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Chapter 1

General Introduction

1.1 Background

Present day scientific research has increasing interest in clean energy and renewable
chemicals to embrace sustainability and carbon neutrality, while still meeting the
demands of ever-growing population. Based on current human understanding, wind,!
solar,? hydro power® can be a source of clean energy, while CHs,*® CO,"® and biomass®
11 can be resource for green chemicals and renewable fuels. Among the mentioned
resources biomass is an abundantly available waste. Hence it is important to focus on the
use of biomass as renewable feedstock for chemical and fuel synthesis. The human
society has grown with the emergence and establishment of fossil fuel since the beginning
of industrial era. Therefore, the first major challenge of biomass chemistry is establishing
a set of chemicals which can be used in the same way as fossil fuels.

Most plants cultivated by humans contain edible or inedible components. While the
use of edible portion, such as corn or rice, for chemical synthesis comes with ethical
implications of food scarcity, the use of inedible portion is suitable for biorefinery
application. Inedible components such as wheat stalk, corncob, bagasse are agricultural
waste and that are abundantly obtained without the need of separate real estate for their

production.



1.2 Composition of plant-based crop waste

Terrestrial plant biomass is mainly composed of lignocellulose, having 30-50 %
cellulose, 25-30 % hemicellulose, 15-20 % lignin and a small fraction of proteins, amino
acids, and other minor components. Several methods are used for fractionation of
cellulose, hemicellulose, and lignin and their chemistry is studied in commercially
available purified samples. Further advances in reducing the cost and energy consumption
of fractionation are required for their implementation.

Based on the composition, cellulose is the most abundant biopolymer in
lignocellulose. The basic building block of cellulose are polymeric chains consisting of
B-D-glucose linked through a B-1,4-glycosidic bonds (Figure 1.1). Intra chain hydrogen
bonding and interchain hydrogen bonding links adjacent chains to make sheets, which
stack together to become a layered three-dimensional structure. The three-dimensional

network of hydrogen bonding polymeric chains makes cellulose a crystalline material.

Different kind of hydrogen bonding
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Figure 1.1. Cellulose structure.

Hemicellulose on the other hand is a branched heteropolymer. It can either have a
backbone of xylose called xylan or alternating units of hexoses like mannose, glucose,

and galactose. Hemicelluloses also has side chains with different sugar units and linkages
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(Figure 1.2). Unlike cellulose, hemicellulose consists of only 50 — 3000 sugar units, and
the branched structure makes it amorphous and relatively easy to process compared to

cellulose.
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Figure 1.2. Structure of various types of hemicellulose.



Lignin is a crosslinked aromatic polymer of three monomers derived from
phenylpropane structure, namely coniferyl alcohol, synapyl alcohol and paracoumaryl

alcohol (Figure 1.3).

rOH Coumaryl alcohol

OH
b OH

(o]
Sinapyl alcohol o OMe
MeO {)H Coniferyl alcohol
o0

MeO

Figure 1.3. Structure of lignin

Given the poly aromatic nature of lignin, it is less reactive compared to cellulose
and hemicellulose. Hence, cellulose and hemicellulose chemistry are much more explored
compared to lignin. In this thesis chemicals that can be obtained from cellulose and

hemicellulose derived compounds are studied.

1.3 Platform chemicals from cellulose and hemicellulose

Chemicals derived from fossil fuels range have a wide range of carbon number from
two carbon ethylene to dodecane consisting of 12 carbon atoms.*? With the long history
of fossil fuel extraction and cracking, Industrial production and fractionation of chemicals
by carbon number is now straightforward.

However, chemical synthesis of sugars is still developing and only a narrow range
of compounds can be produced. Figure 1.4 shows a list of useful chemicals that can be

obtained from cellulose and hemicellulose. Cellulose can be hydrolyzed to glucose which
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serves as a precursor to other six carbon chemicals.®* 1" Glucose can be isomerized either
in presence of acids or bases to fructose or mannose.'® % These sugars can be dehydrated
to form furanic compounds like 5-hydroxymethylfurfural?* and furfural®® or levulinic
acid,? which are all precursors to other bulk or fine chemicals. Alternatively, sugars can
be hydrogenated to sugar alcohols such as sorbitol and mannitol.24?° These alcohols can
be further dehydrated to form isosorbide?® and isomannide,?” which are used in the
synthesis of polycarbonates. Hydrodeoxygenation of sugar alcohols can produce either
terminal alcohols which are fuel additives?® or alkanes which can be directly used as
fuel.2° Oxidative transformation of glucose produces gluconic acid,* glucaric acid®! etc.
having niche applications.

Like hexoses, xylose can be dehydrated to furfural,3? hydrogenated to xylitol,* and
oxidized to xylonic acid. Furfural can be transformed to a variety of C5 chemicals like
cyclopentanone,® methyl furan,® furfuryl alcohol,®’ tetrahydrofurfuryl alcohol,*® methyl
tetrahydrofuran,® 1,4 or 1,2-pentane diols etc.®® Xylitol also serves as a food additive®
and a precursor to pentane and 1,2-pentane diols.*®

Unlike hexoses and pentoses, tetroses are not abundant in biomass. Consequently,
C4 carbon chemicals are not directly produced from biomass. Erythritol can be produced
via retro aldol condensation of either C6 sugars or sugar alcohols.*%*! The selectivity
control of the process is still a challenge. Erythritol is then converted to 1,4-butanediol,
butanol, and even n-butane by hydrodeoxygenation. Alternate method of C4 chemical
synthesis is the C-C bond cleavage of furfural in an oxidative or reductive reaction.*>*3
However, these reaction are not easily controlled and product selectivity is low.

C3 range of products can be obtained either directly from sugars or from sugar
alcohols via retro aldol condensation in tandem with other type of elementary reaction
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steps. For instance, lactic acid can be formed from glucose or fructose over base catalyzed
retro aldol reactions, which can be further reacted to acrylic acid and pyruvic acid.**
Glycerol obtained as a byproduct of biodiesel synthesis is also an abundant source of
bioderived C3 Chemicals. Retro aldol reaction of sugar alcohols produces ethylene glycol
abulk C2 chemical.** Similar C-C cleavage reaction can produce acetic acid, ethanol, and
oxalic acid. In addition, bio-ethanol produced by fermentation is also a source of C2
chemicals.

Therefore, the synthesis of C6 and C5 compounds is straightforward from sugars
without the need for C-C bond cleavage. Abundant alternative sources such as glycerol
and bioethanol are available for synthesis of C3 and C2 compounds. The largest gap in
replacing fossil derived chemical lies in production of C4 chemicals such as butadiene,
butanediol, tetrahydrofuran, and succinic acid etc. Formation of these chemicals require
several reaction steps along with C-C cleavage to reduce carbon number.

