophosphoric acid was prepared by adding
the required molar quantity of an aqueous solution of CsNOj to the aqueous solution
of tungstophosphoric acid under vigorous stirring for 30 min at room temperature.
The total added volume of metal nitrate solution was determined from the elemen-
tal stoichiometry of the targeted catalyst. The resultant milky suspension was aged
at room temperature for overnight (12 h). The white powder was isolated by slow
evaporation of water in an oil bath at 100 °C. The samples were further dried in an
oven at 120 °C for 12 h and calcined at 350 °C for 3 h. For the comparison purpose,
Ce and Mg exchange samples of H,Ce,PW,,0,, and H;Mg,PW ,0,, were prepared
using similar method.

Characterization

X-ray diffraction (XRD) patterns of the catalysts powder were recorded on PANa-
lytical system (model Xpert-PRO-1712) with monochromated Cu Ko radiation
(4=0.154) in the 26 range of 5°-90°. Bulk chemical compositions were determined
using an X-ray photoelectron spectroscopy (XPS). XPS measurements were per-
formed on a Thermo Scientific K-Alpha+ instrument equipped with a charge neu-
tralizer and a monochromated Al K, X-ray source.
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A conventional volumetric nitrogen adsorption apparatus (Micromeritics ASAP
2010 system) was used for evaluating the textural properties of samples. The specific
surface area of the sample was calculated using the Brunauer—Emmett-Teller (BET)
method.

The overall acidity and acid strength associated with sites were measured by tem-
perature programmed ammonia desorption (TPAD) using a MicromeriticsAutoChem
(2910, USA) equipped with a thermal conductivity detector. Prior to the measurements,
the sample was dehydrated at 300 "C in He (30 cm® min™) for 1 h. The temperature
was then decreased to 100 °C, and then NH; was allowed to adsorb by exposing the
sample to a gas stream containing 10% NH; in He for 1 h. It was then flushed with
He for another 1 h. The NH; desorption was carried out in He flow (30 cm® min™)
by increasing the temperature up to 800 °C with a heating rate of 10 °C min~!. The
concentration of desorbed ammonia was quantified by a thermal conductivity detector
(TCD).

FTIR and pyridine IR spectrum was recorded on Thermo-Nicolet 670 spectrom-
eter in the range of 400-4000 cm™!. To predict secondary structure variation, circu-
lar dichroism spectrum was monitored. To record spectra, JASCO J810 spectrom-
eter equipped with peltier water circulation thermostated six positions automatic cell
changer and variable slit system was used. To check heterogeneity of the catalyst, the
reaction mixture after the reaction ICP-OES is done using the Perkin-Elmer Optima
3000DV inductive-coupled plasma-optical emission spectroscopy (ICP-OES).

Reaction procedure and product analysis

The experiments were carried out in SS316 closed reactor of 30 mL capacity with
pressure gauge. In a typical reaction, 0.42 g furfuryl alcohol (FAlc), 5 wt% catalyst
w.r.t. FAlc (0.021 g) and 11.51 g ethanol were added into the reactor. Then, the reac-
tor was electrically heated in the temperature range of 90-130 °C on the heating plate
(Remi) with continuous stirring of 800 rpm for 2.5 h. At the end of the reaction, the
reactor was cooled down to room temperature by quenching to stop the reaction. Cata-
lyst along with insoluble humin was separated by centrifugation. The product liquid
sample was further diluted and analyzed by GC gas chromatography (Chemito-1000)
equipped with TR-5 capillary column (60.0 mx0.32 mm X 0.25 um) and a flame ioni-
zation detector with He as carrier gas flow rate of 1.0 mL min~", the injection port tem-
perature was 230 °C, the oven temperature was programmed from 50 to 260 °C at a
heating rate of 20 °C min~", and the detector temperature was 260 °C. The product
formation was confirmed by the standard in GC and GC-MS (Figure S1).
The FA conversion and yield were calculated by using the following equations.
Initial FA mols — Final FAlc mols

B 100
o LLonversion Initial FAlc mols 8

Mols of product formed

Yield =
% Yield Initial FAlc mols

x 100

@ Springer



Synthesis of ethyl furfuryl ether (potential biofuel) by...

Table 1 Surface properties of H;PW ,0,, and Cs H;_ PW,,0,, samples

Entry Catalyst name % crystallinity ~ The crystallite ~ BET surface Mesopore

(relative) size (nm) area m?/g surface area
(m*/g)

1 H;PW,,04 100 40 4 -

2 H, sCsy sPW,0, 93 13 42 0.06

3 H,Cs,PW,04, 83 21 9.1 3.1

4 H,Cs,PW,04, 69 17 36.4 10

5 H, 5Cs, sPW,0, 66 14 432 16

Table 2 Investigation of acidic properties by NH; temperature programmed desorption and B/L ratio
(pyridine-FTIR) of H;PW,0,, and Cs,H;_,PW,,0,, samples

Entry Catalyst name Weak acidity ~ Strong acidity S/W ratio Total acidity ~ B/L ratio
(umol/g) (nmol/g) (nmol/g)

1 H;PW,,0,4 994.1 1541.8 1.5 2536 na

2 H, sCs( sPW,0, 595.3 1356.6 22 1952 5.8

3 H,Cs,PW,04, 478.7 881.2 1.8 1360 43

4 H,Cs, PW,0,, 277.4 585 2.1 786 3.6

5 H, 5sCs, sPW,0, 152.5 2114 1.3 364 1.7

Mass of humin = Residue collected(dried) — weight of Catalyst

% Humin = Mas§ 9f humin obtalned><1 00
Initial mass of FAlc

Result and discussion
Catalyst characterization

All prepared catalysts were characterized by various characterization techniques
such as XRD, nitrogen adsorption and TPD, and results are presented as Tables 1
and 2.

Powder XRD

The structural changes as a function of Cs, Ce and Mg exchange with H* in
H;PW,,0,, were carried out by XRD (Fig. 1 and S2). All Cs-exchanged samples
have shown typical cubic crystalline XRD pattern of Keggin units. After initial Cs
doping in H, sCs, sPW,0,,, new set of peaks at two thetas of 25.6° evolve as shoul-
ders on the main 25° of H;PW,,0,, reflections. Diffraction peaks corresponding
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Fig.1 Powder XRD

of H;PW ,0,, and H ;Cs, sPW,,0,,
Cs H;_ ,PW,0,, samples
H,Cs,PW,;,0,y
H,Cs,PW,,0,,

H, CssPW,04

Intensity (a.u.)

H3PW12040

10 20 30 40 50 60
20 (degree)

to the free acid disappear as the Cs content increases beyond x=2. The shift in
H,;PW,,0,, peaks toward higher angles (shift by 1.4) in the Cs,H;_ PW,0,, sam-
ples is consistent with the body-centered cubic structure of Cs;PW ,0,, salts [21].
The effect of Cs exchange was studied by calculating its crystallite size (D nm) with
Scherrer’s equations (Table 1). The crystallinity was observed to be decreased from
100% (plane HPA) to 66% due to insertion of Cs* up to 2.5 in HPA Keggin frame-
work. The corresponding crystallite size was also found dropped down to 14 nm
from 40 nm. This is likely because of bond stretching due to insertion of Cs in the
Keggin framework, which weakens the structure and so the crystallinity and crys-
tallite size. In case of magnesium (H,Mg,PW,,0,), insertion in H;PW,,0,, leads
to a partial loss of Keggin structure along with the formation of WO species, its
reflections can be seen in XRD (S2), whereas cerium (H,Ce,PW,0,,) insertion in
H;PW ,0,, leads to complete collapse of Keggin structure.