This thesis discusses catalyst design for reaction that leads to conversion of
abundantly available glucose and xylose to C4 compounds such as succinic acid and -
butyrolactone. Chapter 2 investigates isomerization of glucose to fructose, which is an
aldose to ketose conversion. This reaction is crucial for synthesis of furanic precursors
such as 5-hydroxymethyl furfural and furfural. Chapter 3 deals with oxidation of furfural,
derived from pentose or hexoses to succinic acid a C4 value added chemical and precursor.
Chapter 4 utilizes succinic acid as a C4 precursor to produce y-butyrolactone, which a
green solvent as well as substrate for synthesis of pyrrolidone derivatives. The following
sections will discuss the current state of art for these reactions along with gap in

knowledge and technological shortcomings.
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Figure 1.4. Relative industrial production of biobased chemicals classified based on the

number of carbon atoms. The total production all biobased chemicals shown in this

scheme is 4260 kilotonnes per anum (kta). This figure highlights the difficulty in

synthesis of crucial C4 chemicals because of the lack of a suitable platform chemical as

feedstock. Data for this figure was obtained from a report by International Energy

Agency.*®

1.4 Glucose isomerization to fructose

Glucose is the monomer of cellulose polymer and is obtained as the primary product

upon hydrolysis. Although, glucose can be directly converted to chemicals like



sorbitol?*® and ethylene glycol,** its isomerization to fructose is the first step for
formation of furanic compounds such as 5-hydroxymethyl furfural (HMF) and furfural.
Fructose is also much more reactive than glucose owing to its furanose structure.
Consequently, glucose isomerization to fructose holds a key role in shaping the future of
biomass derived chemicals.

1.4.1 Reaction mechanism

Glucose and fructose have a 6-membered ring pyranose form and a 5-membered
furanose form, respectively along with open chain form in solution. The isomerization
step, occurring in open chain form, involves the change in position of the carbonyl group
from C1 position in glucose to C2 position in fructose (Scheme 1.1).

The change can be brought about in two different reaction mechanisms. The first
mechanism involves an internal Meerwein-Ponndorf-Valery (MPV) reduction between
the aldehyde group at C1 position and the alcohol group in the C2 position (Scheme 1.1a).
This mechanism requires presence of Lewis acids, which facilitate a 1,2-hydride shift. In
the second mechanism, termed as Lobry de Bruyn—Alberda van Ekenstein (LdB-AVE)
mechanism, formation of a tautomeric ene-diol is facilitated by a base with abstraction of
a-hydrogen atom (Scheme 1.1b). Fructose formation happens when there is an exchange
of hydrogen atom between the diol groups along with recovery of one proton from the

base.
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a. 1,2-Hydride shift mechanism with Lewis acids
OH ) (o)
'\90 I'\')O U\/OH

b. Lobry de Bruyn—Alberda van Ekenstein (LdB—AVE) mechanism with base

- (o}
0'\H90 B i!;tb (')%/H;)' A on
HﬂB LH CB

Scheme 1.1. Two different mechanism of glucose isomerization.

1.4.2 Catalyst design approaches in the literature

Catalysts used for glucose isomerization promote one of the above two mechanism.
The earliest known catalysts for this process are naturally occurring enzymes. Many kinds
of bacteria contain xylose isomerase which despite its name also catalyzes the
isomerization of glucose to fructose. Xylose isomerase*® was in shadows for a while after
its discovery until the synthesis of immobilized xylose isomerase*’, which is the industrial
catalyst for this process. However, the enzymatic process is quite condition specific and
not suitable for integration with other downstream processes in a biorefinery. As a result,
catalysts were designed to emulate the working principles of xylose isomerase. Initially,
it was believed that the base sites in the cystine ligands were the active sites. Subsequently,
advanced characterization techniques revealed role of cations, which led to the discovery
of Lewis acid catalysts.

The development of the base catalysts started before the discovery of the the
immobilized enzyme. Thinking of base catalysts one would expect to use inorganic bases
like alkali or alkaline metal hydroxides, carbonates or phosphates etc. as homogeneous

catalysts.*® While moderate yields up to 29 % of fructose has been obtained with such
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bases, they also catalyze the retro aldol reaction of sugar owing to their strong Brgnsted
basicity (Table 1.1).*® There has been few attempts to add borates or aluminates during
reaction to make a complex and prevent the ketose from undergoing retro aldol
reaction.*®* Weaker Lewis bases such as amines and amino acids®! have also shown
moderate success as homogeneous catalysts for glucose isomerization.

Heterogeneous base catalysts are recyclable and environment friendly in
comparison to their homogeneous counterparts. Basic anion exchange resins have shown
good activity, however they are sensitive to reaction condition used.>® Immobilized
organic amines or organo-ammonium salts are a class of heterogenized homogeneous
catalyst, which yields up to 41 % fructose.®2% Polymeric organic amines also show
similar activity.®® Metal oxides like ZrO, and TiO, show moderate activity, as they
possess weak base sites. Doped metal oxides, for example MgO doped ZrO», improve the
intrinsic activity of metal oxides, but the product yields are far from the equilibrium that
can be achieved by the enzymes.>** Alkali or alkaline earth metal silicates show similar
moderate activity as the metal oxides.®® Commercial hydrotalcites as well as other
modified hydrotalcites have proven to be active catalysts in alcohol media, with fructose
yields of up to 63 %.%"-%! Zr carbonates and hydroxides can be regarded as solid bases as
they are insoluble in water.%® They possess moderate activity for glucose isomerization
reaction.

Compared to base catalyzed glucose isomerization reaction, literature about acid
catalyzed glucose isomerization was quite scares until recently. Brgnsted acids do not
catalyze this reaction instead they tend to cause dehydration reaction to produce
levoglucosan. Metal chlorides acting as homogeneous Lewis acid catalysts showed some
activity for glucose isomerization but they were not effective to achieve high fructose

12



selectivity.

Table 1.1. Classification of catalysts used for glucose isomerization reaction showing

glucose conversion and fructose yield achieved.

Catalyst classification ~ Catalyst(s) Conv.(Yield) %
Immobilized xylose isomerase *
Enzyme (commercial catalyst) 48 (48)
Alkaline carbonate, hydroxide, phosphate, 32-100 (23—
and sulfate 48 29)
Metal borates and aluminates + Strong
49,50 (90)

Homogeneous base

Bronsted bases

Al O3 in pyridine solution >

46-59 (36-43)

Different kind of amines °!

43-62 (17-31)

Amino acids (Arginine) >!

41 (31)

Heterogeneous base

Basic anion exchange resins >

65-90 (44-72)

Metal oxides and doped metal oxides >*>°

25-80 (5 —21)

Alkaline metallosilicates >°

27-56 (20-39)

Hydrotalcites >7 ! 10-65 (10-63)
Immobilized organic amine *-%4 3-55 (1-41)
Zirconium carbonate, hydroxide % 2847 gﬁ a

Hydrotalcite, Amberlyst A21 and A26

26-53 (19-24)

Polymeric organic amines

53 (41)

Homogeneous acid

Metal salts ¢’

30-70 (25-35)

Heterogeneous Lewis
acid

Metal (IV) phosphates % 40 (1 -90)
Metal (IV) in zeolite framework 873 56 (33)
H-form of beta, Y, and USY zeolites 7* 11-72 (0 — 55)

Conventional Lewis acids does not isomerize glucose in aqueous solution, as they

lose Lewis acidity as soon as they come in contact with water. Initial heterogeneous Lewis
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acid catalysts to be used for the process were phosphates of metals like tin and
zirconium.®® The discovery of a catalyst with Sn in the framework of pure silica Beta
zeolite was a turning point for Lewis acid catalyzed isomerization of glucose.'® It was
reported that due to microporous nature of the zeolites, the framework Sn sites, or the
small extra framework clusters were confined in hydrophobic environment and hence, the
Lewis acidity remained. After the first report, the interest in Lewis acid catalyzed
isomerization of glucose increased dramatically owing to high selectivity obtained and
the possibility of catalyzing simultaneous downstream reactions.”™®

Sn containing zeolites are durable, recyclable and easily recoverable (organic
deposits and other substances can be easily removed by a simple calcination). The most
advantageous property of the catalyst is its wide range of working conditions, which is
favorable for integration with downstream processing. However, original method for
synthesis of Sn-Beta catalysts required long synthesis time.”” This was overcome by
development of solid-state post synthesis procedures.’® In this method, dealumination of
the commercial beta zeolite is performed to create vacancies which are filled by adding
tetravalent metal precursors and annealing. However, in Sn-Beta zeolites Sn sites are
present as framework atom. All of Sn sites are not available for reaction. Therefore, future

studies should focus on creation of these sites on surface of catalyst.

1.5 Furfural Oxidation to succinic acid

Furfural is a five-carbon furanic compound with an aldehyde group. It can be
obtained by isomerization and dehydration of xylose??%8 and from fructose through
elimination of a carbon atom.3282-8 Therefore it is feasible to synthesize furfural from
both cellulose and hemicellulose fractions of biomass. In addition, furfural has high

reactivity and is therefore suitable as a precursor for synthesis of C4 chemicals.
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Conversion of furfural to succinic acid (SA) is promising method to produce bio-
succinic acid (Scheme 1.2). Succinic acid has the potential to replace the use of
petrochemical based C4 chemicals. It can be directly used as a C4 building block®®, for
synthesis of polyesters®-28 polyurethane®, cosmetics®®%! and pharmaceuticals®®> %, and
as precursors to other fine chemicals like 1,4-BDO%, vinyl pyrrolidone®, and
succinamide®. Until now bacterial fermentation of C6 sugars with the help of bovine
rumen bacteria is the most successful method for synthesis of bio-succinic acid.'®
Although bacterial fermentation provides succinic acid in good selectivity, its industrial
application has not been successful due to high operation cost.’®* Consequently, catalytic

pathways for succinic acid synthesis are desired.

o) (o)
o ! HO
r — ‘([)]/\)LOH
Furfural Succinic acid

Scheme 1.2. Succinic acid synthesis reaction scheme from biomass derived furfural.

1.5.1 Reaction pathway and nature of elementary reactions involved

Scheme 1.3 shows a probable reaction pathway of furfural oxidation to succinic
acid. The first elementary step of the reaction is Baeyer-Villiger oxidation of furfural to
form a furan-2-yl formate, which is hydrolyzed to furan-2-ol and formic acid. The furan-
2-ol is converted to 2(3H)-furanone, which then can undergo hydrolytic ring opening and

oxidation to succinic acid.

(0] ~ .
H.0 O ) HO™o ring 0
(o) ' 2U2 o enin HO
Furfural Furan-2-yl formate Furan-2-ol 2(3H)-Furanone Succinic acid

Scheme 1.3. A probable reaction pathway for furfural oxidation to succinic acid.
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1.5.2 Catalyst design approach in literature

Table 1.2 shows list of publications, that use H>O, for catalytic oxidation of furfural
to succinic acid. Choudhary et al. first reported use of heterogeneous catalyst for the
process.*>192 They studied the role of sulfonates with Bragnsted acid sites in vicinity of
aromatic group for furfural oxidation to succinic acid.*>'% Amberlyst-15 was best
performing catalyst among several Brgnsted acid catalysts. The authors hypothesized that
aromatic rings in catalyst framework have a n-n interaction with furfural and stabilize the
ring from opening in oxidizing conditions, hence leading to higher succinic acid
selectivity of 72 % at full conversion. Following these finding a similar report was
published by Zhu and co-workers,*%® where sulfonated graphene oxide was use to yield

88 % succinic acid at full furfural conversion.

Table 1.2 . Furfural to succinic acid production in literature

Nature of catalyst Catalyst Conv. / yield (%)
42,102

Sulfonic acid group in Amberlyst 15 72

vicinity of aromatic Sulphonated graphene oxide!% 88

group

These catalysts have a carbon framework and cannot be reactivated by calcination,
which is a prerequisite for furfural chemistry owing to catalyst deactivation due to organic
deposition. Hence, future research in this topic should focus on designing reusable

catalysts.

1.6 Succinic acid hydrogenation to GBL

Bio-succinic acid can serve as an entry point for the synthesis of other C4 chemicals.

v-Butyrolactone (GBL) is a promising solvent that can be obtained from succinic acid.
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GBL is proposed as a safe electrolyte in Li* ion batteries and capacitors, because of its
high flash point (98 °C) and particularly high ability to solubilize Li* ions.?** Due to its
polarity, it can be used as polar aprotic solvent instead of hazardous chlorinated
solvents.1%-197 |_ow melting point (-43.5 °C) and high boiling point (204 °C) makes it a
green solvent in photosensitive resins synthesis.1%1% In addition, GBL is used for
production of 2-pyrrolidone (2P), N-methyl-2-pyrrolidone (NMP), N-vinyl-2-
pyrrolidone (NVP) in a commercial scale.! It is recently reported that ring opening
polymerization of GBL forms a polymer, which can be easily recycled by simple heat
treatment in the range of 200 °C to 300 °C.}%11? The above discussed properties make
GBL a commercially important C4 chemical.

GBL is industrially produced via Reppe process (Scheme 1.4), by oxidative
dehydrogenation of fossil fuel based 1,4-butane diol over copper catalyst.''® The reaction
is suggested to proceed through formation of an oxyaldehyde by dehydrogenation of one
of the terminal alcohol groups. The oxyaldehyde then undergoes intramolecular
acetalization, followed by dehydrogenation to form the lactone. Alternatively, GBL can
be produced by hydrogenation of fossil fuel based maleic acid or maleic anhydride.*?
However, a suitable biobased method, if developed, can help in reduction in carbon
footprint. In this regard, hydrogenation of succinic acid is promising because it

structurally similar to maleic acid and a biobased feedstock.

17



a. The Reppe process

0 o)
HO H, HO L/ H, S f
1,4-Butanediol y-Butyro lactone

b. Hydrogenation of maleic anhydride

oﬁo + 3H, —» &o + H,0
Maleic anhydride v-Butyro lactone

Scheme 1.4. Industrial production methods of GBL

1.6.1 Catalyt design approaches for succinic acid hydrogenation to GBL

The elementary reaction steps involved in this reaction are hydrogenation of a
carboxylic acid group to an alcohol group and dehydration cyclization of the hydroxy
alcohol to lactone (Scheme 1.5). While metal catalyst can catalyze hydrogenation of
carboxylic acid with Hy, acid sites are needed for the dehydration reaction. However, due
to factors like low stability of y-hydroxy acids, the possibility of non-catalytic dehydration
cyclization cannot be ignored. Catalyst design for the reaction is based on these basic
facts.

0{7,0

o / succinic anhydride \
Hoy~o Cre

H
o
L . \ o / gamma butyro lactone
succinic acid Ho\/\)'Y)H

gamma hydroxy butyric acid
Scheme 1.5. Succinic acid hydrogenation to GBL through different pathways
Selective hydrogenation of SA to GBL competes with C-C bond breaking under
hydrogenation reaction conditions to produce propionic acid and other smaller alkanes.