The BET surface area (Table 1) pointed that as Cs insertion in H;PW,,0,,
increases from 0 to 2.5, the corresponding surface area found to be increased from
4 to 43.2 m*/g and mesopore surface area has elevated to 16 m?/g. According to the
literature, Cs insertion in HPA generates micro-crystallites which lead to void for-
mation [23, 24]. As insertion of Cs increases, the void formation and bond stretch-
ing increase which creates more surface area and mesoporosity.

XPS

The high-resolution W 4f XP and O 1s XP spectra (Fig. 2) reveals the W and
O environments are perturbed upon Cs exchange. Figure la shows XP spectra
of W4f,,, of pure H;PW,,0,, occurs at 35.7 eV with a peak width of 2.8 eV.
Following Cs inclusion of 0.5 to 2.5, this peak with the centroid shifts to lower
binding energy from 35.7 to 35.6 eV and it confirmed that new binding of W
is generated with the insertion of Cs. This shift is more at Cs2.5 than at Cs0.5,
confirming stretching of W bonding. Similar trend was also observed for O 1s
(Fig. 2b) with the binding energy of the O 1s envelope decreasing from 530.8 to
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530.5 eV with increasing Cs doping from 0 to 2.5 in H;PW,0,,. It can be pos-
tulated that the greater electropositive character of cesium increased the electron
density of both O and W, by lowering their binding energies. Figure 2c shows the
XP spectra of Cs 3ds,, on prior to Cs exchange leads to increase in intensity along
with the area under the peak. As with 0.5 Cs doping, the first binding energy peak
at 724.1 eV with peak width of 1.18 eV and second binding energy peak at 738.1
with peak width of 1.16 eV are found to be increased with the increase in Cs
doping: 1.26 (Csl), 1.28 (Cs2), 1.29 eV (Cs2.5) for first binding energy and 1.18
(Csl), 1.41(Cs2), 1.42 eV (Cs2.5) for second binding energy. It indicates that the
increase in Cs doping leads to saturation of Cs on the surface.

Table 2 represents the acidic properties of all studied catalysts investigated by
NH;-TPD and pyridine-FTIR. TPD profiles of Mg- , Ce- and Cs-exchanged tung-
stophosphoric acid catalysts are provided in the supplementary information (Fig-
ure S3.) All samples showed distinctive desorption in two temperature ranges:
150-250 °C and 600-700 °C. The intensity of the high-temperature desorption
peak was decreased as cesium content increased. The high-temperature desorp-
tion peak is related to the strong acid sites generated from partial exchange of Cs.
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As a function of Cs insertion, both strong and weak acid sites were found to be
dropped. In case of Cs insertion of 0.5, 1, 2 and 2.5 mol in exchange with H* pro-
ton, the strong acidity was observed to be reduced to 12, 42, 62 and 82%, respec-
tively, whereas weak acidity was decreased by 40, 51, 72 and 84%, respectively.
These results are obvious, due to less availability of H protons for acidity.

Pyridine-FTIR

Type of acidity is also an important factor to consider for any organic transforma-
tion, and there are many intermediate steps which required both Brgnsted and Lewis
acid sites. The prepared catalysts were further characterized for the type of acidity
(Fig. 3), which was generated or changed after insertion of Cs in HPA. The peaks at
1438 cm™! and 1537 cm™! represent the pyridine interaction with Lewis and Brgn-
sted acidic sites. The peak at 1487 cm™! is combination effect of Brgnsted 4+ Lewis
acidity. As Cs insertion in HPA increases, Lewis acidity was found to be increased,
which downgrades B/L ratio (Table 2).

Etherification of furfuryl alcohol with ethanol to ethyl furfuryl ether

Catalytic transformation of furanic compounds to value-added product is an impor-
tant reaction to investigate aiming for new potential catalyst with an improved yield
of the desired product. In this work, the prepared and well-characterized Cs-inserted
Cs, H;_ PW,,0,, catalyst having Brgnsted and Lewis acidity was evaluated for one-
step etherification of furfuryl alcohol to ethyl furfuryl ether as a biofuel additive
(Scheme 1).

HLSCSO.SPWIZOW
—H,Cs PW 0,
HICSZPWHOM]

—H Cs, PW O

12~ 40

Absorbance (a.u.)

T T T T T T T T T T T 1
1400 1450 1500 1550 1600 1650 1700
wavenumber (cm™)

Fig.3 Pyridine IR spectra of H;PW,,0,, and Cs H;_ PW,0,, samples
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Scheme 1 Etherification of furfuryl alcohol to ethyl furfuryl ether

Catalyst screening

Being highly Brgnsted acidity of H;PW,,0,, tends to have almost 98% conver-
sion of FAlc. The activity trends follows: H;PW,,0,4,=H,Ce,PW,,04,>H /Mg-
PW,0, (90%)>H,Cs,PW,,0,, (58%) which is in replica of acidity values
(Fig. 4). EFE formation was observed to be maximum (43%) with HMg,PW,0,,
as compared to H,Ce,PW,,0,, (35%); H,Cs,PW,,0,, (32%) and TPA (28%). EL
formation is in the range of 10-15% which is forming at the expense of EFE con-
sumption. Lowest formation of EL (3%) is recorded for H,Cs,PW,0,,. The humin
formation of 25-30% was found with highly acidic catalysts viz, H;PW,,0,, and
H,Ce,PW,,0,), whereas in the case of HMg,PW,,04, and H,Cs,PW ,0,, it is
<10%. The unknown product due to side reactions of furfuryl alcohol was found
to be maximum of 25-30% with the catalysts having considerably high B and L
acidity, whereas in case of H,Cs,PW,,0,, which is less acidic than other studied
shown unknown formation of 15%. Even though H;PW,0,, H,Ce,PW,0,, and
H,Mg,PW,,0,, are a highly active catalyst for this reaction, these catalysts are
almost completely soluble in ethanol (polar medium) whereas H;Cs,PW,0,, is
completely insoluble in nature. According to the report, the introduction of Cs in

3000
—Q@— Acidity (mmol/g)
1% Conversion 100
25004 [ 9 M W22 % EL yield r
EE8 % EFE yiled
XXX % Humin yiled o
) E== % unknowns =
= 2000 - ) <
£ 90 2z
: z
£ bt
> 1500 - S
= 2
o= 2
< z
<
1000 £
Q
500

O (V]
“§W\1 b “\Ce,_vw"' »

Fig. 4 Catalyst screening as a function of total acidity. Reaction conditions: 1:10 FAlc/ethanol mol. ratio,
110 °C temp, 2.5 h time, 5 wt% w.r.t. FAlc catalyst
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HPA knocks out H;O,* moiety and strongly interact with W=0 and W-O-W by
bridging, terminal attachment leads to widening of structure and sample become
insoluble in the polar medium [26].

Considering the fact that catalyst should be more reusable; the process should
have a clean and green approach H,Cs,PW,0,, is the best option to go ahead and
optimize the process parameters to improve the activity and EEF yield. Thus, the
optimization of process parameters was done on H,Cs,PW,0,, catalyst.

Influence of Cs insertion in H;PW,,0,, on the acidity and catalytic activity

As from the above discussion, it can be concluded that Cs-exchanged sample
(H,Cs,PW ,0,,) is found to be more useful for this type of reaction. So the various
amounts of Cs-inserted samples (from 0.5 to 2.5 mol) in TPA were prepared thor-
oughly and screened under the same set of reaction conditions, ICP-OCS of reac-
tion mixture after the reaction was done to check heterogeneity of the catalyst, and
all Cs-exchanged samples have shown no sign of W from HPA unit and no sign Cs
leaching in the reaction mixture. The graphical data of all the Cs-exchanged sam-
ples under identical set of reaction conditions are given in Fig. 5. As after 0.5 mol
Cs exchange designated as H, sCsy sPW,,0,,, there is 24% loss in total acidity
(1952 umol/g) along with the generation of Lewis acid sites in Fig. 3 with 5.8 B/L
ratio, which showed 35% EFE, 14.4% EL yield 26% humins and 24% unknowns
at the complete conversion of FAlc. In case of H,Cs1PW ,0,,, there is 47% loss
in total acidity than the parent and generation of more Lewis acids with 4.3 B/L
ratio that showed 39% EFE, 13.4% EL, 19.9% humins and 25% unknowns with
complete conversion of FAlc. Though there is 24% and 47% drop in total acidity
of H, ;Cs, sPW,0,, and H,Cs1PW,0,,, sample has high B/L ratio (5.8 and 4.3,
respectively) indicating the number of Brgnsted acid sites till present there and

100
2500 ) —@— Acidity mmol/g
[ [ M ] % conversion
V222 % EL yield 98
B8 % EFE yield i
2000 9 RXXX] % Humin yiled o
_ E= % unknowns s
on
3 Fo £
£ g
é 1500 L S
= Leo £
o=} L =
P L 50 £
< <
1000 3
40 ©
30
500 r 20
10
-0

pW 0% W O

O A
;080
5.8 W2
1, L% wy “\Csmv e

Fig.5 Effect of Cs insertion on the acidity and catalytic activity. Reaction conditions: 1:10 FAlc/ethanol
mol. ratio, 110°C temp, 2.5 h time, 5 wt% w.r.t. FAlc catalyst
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responsible for complete conversion of FAlc as like parent (H;PW ,04,). Further
increase in Cs exchange from 1 to 2 mol leads to 69% drop in total acidity especially
in Brgnsted acidity leading to B/L ratio of 3.6, which showed 58% FAlc conversion
32% EFE, 2.4% EL, 14.5% unknowns and 7.6% humins. High drop in humin genera-
tion, EL formation and high EFE selectivity are due to the low Brgnsted acidity (3.6
B/L) with low total acidity (786 pmol/g) which might be slowing down the polycon-
densation among FAlc and ethanolysis of formed EFE. From Fig. 5 and Table 2, it
indicates that with the increase in Cs exchange from 0.5 to 2 there is a constant drop
in total acidity and generation of more Lewis acid sites was noticed. This allows
less EL and humins as well as unknown compound formation without compromis-
ing EFE yield. From the above Cs insertion of 2, i.e., HjsCs, sPW,0,, there is a
drastic drop in total acidity ~85% (364 umol/g) than the parent with the formation
of more Lewis acid sites, which leads only 5% FAlc conversion and 2% EFE, 0.9%
EL, 1.5% humins and 1.8% unknowns formations. Among Cs-inserted samples,
H,Cs,PW,0,, with 3.6 B/L ratio showed a high selectivity of 55% with 30% EFE
yield and 60% FAlc conversion. This may be due to the cumulative effect of moder-
ate acidity, B/L ratio and high surface area (43 m%g). Thus, further optimization of
parameters was done using H,Cs,PW,0,, catalyst.

Effect of molar ratio

One of the important process parameters is the substrate concentration, which affects
the utilization efficiency of FAlc and final concentrations of products. Experiments
were conducted by varying ethanol concentration from 1:2.5 to 1:20 FAlc to ethanol
mole ratio, and the results are depicted in Fig. 6. As can be seen from Fig. 6, there is
the impact of ethanol concentration on conversion, with an increase in ethanol con-
centration there is drop in FAlc conversion and maximum conversion was observed
at 1:2.5 which is 61%. The formation of EFE is marginally reduced from 34%
(1:2.5) to 33% (1:5) and was identical up to 1:15. Above 1:15 ratio, the EFE yield
has decreased to 25% (1:20). EL formation has shown an unstable range of <5%,
whereas the humin contribution was 12% (1:2.5) to 6% (1:20). Higher formation of
humin at 1:2.5 may be due to the more concentration of FAlc. The unknown forma-
tions were in the range of 15-17%. Thus, 1:10 (FAlc: ethanol) molar ratio looks to
be optimum for this reaction to get optimum FAlc conversion and EFE yield with
the lower formation of humin.

Effect of temperature

Most of the etherification and esterification reactions are temperature-dependent.
The effect of temperature on FAlc conversion and products yield was studied, and
the test was carried out in temperature range from 90 to 130 °C in a closed system to
keep the reaction in the liquid phase. It was observed that, as temperature increases
from 90 to 120 °C, the FAlc conversion was found to be increased from 50 to 72%;
thereafter, FAlc conversion was identical (Fig. 7). As the temperature increases,
the rate of reaction increases which enhance the etherification reaction of FAlc to
EFE. The further ethanolysis of EFE to EL and condensation to humins is almost
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Fig.7 Effect of temperature. Reaction conditions: 1:10 FAlc/ethanol mol. ratio, 2.5 h time, 5 wt% cata-
lyst loading w.r.t. FAlc

the same at 3% and 7%, respectively. The unknown products were increased from
8 to 15% and this is obvious at the higher temperature. Above 110 °C, at 120 °C
maximum, EFE yield of 37% was observed. Above 120 °C, other reactions rate is
higher over etherification rate which leads to an increase in EL, humin and unknown
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formation at the cost of EFE. Thus, 120 °C is found to be the identical temperature
for maximum formation of EFE.

Effect of catalyst loading

Enhancement in the active site by increasing catalyst loading is also one of the
important parameters to consider for process optimization. Higher the availabil-
ity of active site improves overall activity or conversion. The FAlc conversion
was increased from 70 to 95% by increasing catalyst loading from 5 to 15%. This
increase in active sites also changes the overall product distribution due to favor-
ing of one reaction over others (Fig. 8). In the present study, etherification of
FAlc to EFE is favoured in a major way with increment in EFE formation up
to 65% (15 wt% catalyst loading) from 38% (5 wt% catalyst loading). Similar
increasing trend by 10% was also observed for humin formation with the increase
in catalyst loading to 15%, whereas unknown product formation was reduced up
to 10% with EL formation of 5%. Above 15% catalyst loading, almost identical
FAlc conversion was found with marginal decreased in EFE yield by 2%.