In addition, further conversion of GBL to THF or BDO can also occur. Hence the number
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of studies intending to selectively produce GBL are limited (Table 1.3). SA
hydrogenation to GBL proceeds through a y-hydroxybutyric acid intermediate after
hydrogenation of one of the carboxylic acid group, which then cyclizes to GBL. In some
of the studies, a succinic anhydride intermediate is hypothesized.'**> This reaction
pathway is possible in presence of an acidic support in non-aqueous condition, which
promotes dehydration of succinic acid. The authors showed that, combination of alumina
xerogels, hydrothermally engineered to have higher acidity, with supported palladium
metal results in succinic acid hydrogenation to GBL. In the same study, corresponding
ruthenium catalyst led to complete hydrogenation of succinic anhydride to form THF and
other side products. In another study, Pd on a alumina support prepared via
coprecipitation was used to hydrogenate succinic acid to GBL with 89% selectivity with
70% conversion at 170 °C.!® Selective reduction of one of the carbonyl groups of
succinic acid is hypothesized to be the key factor to produce GBL from succinic acid over
palladium. Atomically dispersed Pd/AIOOH exhibited 1100 times higher activity (turn
over frequency) compared to that of supported palladium clusters catalyst on alumina.t’
The increase in activity was attributed to the higher adsorption energy of Pd on Al(100)
planes. Apart from alumina supported palladium catalysts, titanium supported palladium
catalyst also produces GBL as the main product in succinic acid hydrogenation.*!® Pd on
amine functionalized silica support, shows better activity compared to Pd supported on
normal silica support.!'® The catalyst was highly selective to produce 94% GBL with
100% conversion. Apart from palladium catalysts, gold over titania was also reported to
produce GBL directly from succinic acid.'?*® Addition of slight amount of platinum to
gold provided better hydrogen dissociation activity to gold catalyst increasing its catalytic
activity.
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Table 1.3. Comparision of reports on succinic acid hydrogenation to GBL

Catalyst Reaction conditions SaeL(C)P
5wt 9% Pd/AX *® 0.2 g of SA in dioxane, 240 °C, 6 MPa, 4h 71(76)114115
5 wt % Pd/ALLO3 15 mL of 0.2 M SA in 1,4-dioxane, 2 mol. % g9!l6

metal with respect to SA, 170 °C, 3 MPa H»

0.2 wt %Pd/AlLO3 0.4 g of SA and 0.2 g of catalyst in 40 ml of 98.0(75.5)"%!
1,4-dioxane at 513 K, 6 MPa, 7h

1 wt % Au/TiO, 12 mmol of succinic anhydride, 50 mL of 97 (97)!22
dioxane, 0.2 g of catalyst, 240 °C,5MPa, 800
mg of molecular sieve

2 wt.% Pd/TiO, 5 wt. % SA in water, 1g of catalyst, 95(100)!%
160°C, 15MPa, 48h
Pd/Si0,-NH, 0.2 g catalyst, 0.4 g SA, 30 ml 1,4- 94(100)'"

dioxane, 4 h 240°C and 60 bar for 4 h.
“Alumina xerogel, °C stands for conversion

All of the above-mentioned reports use harsh reaction conditions. Additionally, most of
them use 1,4-dioxane as solvent because the catalysis is dependent on use of acidity or
basicity of support. Hence, future research should focus on development of catalysts with
mild operating conditions and water as green solvent. Additionally, metals cheaper than

palladium and gold should be employed.

1.7 Arrangement of the thesis

This thesis starts with a focus on synthesis of a catalyst for isomerization of glucose
to fructose in Chapter 2. In this chapter, tetrahedrally coordinated Sn sites with Lewis
acidic character were incorporated on the surface of silica containing materials and used
for glucose isomerization reaction. Characterizations showed that different support
properties affect the properties of surface Sn sites. Silica with abundant hydroxyl groups
promoted the stabilization Sn sites which increased the activity and stability of catalyst.

Chapter 3 deals with oxidation of furfural, which is obtained from xylose or fructose,

to succinic acid a biobased C4 platform chemical. This chapter discusses the difference
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between Lewis acidic character of Sn and Ti incorporated zeolites and compares the role
of other active sites on product selectivity. A detailed mechanism for this reaction is
proposed, which is supported by identification of key intermediates, pseudo-first-order
kinetic modeling, and study on catalyst substrate interaction.

Chapter 4 deals with influence of V203 support on catalytic hydrogenation of
succinic acid to y-butyrolactone. Ruthenium on V203 support showed higher activity
compared to V20s, SiO> and Al,Os supports. Characterization showed presence of
catalyst in strong metal-support interaction. Favorable adsorption mode of succinic acid
on interface between ruthenium and V203 and possibly role of the later in C-O bond
cleavage led to higher reaction rate. A mechanism has been proposed for the reaction to

explain higher activity of ruthenium on V203 for succinic acid hydrogenation.
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Chapter 2

Silica supported Sn catalysts with tetrahedral
Sn sites for selective isomerization of glucose
to fructose

Abstract

Lewis acid catalyzed isomerization of glucose to fructose is an important reaction
for production of renewable chemicals. Detailed investigation of Lewis acid catalysts in
this reaction, like Sn-Beta, reveals tetrahedral Sn sites as active sites. However, in such
catalysts Sn sites are in the framework, which means all the sites are not accessible. In
contrast, if synthesis of such species is achieved on the surface of catalyst, it can improve
the catalytic activity. In this study, we show the synthesis of tetrahedral Sn sites on the
surface of SBA15 by controlling Sn dispersion via a simple impregnation method.
Catalyst characterization showed a high surface area with high concentration of hydrogen
bonded silanol nests were controlling factors. Roughly, one Sn-O-Si is formed for each
five Si-OH bond, hence Sn loading of 1 wt. % over SBA15 (Sn/SBA15) maximized the
formation of tetrahedral Sn species on the catalyst surface. Increasing the loading or
changing support caused formation of SnO: clusters which reduced fructose selectivity.
A mechanism based on condensation of Sn with silanol group of SBA15 is proposed. The
catalyst showed high selectivity of 93 % after 2 h with 57 % fructose yield. The Lewis
acid catalyzed isomerization of glucose was proven by isotopic labeling study using D-

glucose-2-d. The catalyst deactivated in the third cycle owing to byproduct deposition,
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but the activity was restored by recalcining the catalyst.

2.1 Introduction

Cellulose depolymerization to glucose and its subsequent isomerization to fructose
is the gateway to many industrially important chemicals.* Isomerization of glucose to
fructose converts the aldohexose sugar to its ketohexose form. The ketohexose fructose
conforms to furanose ring structure in a solution, which enables the synthesis of 5-
hydroxymethy! furfural (5-HMF),* a precursor for bio-based plastics.>® Fructose is also
the major component of high fructose corn syrup, an industrial sweetener, derived from
corn starch.” Therefore, the isomerization of glucose to the less abundant fructose is an
important reaction in food and chemical industries.

Industrial process for glucose isomerization utilizes immobilized xylose isomerase
as a catalyst.® This enzyme can selectively catalyze glucose isomerization to fructose.
However, low lifetime of enzyme and requirement of a buffer to maintain the pH of
reaction medium increase the process cost.

Basic histidine groups present in the enzyme structure were initially thought to be
the active sites for glucose isomerization.® Later it was found that the metal center has an
essential role as Lewis acid, in stabilizing the acyclic glucose molecule and the
subsequent isomerization reaction.'®*2 Since then, several reports on base or Lewis acid
catalyzed reactions have appeared for glucose isomerization, 1314:23-26.15-22

Base catalyzed isomerization of glucose proceeds via the Lorry de Bruyn-Alberda
van Ekenstein transformation of glucose initiated by proton abstraction at the C2
position.!® Recently our group reported a hydrotalcite catalyst containing basic sites that
achieved 56 % yield of fructose with 80 % selectivity.** Other examples include SBA15

grafted with tertiary amine groups acting as base catalysts that achieved 41 % fructose
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yield with 85 % selectivity.® Zhang et al. reported a series of imidazolium and tertiary
amine based ionic liquids that serve as base catalysts for this reaction.'® Several other
base catalysts have been reported for glucose to fructose reactions.!’2° However, the
inadequate stability of these basic catalysts is still a hinderance for industrial application.
Additionally, most of the further downstream processing of fructose takes place in
presence of acid catalysts.