Effect of reaction time

Another important parameter to study catalytic activity is time. Considering 15%
catalyst loading, 1:10 molar ratio of FAlc to ethanol and 120 °C as a reaction tem-
perature as the best parameters were considered to estimate the minimum time
required to complete FAlc conversion. The reaction was stopped and quenched after
0.5, 1.5 and 2.5 h analyzed thoroughly. Initially at 0.5 h, conversion of FAlc and
yield of EFE is 88% and 58%, respectively, which is increased up to 93% and 61%
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Fig.8 Effect of catalyst loading with respect to FAlc. Reaction conditions: 1:10 FAlc to ethanol mol
ratio, 2.5 h time, 120 °C temp
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Fig.9 Effect of reaction time. Reaction conditions: 1:10 FAlc to ethanol mol. ratio, 15 wt% catalyst load-
ing w.r.t. FAlc, 120 °C temp

within 1.5 h; further reaction was carried out up to 2.5 h and got almost complete
conversion (97%) yielding 65% EFE along with 6% EL, 20% humins and remaining
are unknowns (Fig. 9). Within 0.5 h, there is 60% EFE yield and there is only 7%
EL formation along with 20% humins is due to the fastest etherification and poly-
condensation; however, further ethanolysis of EFE to EL becomes much slower and
complex and require more time to produce [15].

Catalyst regeneration

In FAlc conversion, catalyst regeneration and its reusability is an important issue
because of the formation of insoluble humins which is blocking the active sites.
It is quite difficult to dissolve the humins [27, 28], by taking the consideration of
the standard analytical protocol developed for dissolution of humin-type poly-con-
densed compound in wood and pulp approved by the standard analytical Technical
Association of the Pulp and Paper Industry (TAPPI) “T204 cm 97.” Using said pro-
tocol used catalyst having humin was washed with a solvent mixture of THF + ace-
tone (50:50 ratio) for 1 h to regenerate the catalyst. After washing and drying at
120c for 4 h, catalyst has shown only 20% FAlc conversion and 12% EFE. In another
case, the used catalyst having humin was washed with THF + acetone (50:50 ratio)
for 1 h and then was calcined at 350C for 5 h which has shown regain in catalyst
activity as that of fresh (Fig. 10) and was maintained for next two cycles. Figure 11
depicts XRD plots for fresh, spent and treated (washing + calcination) catalysts, and
it confirmed that after washing with THF 4 acetone and calcinations at 350 °C for
5-h catalyst has regained its crystallinity as compared to spent.
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Fig. 11 Powder XRD of fresh, spent and regenerated H,Cs,PW,0,, samples

Conclusion
The successful attempt was made to heterogenized heteropolyacid in the polar

medium by exchange of Cs (from 0.5 to 2.5 mol) in place of H* proton. The prepared
catalysts were thoroughly characterized by various characterization techniques such
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as XRD, TPD, BET surface area, XPS, pyridine—FTIR and established fingerprint
of these samples. Etherification reaction of furfuryl alcohol with ethanol to ethyl
furfuryl ether, a biofuel was carried out. H,Cs,PW,0,, catalyst having total acidity
of 786 umol/g, B/L ratio of 3.6, and surface area of 43 m*/g was found to be opti-
mum catalyst composition for maximum FAlc conversion of 98%, 65% EFE yield at
120C, 1:10 (FAlc: Ethanol) and 15% catalyst loading w.r.t. FAlc; 2.5 h reaction time.
H,Cs,PW ,0,, catalyst is found to be reusable for four times (fresh+ 3 reuse) by
solvent washing (THF + acetone) 50:50 ratio and then calcination at 350 °C for 5 h.
This study has shown effective development of catalyst and optimization of process
parameters for the selective synthesis of biofuel from renewable furfuryl alcohol.

Acknowledgements Authors acknowledge funding from Department of Biotechnology, New Delhi under
Sanction Number: BT/PR12277/PBD/26/434/2014.
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Phosphotungustic Acid (HPW) is an inorganic super acid, that is highly soluble in polar solvents limiting its
applicability as acid catalysis. To overcome these limitations immobilization of HPW was carried out at room
temperature by protonation of -NHy group of UiO-66-NHz MOF to UiO-66-NH,—HPW. ATR-FTIR spectroscopy
and XPS results confirmed the protonation and chemical interaction between HPW and UiO-66-NH, STEM-EDS
mapping showed homogeneous distribution of HPW on UiO-66-NH,. BET and NHs-TPD confirmed the reduction
in specific surface area, total pore volume, and increase in total acidity for UiO-66-NHo—HPW. Further, powder
XRD, SEM, and HR-TEM prevailed that there is no change in phase and morphology after post-synthetic
modification of UiO-66-NH,. The prepared catalyst is found to be effective for etherification and alcoholysis
of furfuryl alcohol (FALc) to Furfuryl ether (FE) and Alkyl levulinate (AL). UiO-66-NH,—HPW has shown 97 mol
% FALc conversions in ethanolic media and 31 mol% Ethyl furfuryl ether (EFE) yield and 29 mol% Ethyl lev-
ulinate (EL) yield. UiO-66-NHy—HPW is also found to be efficient for the multistep conversion of Furfural (FFR)

to FALc, FE, and AL.

1. Introduction

Heteropolyacids (HPAs) are an interesting class of well-defined
strong solid Brgnsted acids, exhibiting excellent catalytic behavior in a
wide variety of acid-catalyzed reactions such as esterification, trans-
esterification, hydrolysis, alkylation, acylation as well as a redox reac-
tion [1,2]. However, HPAs are usually soluble in many polar solvents,
causing difficulties in the recovery, separation, and recycling of the
catalysts, which affects their eco-friendly applications. Thus, it will be
beneficial to develop a reusable HPA-based catalyst. Nonetheless, het-
erogeneous HPA-based catalysts usually have some disadvantages, such
as low surface area, leaching of the active sites, and low activity [1-5].
To overcome the above limitations, many approaches such as immobi-
lization and solidification have been proposed to improve the stability
and catalytic performance. HPAs can be immobilized using various
supports such as mesoporous silica, metal-organic frameworks, meso-
porous transition metal oxides, zeolites, and mesoporous carbon, [1,2,
5-71. It is well known that HPAs have strong acidity and even it reacts
with weak bases and form bonding with them. HPAs will get heteroge-
neity by interacting with bases such as alkali metals and organic amines
[2,4,5,8-12]. Materials such as organically modified silica with amine

functionality, organic polymers containing an amino-functional group,
organic amines, ionic liquids, and organic surfactants containing amino
groups were often used as a carrier for anchoring of HPA employing
strong bonding [11-15]. For acid-base dispersion and anchoring of
HPAs on Metal-Organic frameworks (MOF) containing amine function-
ality may be the best option because MOFs have high porosity and high
surface area which will provide more active sites for host-guest
interaction.