Corma et al. first showed that Sn-Beta zeolites with Lewis acid sites can do the
Meerwein—Ponndorf—Verley (MPV) reduction of carbonyl compounds via hydride shift
from a hydroxyl group to the carbonyl group.? Glucose to fructose isomerization over
Lewis acid catalysts can be explained by a similar mechanism where the C2 carbon
donates a hydride ion to the C1 aldehyde group which leads to the formation of a ketone
group at the C2 position. Sn and Ti incorporated porous materials have been reported to
facilitate this reaction with high yield.3?22> Spectroscopic analysis has revealed that
tetrahedral Sn open sites within the pores, containing three Si-O-Sn bonds and one Sn-
OH bond, are most active for isomerization reaction.?® Sn-Beta catalyst has received
much attention over the years for this reaction. The reaction mechanism has been
confirmed with experimental data,'® and theoretical modelling has shown that 1,2-hydride
shift is the rate determining step.?’ In zeolite catalysts, apart from nature of active site,
pore size and surface area also plays a huge role, which is evident from the fact that , Sn-
Beta catalyzes isomerization of glucose, xylose, and dihydroxyacetone, whereas Sn-MFI
only catalyzes the isomerization of xylose and dihydroxyacetone. The larger pore size of
Sn-Beta in comparison to Sn-MFI facilitates diffusion of the relatively bulkier glucose
molecule within its pores.?® However, in Sn-Beta, tetrahedral Sn sites are present in the
zeolites framework and hence not all the active sites are accessible to the substrate.
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Mesoporous materials based on SBA15, MCM-41 can provide larger surface area
and pore volume as well bigger pore size compared to the microporous zeolites. Sn
containing mesoporous materials such as Sn/SBA15 and Sn/MCMA41 are alternative to
zeolite-based catalysts. Lorenti et al. reported a series of Sn-SBA15 materials, where Sn
is incorporated to the framework of SBA15, and reported glucose to fructose
isomerization with 11.8 % glucose conversion and 84.5 % selectivity.?

In order to improve accessibility of active sites, we explored the synthesis of
tetrahedral sites on mesoporous silica surface (not in the bulk framework) and compare
the synthesis and catalytic property with other oxide supports. Key factors for formation

of active sites are discussed via characterization.

2.2 Experimental
2.2.1 Materials

All materials and reagents used in this study are commercially available. Glucose
and fructose were purchased from Wako Chemicals. D-Glucose-2-d and SnCls-5H20
were purchased from Sigma Aldrich. Tetraethyl orthosilicate was bought from TCI
Chemicals. H-Betal50 (Beta zeolite with SiO2/Al>O3 ratio of 150) and zirconia were
obtained from Japan Reference Catalysts (JRC). Titania (MC-150) was obtained from
Ishihara Sangyo, Japan. y-Alumina was bought from Sigma Aldrich.

2.2.2 Catalyst preparation

SBA15 was prepared according to a method reported by Stucky et al.?® During

synthesis, 450 mL of 1.6 M hydrochloric acid was added to 12 g of poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol) (P123) and stirred at room

temperature until the P123 was hydrolyzed. The solution was stirred rapidly at 35 °C and
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25.5 g of tetraethyl orthosilicate was added dropwise over a span of 30 minutes. The
solution was kept standing at 35 °C for 24 h and further at 100 °C for another 24 h. The
obtained solid was filtered and washed with water and ethanol until the presence of
chloride ions was not detected in the filtrate. The solid was dried at 110 °C overnight and
then calcined at 560 °C for 16 h to obtain SBA15.

Sn containing catalysts were prepared by impregnation method. Desired amount of
SnCl4.5H20, was dissolved in 5 mL of distilled water and then 500 mg of support was
added to the solution. The mixture was sonicated for 5 minutes and then stirred
continuously with a glass rod over a hot plate maintained at 110 °C until a powder was
obtained. After further drying at 110 °C for 2 h, the powder was calcined at 500 °C for 2
h.

2.2.3 Catalyst characterization

X-ray diffraction (XRD) was measured with Rigaku MiniFlex using CuKa X-ray
(L =1.54 A) operating at 40 kV and 20 mA. UV visible diffuse reflectance spectroscopy
(UV-vis) measurement was obtained using Jasco V-650 spectrophotometer, line width of
light ray was kept at 1 nm and BaSO4 was used as reference. N2 adsorption isotherms
were measured at —196 °C using a Belsorp mini analyzer. Surface area was calculated by
using BET theory between the relative pressure range 0.05 to 0.35 in the N2 adsorption
isotherm.3® STEM image was obtained in a JEOL JEM-ARM200F atomic resolution
electron microscope at an acceleration voltage of 200 kV equipped with an EDS detector
EX-24221M1G5T. X-ray photoelectron spectroscopy (XPS) was performed with JEOL
JPS-9010MC instrument. Charge correction was made by adjusting the adventitious
carbon peak to 286.4 eV. Pyridine IR spectrum was recorded in a Shimadzu IRSpirit

instrument. The samples were pressed into self-supported disks and placed in a quartz
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cell inside a high vacuum chamber with NaCl windows. The sample was pretreated under
high vacuum at 150 °C for 1 h, before recording any spectrum in order to remove
physisorbed moisture. Energy dispersive X-ray spectroscopy (EDX) analysis of reaction
solution was done with Shimadzu EDX — 720 instrument.

2.2.4 Catalytic experiments

Catalytic glucose isomerization was performed in a 15 mL high pressure glass tube.
In a typical reaction 90 mg glucose, 90 mg catalyst, 7 mL ethanol was taken in the high-
pressure tube, which was then heated at 90 °C in an oil bath, with magnetic stirring. After
the reaction was complete the mixture was centrifuged to separate the catalyst and the
solution. Additionally, the catalyst was washed with deionized water (2 ml x 3 times) to
extract physically adsorbed reactant and product species. The wash off water was mixed
with the reaction mixture and analyzed with a HPLC system equipped with Shodex
SH1011 sugar column. Conversion and yield were calculated with an absolute calibration
using the formulae:

_ moles of glucose remaining
Conversion = X 100
moles of glucose taken

) moles of fructose formed
Fructose yield = %X 100
moles of glucose taken

. fructose yield
Selectivity = omversion x 100

TOF — number of moles of fructose formed

number moles of metal X reaction time

The isotope tracer study was done using D-glucose-2-d as the reactant and adding
sodium acetate-ds as an internal standard after the isomerization reaction. The final
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reaction mixture was analyzed by 2H nuclear magnetic resonance spectroscopy (NMR;

JEOL, JNM- ECX600, 2H 92.1 MHz).

2.3 Results and discussion
2.3.1 Catalytic activity

Sn containing catalyst were prepared by impregnating Sn (1 wt. %) on supports
such as SBA15, H-Betal50 zeolite, A380 silica, alumina, zirconia and titania. All
catalysts were tested for isomerization of glucose to fructose at 90 °C in the presence of
ethanol as the solvent with a glucose concentration of 1.6 wt. % (glucose to Sn ratio =
66). Ethanol was chosen as the solvent because it can be easily obtained from renewable
biomass and it shows high fructose selectivity among polar organic solvents. 43!
Sn/SBA15 showed the highest fructose selectivity of 98 % along with 38 % conversion
after 45 min of reaction (Figure 2.1a). Sn/H-Betal50 showed slightly higher conversion
(44 %) than Sn/SBA15 with a lower selectivity of 89 %. Beta zeolites are known to exhibit
Brensted acid sites originating from the presence of Al atoms in the framework resulting
in unwanted side reactions. A small amount (less than 1 %) of 5-HMF was detected in
this reaction which is formed by dehydration of fructose over Bragnsted acid sites.323
Formation of 5-HMF also results in humin production, a polymer of 5-HMF and other
products, which is likely to reduce the selectivity towards fructose in the presence of
Sn/HBetal50. Sn/A380 showed comparable selectivity towards fructose (90 %), although
the conversion was markedly lower (24 %). Sn/Zirconia showed no activity for fructose
formation. Titania and alumina based catalysts showed some activity ca. 64 % selectivity
at 10 % conversion and 77 % selectivity at 16 % conversion, respectively. Overall, silica-

based supports showed better activity and selectivity than other oxide supports. In
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particular, SBA15 showed the highest selectivity with comparatively high conversion.
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Figure 2.1. Fructose selectivity and glucose conversion in the presence of (a)1 wt. % Sn

catalyst using different supports and (b) catalyst with different Sn loading over SBA15.

Reaction conditions: 90 mg glucose, 90 mg catalyst, 7 mL ethanol, 90 °C, 45 minutes.

Next, we investigated the role of Sn loading over SBA15. Increasing the Sn content
to 3 wt. % (3Sn/SBA15) reduced the selectivity to 89 % and also decreased the glucose
conversion to 21 % (Figure 2.1b). Further increase in Sn loading to 5 wt. % (5Sn/SBAL15)
did not enhance the fructose selectivity (86 %). However, the glucose conversion
increased to 47%. In this reaction, less than 1 % 5-HMF was observed, however the
reaction mixture turned slightly yellow indicating the formation of soluble humins.

Based on the above results Sn/SBA15 with 1 wt. % Sn loading was chosen for
optimization of reaction condition. Fructose selectivity of 99 % was obtained in the initial
stage of reaction (30 min), which reduced slightly to 93 % after 2h. (Figure 2.2) Glucose
conversion increased steadily to 62 % until 2 h resulting in 57 % fructose yield. At this

time the reaction reached equilibrium and further prolonging the time to 3 h increased the
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fructose yield to 60 % along with a reduction in selectivity to 85 % owing to byproduct
formation. Increasing the glucose concentration to 10 % w/w (glucose to Sn ratio = 462)
under the same reaction condition resulted in 34 % yield with 79 % selectivity for fructose
after 2 h of reaction. The turnover frequency in this reaction at 45 min was 53.6 x 103 s"
! (based on molar content of Sn), which is higher than the previously reported value of

27.8 x 1073 5% for Sn-Beta catalyst in water.
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Figure 2.1. Reaction time course using Sn/SBA15 catalyst (1 wt. % Sn). Reaction

conditions: 90 mg glucose, 90 mg catalyst, 7 mL ethanol, 90 °C.

2.3.2 Catalyst characterization

All catalysts were characterized to investigate the underlying factors responsible
for change in fructose selectivity and yield with the change in catalyst support and Sn
loading. The XRD pattern for 5Sn/SBA15 (Figure 2.3a), having the highest Sn loading,
showed characteristic peaks for cassiterite SnO2 (PDF card number 01-077-0449). The
crystallite size for SnO> was calculated as 13.7 nm suggesting formation of large SnO-
particles, which might contribute towards the poor selectivity for this catalyst. In case of
3Sn/SBA15 only the prominent peaks at 26 value of 26.6, 33.8, 37.9 and 51.7 degrees

were observed. The crystallite size was determined as 3.7 nm, which suggested formation
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of smaller SnO, particles at lower loading. The XRD pattern for Sn/SBA15 was exactly
similar to unsupported SBA15 and no peaks for SnO. were observed. This indicates that
reducing the amount of Sn species on the surface increased the Sn dispersion and reduced
the formation of SnO; clusters. SnO; peaks were not observed on other supports as well
when the Sn loading was 1% (Figure 2.3b) suggesting high dispersion of Sn species at
low loading irrespective of the type of support used, however, presence of SnO of short

range order can not be discarded.

— 5n0; —— 3Sn-SBA15 — 5n0; — Sn-Al;03
—— SBA15 —— 55n-SBA15 —— Sn-A380S5G —— Sn-TiOy
1Sn-SBA15 sn-HBetal50 —— Sn-Zr0,
a) iIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII b)

sl el

Intensity (cps)
?frf L

NN FRENIENERERNENI FRE NI ARENE ANETE ARATY ~JENE NN AN AN .

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
20 (degree) 20 (degree)

Figure 2.3. a. XRD pattern of Sn/SBA15 catalysts with different Sn loading, b. with 1

wt. % Sn on different supports

Diffuse reflectance UV-Visible spectroscopy is a much more sensitive technigue to
probe SnO; structure. Only Sn catalysts on silica-based supports are studied, as in case
of other metal oxides, absorption band due to support materials interfere with the
absorption band of SnO> (Figure 2.4). The region below 210 nm in the spectrum is a result
of reflectance from the tetrahedrally coordinated Sn species responsible for high
activity.?® All of 1Sn/SBA15, 3Sn/SBA15 and 5Sn/SBA15 showed peak in this region,

indicating all the catalysts, have tetrahedral Sn species. The region close to 280 nm can
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be assigned to hexacoordinated Sn species present within the SnO; crystal.? Furthermore,
the band close to 250 nm is a result of LMCT charge transfer due to interaction of
tetrahedrally coordinated Sn species with other basic oxygen and nitrogen containing
compounds.?® Intensity around 280 nm for Sn/SBA15 was close to baseline. Increasing
Sn loading to 3 and 5 wt. % , increased intensity in this region, indicating formation of
inactive hexacoordinated Sn species with an increase in Sn loading. The band around 250
nm, with significantly low intensity for Sn/SBA15 was attributed to interaction of
tetrahedrally coordinated Sn species with physisorbed water within the pores of SBA15.
Similarly, for 3Sn/SBA15 and 5Sn/SBA15, which showed high intensity in this region,
was assigned to interaction of tetrahedrally coordinated Sn species with physisorbed
water and nearby basic SnO- species. However, in this case some contribution from blue
shifting of ~280 nm band to ~250 nm due to small particle size of the SnO: is also

likely 3740
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Figure 2.2. DRUV-VIS spectra of Sn/SBA15 with different metal content

The effect of different silica support with the same Sn loading on Sn species are
compared in Figure 2.5. Sn/A380 catalyst shows the band due to tetrahedrally coordinated

structure, with lower intensity compared to that of Sn/SBA15. However, Sn/A380 showed
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higher intensity in the 280 nm and 250 nm region, which was attributed to the lower
surface area of A380 silica gel (300 m? g1) in comparison to SBA15 (850 m? g!) (Table
2.1), resulting in poorer dispersion of Sn species at similar metal loading. The
Sn/HBetal50 catalyst showed high intensity in the 210 nm region as well as 280 nm and
250 nm regions, which were attributed to formation of small SnO> clusters within the

micropores of zeolite.
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Figure 2.5. comparison of DRUV-VIS spectra of silica supports containing 1 wt. % Sn