MOFs are a class of crystalline, well-ordered inorganic-organic
porous hybrid material with tunable textural and diverse framework
functionalities. MOFs can be used as a multifunctional catalyst in tan-
dem reactions and their catalytic properties can be enhanced by engi-
neering metal nodes as active sites, the post-synthetic introduction of
active sites, and engineering of active sites in pores cavities [16-19].
Zirconium-based MOFs such as UiO-66 and its amine derivative
UiO-66-NH; are highly porous with high surface area, hydrothermally
and chemically more stable in a wide range of pH in aqueous solutions.
This makes UiO-66 extremely useful as a catalyst and an ideal platform
to introduce active sites [19-21]. Biomass conversion involves hydro-
lysis, dehydration, alcoholysis, esterification, and etherification over
Lewis as well as Brgnsted acid sites. Brgnsted acidity in MOFs is
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introduced by using acid functionalized ligands, by encapsulation of
HPAs during solvothermal synthesis, and by impregnation of HPAs on
MOFs. Encapsulation of HPAs in MOF may lead to pores blockage,
extensive drop-down in total surface area, slow diffusion, and less
contact of reactants with active sites, while impregnation of HPAs on
MOFs may lead to low homogeneity in dispersion, occupation of the
large cavities and leaching during the reaction [17,22]. Thus, the
objective of this work is to overcome the above-mentioned problems by
firm anchoring/binding of HPAs on UiO-66-NHy, by reacting it with the
basic sites (-NHy). In this work, we have demonstrated post-synthetic
modification of UiO-66-NH, by binding with phosphotungstic acid
(HPW). The prepared UiO-66-NH,—HPW catalyst was characterized by
XRD, ATR-FTIR, XPS, STEM-EDS, SEM, HR-TEM, Ny
adsorption-desorption analysis, and ammonia-temperature pro-
grammed desorption (NH3-TPD). Preparation of furfuryl ethers (FE)
such as Ethyl furfuryl ether (FEF), Methyl furfuryl ether (MFE), Iso-
propyl furfuryl ether (IPFE), and alkyl levulinates (AL) such as Ethyl
levulinate (EL), Methyl levulinate (ML), and Isopropyl levulinate (IPL)
attracts much attention in recent years, due to their applicability as a
fuel and fuel additive along with other applications [23-27]. Hence, we
carried out the catalytic evaluation of prepared UiO-66-NHp—HPW for
hydrogenation and alcoholysis of Furfural (FFR) and Furfuryl alcohol
(FALc) to FE and AL.

2. Experimental
2.1. Catalyst synthesis

2.1.1. Synthesis of UiO-66-NH3

UiO-66-NH;, was synthesized by hydrothermal method, with a little
modification based on the previous study [28], 13.5 mmol ZrCl4 (Acros),
13.5 mmol 2-aminoterephthalic acid (Alfa Aesar), and 13.5 mmol HyO
were dissolved in 5.6 mol N—N-dimethylformamide (Thomas baker) at
room temperature. Crystallization was carried out in a 1 L stainless steel
Teflon-lined reactor under static conditions in a preheated oven at
120 °C for 18 h. Then the reactor was removed from the oven and
naturally cool down to RT, the resulting solid was centrifuged and
repeatedly washed with DMF and with methanol to remove the
unreacted ligand and then kept at 80 °C for 2 h in the oven to get dry
powder.

2.1.2. Post-Synthetic modification of UiO-66-NH; to UiO-66-NH,-HPW
The post-synthetic modification was done by dissolving 2.3 mmol of
HPW in 60 mL of acetonitrile, and 1.14 mmol of freshly prepared
powder of UiO-66-NH, were added to HPW solution and kept under
vigorous stirring for 30 min. The final solid was separated by centrifu-
gation and washed several times with acetonitrile to remove unreacted
HPW and dried in the oven at 80 °C for 2 h to get UiO-66-NHy—HPW.

3. Catalyst characterization

Wide-angle X-ray diffraction (XRD) patterns were obtained on a
Regaku Miniflex X-ray diffractometer with a Cu Ka radiation source
operated at 40 kV and 30 mA over a 20 range from 5° to 50° at a
scanning rate of 3°/min.

Functional groups of the prepared materials were characterized by
Fourier Transform Infrared Spectroscopy (FTIR), which was performed
on a Bruker Alpha-P ATR FTIR spectrometer.

The surface area of the samples was determined from nitrogen
adsorption—desorption isotherms in liquid nitrogen on Quantachrome
Autosorb iQ equipment, using the Brunauer—Emmett—Teller (BET)
method, and all samples were degassed to 0.1 Pa at 200 °C for 3 h before
measurement.

Field Emission Scanning Electron Microscopy (FE-SEM) images have
been captured on a NOVA NANOSEM 450 instrument while High-
Resolution Transmission Electron Microscopy (HRTEM) images, STEM
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images, and Elemental mapping were done on JEOL JEM-F200 (URP)
instrument.

X-ray Photoelectron Spectroscopy (XPS) was carried out using the K-
Alpha+ model Thermo Fisher Scientific an XPS instrument with an Al Ka
source. XPS data of all the compounds were fitted with the Shirley-type
background subtraction method using Fitiyk software.

Temperature-Programmed Desorption (TPD) profiles of NH3 from
the synthesized catalysts were measured using a Micrometric AutoChem
2950 HP instrument. The sample cell loaded with 0.050 g of sample was
initially treated under a helium flow of 40 mL min ! at 200 °C for 2 h,
then cooled to 100 °C, and subsequently exposed to pulses of ammonia
(10% in helium) until saturation and then purged with a helium flow at
100 °C for 1 h. Afterward, the sample cell was heated up to 600 °C with a
ramp of 10 °C min~!. The concentration of the desorbed ammonia was
monitored continuously with a TCD detector.

4. Catalytic activity test

All reactions were performed in a 100 mL high-pressure Parr reactor
(4871 series controller) equipped with external temperature and stirring
controllers. In a typical reaction 7.2 mmol of FFR or FAlc, 360 mmol of
alcohol, and 20 wt% catalyst were loaded based on FFR or FALc con-
centration. Then the reactor was sealed and placed in a heating unit with
stirring at 300 rpm., After completion of the reaction, the reactor was
cooled in a cooling water bath to room temperature. The spent catalyst
was separated by centrifugation. After washing and drying, the spent
catalyst was used for the next run to evaluate its stability and reusability.

The liquid products were qualitatively determined using gas chro-
matography—mass spectrometry (GC—MS-QP2020 NX, Shimadzu)
fitted with a TR-5 MS column (30 m x 250 pm x 0.25 pm). The quan-
titative analysis of liquid products was conducted on a Varian CP-3800
series with an RTX-5 capillary column (60 m x 320 pm x 0.25 pm)
equipped with a flame ionization detector (FID). Both GC—MS and GC
analysis employed the following temperature program: the initial tem-
perature was 50 °C, followed by heating at a rate of 20 °C/min to 220 °C.
The amounts of product samples were quantitatively analyzed based on
the external standard curves with commercial samples. The yields of
products were calculated as the ratio of the moles of products obtained
to the moles of the substrate in the feed. The yield of IPFE, EFE, and MFE
was calculated using calibration data of FALc it is commercially un-
available and was confirmed by GC—MS. The yield of products and
conversion were determined according to the following equations:

Reactant initial moles — Reactant final moles
*

% Conversion = 100

Reactant initial moles

moles of product

% Yield = 100

Reactant initial moles
Weight of humin = Residue collected(dried) — Weight of Catalyst

Weight of humin

* 100
Initial weight of Reactant

% Humin =

5. Result and discussion
5.1. Characterization of prepared catalysts

The surface morphology of the sample was detected by HR-TEM and
is presented in Fig. 1A, B, and the SEM images are given in the sup-
porting (Fig. S1. A, B). The forms of UiO-66-NH; and UiO-66-NHy HPW
were regular octahedrons in shape. Powder XRD patterns of the samples
before and after modification are shown in Fig. 3. It is demonstrated the
well-comparable synthesis of UiO-66- NH; as that of the previous studies
[28-30]. Moreover, the morphology and XRD pattern remains the same
after post-synthetic modification. Fig. 2. STEM and EDS mapping images
indicate that well dispersion and distribution of HPW throughout the
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Fig. 1. HR-TEM image of (A) UiO-66-NH; and (B) UiO-66-NH,—HPW.
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Fig. 2. STEM image and Elemental mapping of UiO-66-NH,—HPW.
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Fig. 3. Powder XRD of parent UiO-66-NH, and UiO-66-NH,—HPW.
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Fig. 4. ATR-FTIR of parent UiO-66-NH; and UiO-66-NHy—HPW.
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Fig. 4. Shows the ATR-FTIR spectra of UiO-66-NH; and UiO-66-
NH,—HPW samples. The ligand of UiO-66-NH; was an amine-
functionalized terephthalic acid (2-amino terephthalic acid), with the
uncoordinated free -NH; strong band of aromatic primary amine N—H
stretching appeared at 1655 cm™! in the spectra of UiO-66-NHy [31].
The spectral band at 1568 cm ™! was caused by the skeletal vibration of
the benzene ring. Moreover, a component located at 1400 cm ™" corre-
sponds to the OCO symmetric stretching, and 1257 cm™! is assigned to
the C — N stretching vibrational spectrum [28-31]. After the modifi-
cation of UiO-66-NH, with HPW to UiO-66-NH,—HPW, only a reduction
in the characteristic N—H stretching band of primary amine at 1655
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cm ! (shown in the inset of Fig. 4.) is observed. Hence it indicates that
there is a strong chemical interaction between the -NH; group and HPW.

To confirm the chemical state of each element, XPS analysis was
done and the spectra are illustrated in Fig. 5. Fig. 5A. is the XPS survey
scan of UiO-66-NH; and UiO-66-NH,HPW which represents the ele-
ments Zr 3d,01s,C1s,N1s,andZr3d,01s,C1s,N1s,W4f,P1s
respectively. Table S1. shows the elemental composition of UiO-66-NHjy
and UiO-66-NHyHPW by XPS and EDS analysis. The N 1 s XPS spectra
(Fig. 5B) of both the samples UiO-66-NH; and UiO-66-NHy—HPW indi-
cate that three distinct peaks; peak at 398.8 eV are assigned to C—N,
peak at 399.3 eV is assigned to -NH; and the other peak at 400.5 eV is

[0 T R—
(A) * = Ui0-66-NH, HPW B) [N1s UiO-66-NH,-HPW
— UiO-66-NH2
399.3 eV (-NHZ)
h00.5 eV (-NHJ)
1s —_ 398.8 eV (C-N)
_
=
=. L/ I ax wit E:
«®
~ P 2p b T T T T T T T
.,? " g 408 404 400 396 392
wn
£ 2 [N1s Ui0-66-NH,
- Ll
= Cls
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Fig. 5. (A) XPS survey scan of UiO-66-NH, and UiO-66-NH,—HPW, and high-resolution XPS data of UiO-66-NH, and UiO-66-NH,—HPW (B)N 1, (C) O 1 s, (D) Zr 34,

(E)C1s.
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due to the interaction between the amino group and proton [11,12,30,
32]. Hence it can be seen that area under the peak at 400.5 eV which is
assigned to -NH3 is exponentially increased after post-synthetic modi-
fication of UiO-66-NH; with HPW to UiO-66-NH,—HPW. Thus, there
may be strong ionic bonding between -NH3 and phosphotungstic ion
(HPW™) [11,12]. Fig. 5C. represents the O 1 s XPS spectra of samples
UiO-66-NH; and UiO-66-NH,—HPW. Post synthetically modified sample
clearly shows a total of five peaks, three peaks for Zr-O, C—0, and C = O
at the binding energy level of 590.9 eV, 531.4 eV, 531.8 eV, and two
peaks for W-O-W, P-O-W at the energy level of 330.6 eV and 333.2 eV
respectively, while UiO-66-NH; shows only three peaks corresponds to
Zr-0, C—0, C = O at the binding energy level of 590.9 eV, 531.4 eV,
531.8 eV. [3,33] As shown in Fig. 5D, the Zr 3d spectrum can be divided
into four peaks [30]. The peaks at 182.3 eV and 184.8 eV are attributed
to Zr-O bonds, and the peaks at 182.8 eV and 185.6 eV are attributed to
Zr-Zr bonds. As shown in Fig. SE, the C 1 s spectrum can be divided into
four peaks; C = C, C—N, C—C, and C = O correspond to 284.3 eV, 285.2
eV, 285.9 eV, and 288.5 eV, respectively [30,31]. Fig. S3. shows
high-resolution XP spectra of W 4f and P 2p of the sample
UiO-66-NHyHPW, the W 4f XP spectra show the two distinctive peaks
at the energy level of 35.8 eV and 37.9 eV while P 2p XP spectra show a
single peak at 134 eV [3]. According to the literature and our XPS and
ATR-FTIR analysis, there is a specific interaction between the basic -NHy
group and Brgnsted acidic HPW, as illustrated in Scheme 1.

The nitrogen adsorption-desorption isotherm of UiO-66-NHy and
UiO-66-NHy—HPW is provided in supporting information as Fig. S4., and
as listed in Table 1. the specific surface area of UiO-66-NHs and post
synthetically modified UiO-66-NHy—HPW were 907 m?g™! and 669
m2g ! respectively. The total pore volume and pore diameter of UiO-66-
NH,, was 0.543 cm®g ! and 3.793 nm which is reduced to 0.399 cm3g !
and 3.385 nm after post-synthetic modification of UiO-66-NH; to UiO-
66-NHyHPW. The decrease in specific surface area, total pore volume,
and pore diameter indicated anchoring of HPW to the framework -NHj
group.

NH;3-TPD curves of UiO-66-NH; and UiO-66-NH,—HPW are shown in
Fig. S5 (in supporting information) and acid values are given in Table 1.
Two desorption peaks were observed in the ranges of 185-430 °C and
446-600 °C, which are attributed to weak acid sites and strong acid
sites, respectively. It can be seen that the intensity of the strong acid site
is more in post synthetically modified UiO-66-NH,—HPW than in parent
UiO-66-NHy, and the total acidity of UiO-66-NHy—HPW is more (0.436
mmol g~ 1y than parent UiO-66-NH> (0.301 mmol g ~ b,

5.2. Catalyst screening

Scheme 2 reveals, catalytic etherification and alcoholysis of FALc to
EFE and EL. EFE and EL formation were confirmed by GC-MS along with
these products small fraction of byproducts such as 2,2-methylene
difuran, 2-Pentanone-5-5-diethoxy levulinaldehyde, 2,5-(2-Fur-
ylmethyl), Ethyl 5-(5-methyl-2-furyl)—2,4-pentadienoate is also identi-
fied by GC-MS (Fig. S6.). Table 2, shows the initial catalytic screening of
etherification and alcoholysis of FALc to EFE and EL over 20 wt.%

HPW
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Table 1
Surface properties and Ammonia TPD acidity of UiO-66-NH, and UiO-66-
NH,—HPW.

Sample S BET) Viotal D nm Total Acidity mmol
mg 1 (em’s Y g !
UiO-66-NH, 907 0.543 3.793  0.301
Ui0-66- 669 0.399 3.385  0.436
NH,—HPW

catalyst loading wrt FALc weight, at 150 °C, for 2 h. UiO-66-NH> has
shown only 20% catalytic conversion of FALc with 8.7% EFE and 5.4%
EL yield, while UiO-66-NH;—HPW showed high catalytic activity to 83%
FALc conversion with 34% and 23% yield of EFE and EL, respectively.
Such drastic catalytic activity enhancement is due to the anchoring of
highly acidic HPW and more acidity of UiO-66-NHa—HPW (0.436 mmol
g ~ 1) than the parent UiO-66-NH, (0.301 mmol g ~ 1). To investigate
whether the catalytic system is heterogeneously or homogeneously
catalyzed, a leaching test was performed in which the UiO-66-
NH,—HPW sample was heated at 150 °C for 2 h in ethanol after 2 h, the
system was cooled to room temperature and the catalyst was removed by
centrifugation and then FALc added and the reaction was continued for
2hat 150 °C. After 2 h of reaction, it has shown 10% conversion without
yielding the desired product it confirming that reaction is purely
heterogeneous.