Table 2.4. BET surface area of catalysts

Sample Surface Area (m? g})
Sn/Alumina 166
Sn/HBETA150 459
Sn/SBA15 851
Sn/Titania 119
Sn/Zirconia 5.2
Sn/A380 300

These results indicated that the high selectivity towards fructose formation over
Sn/SBA15 catalyst is a direct consequence of selective formation of tetrahedral Sn species
on Sn/SBA15. We propose that the formation of tetrahedral Sn sites is a function of the
abundance of hydroxyl groups on the catalyst surface. The hydroxyl groups on silica
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surface can undergo condensation to form Si-O-Sn bonds under the acidic condition
during catalyst preparation as shown in scheme 2.1.* SBA15 has higher abundance of
surface hydroxyl groups in comparison to HBetal50 and A380 (Figure 2.6). The large
number of -OH present in SBA15 would facilitate high dispersion of Sn. Large pores of
SBA15 would also prevent formation of tetrahedral closed Sn sites that are not active for

this reaction.
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Figure 2.6. FTIR spectra of SBA15, HBeta and A380 supports. The peak at 3740 cm
corresponds the surface individual silanol (Si-OH) groups and the broad band around
3540 cm* corresponds to hydrogen bonded silanol groups along with some contribution
from adsorbed water molecules. The small peak around 3605 cm™ in HBeta sample
represents bridged hydroxyl groups between silicon and aluminum in the framework.
SBA15 shows highest peak intensity for silanol groups and hence it contains the greatest

surface OH density.
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Scheme 2.1. Pathway for the formation of tetrahedral Sn sites the surface of SBA15. The

-OH groups in red color are the surface hydroxyl groups (silanol) of SBA15.

Figure 2.7 shows the XPS spectra of the O1s region for silica supported Sn catalysts
samples. The prominent peak for oxygen atoms at 533.2 eV was assigned to the oxygen
in Si-O-Si framework.*> Another peak at 534.5 eV was observed that was assigned to
oxygen in the surface hydroxyl groups. A small peak was observed near 531 eV for all
silica containing supports. This peak was attributed to the formation of Si-O-M (M =
metal) bond.**-*% For Sn/HBeta150 this peak was prominent owing to the presence of Si-
O-Al bonds in the zeolite framework. For Sn catalysts with SBA15 as support this peak
appeared at 531.4 eV. In case of Sn/SBA15, the ratio of peak area for oxygen from Si-
OH and Si-O-Sn bonds was 4.8: 1. Whereas for 3 wt. % Sn/SBA15 the same ratio was
4.7: 1 suggesting similar density of Si-O-Sn bonds despite higher loading. Therefore, we
concluded that the formation of tetrahedral Sn species on the surface of catalyst is limited

by the extent of surface hydroxyl groups present.
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Figure 2.7. Ols XPS spectrum of a) Sn/SBA15, b) Sn/A380, c¢) 3Sn/SBA15, d)

Sn/HBetal50

Finally, we performed high resolution microscopy of Sn/SBA15 to observe
presence of Sn species. STEM image of Sn/SBA15 (Figure 2.8) revealed small
contrasting dots of size less than 0.3 nm presumed to be small Sn clusters or atomically
dispersed Sn species. Elemental mapping of Si and Sn showed uniform distribution of Sn
over the SBA15 surface which further concluded that highly dispersed Sn species present

in tetrahedral geometry were the active sites.
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Figure 2.8. a) STEM image of Sn/SBA15, circles highlight the particles presumed to the
Sn species. b) STEM image of area of Sn/SBAL15 used for elemental mapping. ¢) and d)

elemental mapping of Si and Sn, respectively.

Pyridine was used as basic probe molecule, monitored by FTIR spectroscopy, to
study the nature and strength of acid sites present in the catalysts. Sn/SBA15 showed a
strong band at 1452 cm™* (Figure 2.9), which corresponds to interaction of basic pyridine
molecule with Lewis acidic Sn centres #"~*°. The band at 1491 cm™ can be ascribed to

presence of both Lewis and Brensted acidic centres. The silanol groups of SBA15
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supports can act as weak Brgnsted sites and contribute towards this peak. 3Sn/SBA15 and
5Sn/SBA15 catalysts also showed similar bands. However, the relative intensity for band
at 1452 cm for these catalysts was lower than that for Sn/SBA15 catalyst after desorption
at 150 °C. Therefore, the strength of Lewis acid sites decreased with increasing Sn loading,
which correlates with their catalytic performance. The spectra for Sn/HBetal50 catalyst
exhibited both strong Bransted acidity and Lewis acidity (the intense bands at 1491 cm'*
and 1546 cm™) as expected. Strength of Lewis acid sites in Sn/HBetal50 was similar to
Sn/SBA15 as evidenced from similar peak intensity after 25 min evacuation under 0.03

torr pressure and desorption at 150 °C.
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Figure 2.9. IR spectra of catalysts after treatment with pyridine and evacuation at 150 °C

2.3.3 Isotopic labelling study

The presence of highly dispersed Lewis acidic tetrahedral Sn sites would promote
the glucose isomerization to proceed through the intramolecular hydride transfer
mechanism, in which the proton attached to the C2 carbon is transferred to the C1 atom
(Scheme 2.2). In order to ascertain whether the glucose isomerization over Sn/SBA15
catalyst occurs via this mechanism, we performed an isotopic tracer study. D-glucose-2-

d was used as the reactant instead of normal D-glucose and ?H NMR spectroscopy of the
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product mixture was performed to detect the presence of deuterium (Figure 2.10). The 2H
NMR spectrum of D-glucose-2-d standard showed two peaks centered at 3.49 and 3.27
ppm corresponding to ?H at C2 position of the o and B anomers of glucose. After reaction,
a new peak at 3.65 ppm corresponding to ?H at C1 position of fructose appeared.'* The
presence of this peak confirmed the hydride transfer from C2 to C1 position, leading to
the conclusion that glucose isomerization progressed through the Lewis acid catalyzed

pathway over tetrahedral Sn sites.
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Scheme 2.2. Mechanism showing hydride transfer from C2 carbon of glucose to C1

carbon in fructose during isomerization over Lewis acidic Sn sites.
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Figure 2.10. 2H NMR spectrum of reaction mixture, where D-glucose-2-d is taken as
reactant. The reaction mixture is diluted with water and sodium acetate-dz was used as
internal standard. The spectrum for D-glucose-2-d is also shown for reference. Reaction
conditions: D-glucose-2-d 10 mg, Sn/SBA15 10 mg, 2mL ethanol 90 °C temperature, 2

h reaction time.