5.3. Optimization of reaction parameters

In addition to the physical properties of UiO-66-NHy HPW, the
etherification and alcoholysis conversion of FALc to EFE and EL equally
depends on various reaction parameters.

5.3.1. Effect of UiO-66-NH2-HPW amount

Fig. 6. shows, the effect of catalyst loading wrt to FALc on the
etherification and alcoholysis of FALc to EFE and EL. An increasing
catalytic amount from 10 wt.% to 40 wt.% of initial FALc reflects the
considerable increase in the conversion of FALc. However, unwanted
products such as humin were also observed to be increased. Thus, 20 wt.
% catalyst amount was considered optimum loading with low humin
(2.5%), 83% FALc conversion, 34% EFE yield, and 24% EL yield.

5.3.2. Effect of temperature

Fig. 7. displays the effect of temperature on etherification and
alcoholysis of FALc to EFE and EL over UiO-66-NHyHPW. It can be seen
that reaction temperature showed an exponential influence on the
conversion of FALc and yield of EFE and EL. With an increase in tem-
perature from 110 °C to 170 °C, there is a positive impact on FAlc
conversion from 61% to 98% with a yield of EFE from 22% to 34% and
EL from 7% to 30%. At lower temperatures of 110 °C and 130 °C, there is
a significant formation of EFE within the reaction time of 2 h. Lower
formation of EL suggests that at lower temperature further trans-
formation of EFE to EL is limited. However, above 130 °C, a constant
increment in EL yield was observed. It is worth noticing that when the

Acetonitrile

(30 min vigorous stirring at RT)
NH,

Ui0-66-NH,

y

@- NH,-HPW

UiO-66-NH,-HPW

Scheme 1. Schematic illustration of post-synthetic formulation of Ui0-66-NH,—HPW from UiO-66-NH,.



N. Mulik and V. Bokade

/ (0]

= OH UiO-66-NH,-HPW >
furfuryl alcohol R-OH
150 °C, 4h

Molecular Catalysis 531 (2022) 112689

& i
OR
= OR + )W
O
Furfuryl ether Alkyl levulinate

R= Methyl, Ethyl, Isopropyl

Scheme 2. Catalytic conversion of FALc to FE and AL.

Table 2
Activity comparison of parent and modified Catalyst.
Catalyst name % Conversion  %Yield of %Yield of EL % Humins
EFE
UiO-66-NH, 20 8.7 5.4 0
UiO-66- 83 34 23 2.5

NH,—HPW

Reaction conditions: FAlc to Ethanol 1:50 mol ratio, 20 wt.% catalyst wrt FALc,
Reaction Time 2 h, stirring speed 300 rpm.
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Fig. 6. Effect of UiO-66-NH,—HPW amount.
Reaction conditions: FAlc to Ethanol 1:50 mol ratio, Reaction temperature
150 °C, Reaction Time 2 h, stirring speed 300 rpm.
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Fig. 7. Effect of Temperature on the catalytic activity of UiO-66-NH,—HPW.
Reaction conditions: FAlc to Ethanol 1:50 mol ratio, 20 wt.% catalyst wrt FALc,
Reaction Time 2 h, stirring speed 300 rpm.

temperature increases to 170 °C favor the formation of EL but simulta-
neously there is an increase in unwanted humins (5.7%) also. Thus,
150 °C temperature is optimum with 20 wt.% catalyst loading.

5.3.3. Effect of reaction time

Fig. 8. depicts the effect of reaction time on etherification and
alcoholysis of FALc to EFE and EL over UiO-66-NHp—HPW. It can be seen
that at FAlc conversion increased from 83% (2 h) to 97% (4 h). After 4 h,
FAlc conversion is almost constant at 98%. At the initial stage of reac-
tion, there is a substantial formation of EFE than EL. After 4 h, equi-
librium formation of EFE (31%) and EL (33%) with humins formation of
3%.

5.3.4. Effect of type of alcohol

Alcohols such as methanol, ethanol, and Isopropyl alcohol (IPA)
were evaluated under optimum reaction conditions for FALc conversion
to FE and AL, Products were identified by GC-MS (Fig. S4) and results
are shown in Fig. 9. As expected, ethanol and IPA are good solvents for
this type of reaction and have shown higher etherification and alco-
holysis activity than methanol. With ethanol, there is 97% FALc con-
version with 31% and 29% EFE and EL yield, respectively. Whereas, IPA
has shown 80% FAlc conversion with 38 and 17% IPFE and IPL yield
respectively with low (2%) humins formation. In the case of methanol
only 19% ML formation with high humins of 14% at 76% of FALc
conversion, indicates methanol is not a good solvent for this reaction.

5.4. Catalysts reusability

The major benefit of heterogeneous catalysis is its reusability. The
reusability test was conducted by reacting FALc with Ethanol at 150 °C
for 4 h (Fig. 10). After completion of the reaction, the catalyst was
removed from the reaction mixture by centrifugation and washed with
methanol, dried at 80 °C for 2 h, and then reused for the next cycle. As
revealed in Fig. 10, the use of UiO-66-NHp,—HPW is still capable of

40
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Fig. 8. Effect of Time on the catalytic activity of UiO-66-NH,—HPW.
Reaction conditions: FAlc to Ethanol 1:50 mol ratio, 20 wt.% catalyst wrt FALc,
Reaction temperature 150 °C, stirring speed 300 rpm.
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Fig. 9. Effect of type of alcohol type on etherification and alcoholysis of FALc
over UiO-66-NH,—HPW.

Reaction conditions: FAlc to alcohol 1:50 mol ratio, 20 wt.% catalyst wrt FALc,
Reaction temperature 150 °C, Reaction time 4 h, stirring speed 300 rpm.

100 35
90
F 30
80
- 25
- 70
2
z 60 L 20 =
@ &2
g 50 =
O a0 F 15 8
IS8
30 F 10
20
F 5
10
0 T T T T 0
Fresh 1st 2nd 3rd

Number of cycles

% EFE % EL e=@um=9% Conversion

Fig. 10. Catalyst recycling for FALc conversion over UiO-66-NH; HPW in
Ethanol.

Reaction conditions: FAlc to alcohol 1:50 mol ratio, 20 wt.% catalyst wrt FALc,
Reaction temperature 150 °C, Reaction time 4 h, stirring speed 300 rpm.

converting FALc to EFE and EL even after 2nd recycling. Though there is
a decrease in FALc conversion (85% to 71%) and yield of EFE (28% to
23%), and EL (26% to 17%). The decrease in catalytic activity is due to
the deactivation of active sites by the deposition of insoluble humins
which is confirmed by the ATR-FTIR analysis of the used catalyst
(Fig. S8.). The comparative ATR-FTIR spectra of the fresh and used
catalyst given in the supplementary file (Fig. S8.) clearly show that there
are emerging new IR bands at 1708 em ™Y, 1625 cm ™Y, 1436 cm ™, 1079
cm ™1 and 1018 cm ™! along with little suppression in IR transmittance as
compared to fresh sample. The new IR band that emerged at 1708 cm ™!
corresponds to stretching vibrations of C = O which is conjugated with
C = C, while the band at 1625 cm ™! corresponds to C = C stretching
conjugated with C = O and these are the characteristic bands for humins
[34,35]. The band at 1436 can be assigned to CH; deformation vibration
in aliphatic chains while the band at 1018 cm ™! in humins corresponds
to C = C stretching, in the olefinic group and the Strong band at 1076
cm ! corresponds to C-O stretching [34,35]. ATR-FTIR study confirmed
a deposition of humins on the catalyst’s active surface, which is the main
reason for catalyst deactivation. While powder XRD of the fresh and
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used samples (Fig. S7. provided in supporting file) shows no distinct
crystallographic changes in UiO-66-NH,—HPW after the reaction.
However, the used catalyst becomes brown (Image in the inset of
Fig. S7.) due to the deposition of humins.

5.5. Catalytic conversion of FFR

UiO-66-NHyHPW catalyst was further evaluated for direct con-
version of FFR to FALc, EFE, and EL in one step. FFR has been considered
one of the most promising platform molecules directly derived from
biomass. The hydrogenation of FFR is one of the most versatile reactions
to upgrade furanic components to FALc, FE, and AL (Scheme 3) via
catalytic transfer hydrogenation, etherification, and alcoholysis, in one
step. UiO-66-NHo—HPW was further evaluated for this one-step reaction
using different alcohols such as methanol, ethanol, and IPA. These sol-
vents were also used as a hydrogen donor for hydrogenation of FFR to
FAlc along with its consumption for etherification to FE and further to
AL. Formed products were identified by GC-MS (Fig. S6.) and data is
given in supporting files as Fig. S9. Despite 95% FFR conversion in
methanol media it shows only 23% MFE formation while in the case of
ethanol 87% FFR conversion with 39% FAlc, 11% EFE and 7% EL for-
mation was observed. IPA as a well-known hydrogen donor for the
catalytic transfer hydrogenation type of reaction has shown 25% FALc,
33% IPFE, and 13% IPL with 98% conversion of FFR. This confirmed
that, amongst those studied, IPA is the best hydrogen donor and solvent
system for this reaction.

5.6. Comparison of present catalytic system with literature

The catalytic activity of present works has been compared with re-
ported literature and summarized in Table 3. Gao et al. directly used
inorganic Brgnsted acidic H3PO4 with lewis acidic CrCls for conversion
of FALc with ethanolic media gave 38% EL at 96% conversion [36].
Annatelli et al., used highly acidic commercial sulfated resin Purolite
CT151, with 50 wt.% catalyst loading at reflux conditions to get 63% EL
yield [37]. Natsir et al. evaluated commercial kaolinite at a high tem-
perature of 180 °C with external Ny pressure (0.8 MPa) and 50 wt.%
catalyst loading to achieve 57% FALc conversion and 62% EFE selec-
tivity  [38]. Zuo et al. used conventional zeolite
Silico-Alumino-Phosphate-34 (SAPO-34) with 35 wt.% loading and with
0.5 MPa external argon pressure to convert 43% FALc with 16% EFE and
4% EL yield [39]. Li et al. developed an H-ZSM-5 catalyst with Nano
b-axis channels (CNB-H-ZSM-5) with Si/Al=75, 30 wt.% catalyst
amount in reaction, with 2 MPa N pressure, and a longer reaction time
(6 h), achieved 100% FALc conversion at a low EFE yield of 6.1% and EL
yield of 60.5% [40]. Siva et al. used TPA (tungstophosphoric acid)
impregnated on mesoporous silica SBA-16, sample 25TS (25% TPA
impregnated on SBA-16) with high acidity (2.17 mmol/g) and higher
loading in reaction (3.05 substrate to catalyst ratio) converted 100%
FALc with 20% EL selectivity [41]. In the present work, the catalyst
(UiO-66-NH2—HPW) with moderate acidity (0.436 mmol g ~ 1), low
catalyst loading with respect to the substrate (20 wt.%), and without any
external pressure converted 97% FALc and achieved 31% EFE and 29%
EL yield, the present catalyst was also able to convert FFR by catalytic
transfer hydrogenation to FALc, FE, and AL, in one step. In short, the
present catalyst UiO-66-NHy—HPW has high SA, moderate acidity and
well dispersed HPW active sites on the porous framework of UiO-66-NH,
is collectively responsible for high catalytic activity at a low catalyst
amount in reaction.

6. Conclusion

In this study, UiO-66-NH; MOF was successfully modified at a mo-
lecular level by a post-synthetic modification approach and immobilized
a superacid HPW by acid-basic interaction of -NH; group of UiO-66-NHy
and HPW to obtain UiO-66-NHyHPW as a catalyst. The prepared
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Scheme 3. Catalytic conversion of FFR to FALc, FE, AL.

Table 3
Comparison of present catalytic system with literature.
Sr.No. Catalyst(wt.% wrt FALc) Catalyst properties Reaction conditions % Conversion % Yield Ref.No.
SA(mZ/g) Acidity(mmol/g) Temp. ( °C) Time (h) E.P. MPa EFE EL
1 CrCl; + H3PO4 NA Np 110 2h - 96 - 38 [36]
(3.5 mol%)
2 Purolite CT151 12-25 Np 80" 5 NA 100 - 63 [371
(50 wt.%)
3 Kaolinite np 0.431 180 2 0.8 Ny 57 62" - [38]
(50 wt.%)
4 SAPO-34 444 0.399 160 2 0.5 Ar 43 16 4 [39]
(35 wt.%)
5 CNB-H-ZSM-5 Si/Al=75(30 wt.%) 455 0.25 120 6 2Ny 100 6.1 60.5 [40]
6 25TS (TPA/SBA-16) (300 wt.%) 216 217 80 3 - 100 - 20° [41]
7 UiO-66-NH,—HPW 669 0.436 150 4 - 97 31 29 This work
(20 wt.%)

SA=BET Surface area, E.P.=External pressure, NA=Not applicable, np=not provided
@ Reaction under reflux condition
b Selectivity (%),
catalyst has a BET surface area of 669 m%g~! with a total pore volume [2]
and pore diameter of 399 cm®g ! and 3.385 nm, respectively. SEM, HR-
TEM, and powder XRD were performed to analyze the morphology and
phase of UiO-66-NH,—HPW, and confirm the intactness of octahedral
morphology and identical phase of UiO-66-NHy after post-synthetic
modification. ATR-FTIR spectroscopy and XPS results confirmed the
protonation and interaction between HPW and the -NH; group of UiO-
66-NH; and EDS mapping confirms the good distribution of HPW in the
UiO-66-NH; crystal. NH3-TPD results showed that there is a high
increment in strong acid sites with an increase in total acidity in a post
synthetical modified sample UiO-66-NH,—HPW (0.436 mmol g ~ 1) than
the parent Ui0-66-NHj (0.301 mmol g ~ 1). Well-characterized catalysts
were evaluated for catalytic etherification and alcoholysis of FALc and
found to be better than the parent one. UiO-66-NHyHPW catalyst has
shown 97 mol% FALc conversions, 31 mol% EFE yield, and 29 mol% EL
yield. This catalyst could also be reused after reaction by simple washing
and drying for multiple reuses. Further, this acidic catalyst was also
evaluated for direct conversion of FFR to FALc, FE, and AL, in one step.
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