2.3.4 Recyclability study

Finally, we tested the reusability of Sn/SBAL15 catalyst for glucose isomerization
(Figure 2.11). The recyclability test was done at 30 min of reaction time to keep the
conversion below equilibrium. After each run the catalyst was washed with fresh ethanol
and reused. The selectivity of fructose in the second cycle was the same as that for the
fresh catalyst (99 %), although the glucose conversion dropped from 32% to 29%. In the
third cycle the selectivity dropped to 78 % indicating deactivation of the catalyst.
Deposition of small amount of humin might be attributed to the poor activity of catalyst.
The catalyst was calcined again at 500 °C for 2 h after the third cycle, which regenerated
the catalyst and the selectivity increased to 91 % with 32 % glucose conversion. To
investigate weather Sn species leached into the reaction mixture, we carried out a reaction

with Sn/SBAL15 catalyst for 15 minutes, which produced 11 % fructose with 12 % glucose
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conversion. Then the catalyst was filtered and the filtrate was allowed to react further. No
change was observed in either the glucose conversion or the fructose yield under this
condition. Furthermore, Sn species were not detected in the EDX analysis of the reaction
mixture. These results confirmed that leaching of Sn did not occur and the isomerization

reaction was heterogeneously catalyzed.
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Figure 2.11. Recyclability test of 1 wt. % Sn/SBA15. Reaction conditions: 90 mg glucose,

90 mg catalyst, 7 mL ethanol, 90 °C, 30 minutes.

2.4 Conclusion

We explored the formation of Lewis acidic tetrahedral Sn sites on the surface of
oxides for isomerization of glucose to fructose. Silica based supports performed better
than other oxides in catalytic isomerization when loaded with 1 wt. % Sn. Diffused
reflectance UV-vis analysis showed a preference for formation of tetrahedral Sn sites
instead of hexacoordinated SnO, over SBA15 support, which showed the best selectivity
for fructose. The activity of SBA15 was attributed to the formation of Si-O-Sn bonds
owing to high -OH density over SBA15. Increasing Sn loading beyond 1 wt. % over
SBAI15 also caused SnO, formation, which reduced selectivity. O1s XPS spectra for
catalysts confirmed that increasing loading of Sn does not cause formation of new Si-O-
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Sn bonds, which is required for increasing number of tetrahedral Sn sites. Sn/SBA15 (1

wt. % Sn) showed high selectivity of 93 % with 57 % fructose yield after 2 h of reaction

in the presence of ethanol. The reaction mechanism was confirmed to proceed through a

1,2-hydride shift by tracing the 2H isotope in D-glucose-2-d, which indicated the Lewis

acidic tetrahedral Sn sites as active sites in the reaction. The catalyst showed a decrease

in activity after three cycles but removal of deposited organic compounds by calcination

restored the activity.
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Chapter 3

Selective oxidation of furfural to succinic acid
over Lewis acidic Sn-Beta

Abstract

Selective production of succinic acid from furfural with H,O> over a pure Lewis
acid catalyst Sn-Beta is reported. Under optimized reaction conditions 53 % vyield of
succinic acid was obtained and the catalyst was recyclable. 2(3H)-Furanone was detected
as an intermediate in the reaction in 1H NMR, HH COSY NMR, LC-MS and GC-MS.
Kinetic modeling reveals that Bayer-Villiger oxidation of furfural to 2(3H)-furanone is
accelerated compared to other competing reactions in the presence of purely Lewis acidic
Sn-Beta. The Lewis acid density of Sn-Beta catalyst was directly correlated to formation
rate of products, confirming a Lewis acid catalyzed mechanism. Detailed characterization
showed that Sn-Beta only activates furfural by coordinating to the carboxyl group and
does not activate H2O,. On the other hand, parent HBeta-38 zeolite produced activated
H>0O> in solution, which caused side reactions to produce maleic acid. Selectivity of Sn-
Beta was also compared with TS-1, another Lewis acid zeolite, which produced maleic
acid because of ability of TS-1 to activate H>O as hydroperoxy species. Therefore, Sn-
Beta is a selective and reusable catalyst for succinic acid synthesis from biomass derived

furfural.
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3.1 Introduction

Succinic acid is a four-carbon dicarboxylic acid with versatile industrial application.
The global market for succinic acid is expected to grow from US$132 to US$ 183 million
during a period of 2018 to 2023 at a cumulative annual growth rate of 6.8 %.* Succinic
acid is used as a C4 building block for synthesis of polyesters,>* polyurethane,®
cosmetics®’ and pharmaceuticals.2 ! In addition, it is also a precursor for 1,4-
butanediol,*>*? vinyl pyrrolidone,** and succinimide.’® Currently, oil-derived succinic
acid is produced by oxidation of butane through maleic anhydride!®-*8 or maleic acid'®
intermediates. Other methods involve oxidation of 1,4-butanediol and carbonylation of
ethylene glycol.?’ These processes are no longer attractive from the perspective of a
sustainable and carbon neutral future. Therefore, alternative means of producing succinic
acid from biomass is attractive.

Being a four-carbon chemical the synthesis of succinic acid from biomass is
difficult because of low abundance of tetrose sugars such as erythrose. Until now bacterial
fermentation of C6 sugars with the help of bovine rumen bacteria is the most successful
method for synthesis of bio-succinic acid.?! Although, bacterial fermentation provides
succinic acid in good selectivity, its industrial application has not been successful due to
high operation cost.??

Catalytic synthesis of succinic acid from biomass is possible by oxidation of
furfural, produced by dehydration of pentoses (xylose and arabinose)?>2® and hexoses
(glucose and fructose).2’3° Eliminating one carbon atom from furfural through oxidative
cleavage of the formyl group can produce succinic acid (Scheme 3.1). Until now Brgnsted
acid catalysts having an aromatic framework have been reported as catalysts for this

reaction. Amberlyst 15, a catalyst with -SOsH groups on polymeric resin, produces 72 %
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succinic acid in the presence of aq. H202.3132 A -n interaction between the benzene rings
of polymeric resin and furfural stabilized the furfural during the reaction. Sulphonated
graphene oxide, which has a polyaromatic extended 2D n-electron network, showed
improved result of 88 % succinic acid yield owing to better interaction with furfural.®
However, catalyst deactivation due to formation of humins is a major issue in furfural
chemistry and catalyst with organic framework cannot be reactivated by calcination to

remove organic deposits. Therefore, alternative catalysts should be designed for this

reaction.
H,O
o) H:OZ 9 P
o 5 HO oH *t HO SN0
\ / Catalyst o) Formic acid
Furfural Succinic acid

Scheme 3.1. Catalytic oxidation of furfural to bio-based succinic acid.

Here, we report a different approach to produce succinic acid through Bayer-
Villiger oxidation (BVO) of furfural in the presence of Lewis acid catalysts. Water
tolerant zeolites having tetravalent cations like Sn**, and Ti** in the framework instead of
aluminum are known to exhibit pure Lewis acidity.3* The catalytic property of such
zeolites is well studied and they are known to be active for BVO*>%® and Meerwein—
Ponndorf-Verley reduction.3”3® Among these catalysts, titanosilicalite-1 zeolite (TS1),
has been reported for furfural oxidation to maleic acid in 53% yield.3** In contrast, we
show that Sn containing Sn-Beta zeolite catalyzes furfural oxidation to succinic acid. In
our study, we identify the key intermediate for succinic acid formation and investigate
the reasons for high selectivity of Sn-Beta towards succinic acid and propose a detailed

reaction mechanism.

53



3.2 Experimental
3.2.1 Catalyst preparation

Sn/Beta catalyst was prepared according to a procedure mentioned elsewhere.*® In
atypical synthesis procedure, 4 g of zeolite (Zeolyst CP814C*, SiO2/Al,03 = 38, hereafter
HBeta-38) was added to 100 mL of 13 N HNOs and the solution was refluxed at 100 °C
for 20 h. Then the mixture was cooled to room temperature, followed by filtration, and
washed with 2 liter of deionized water and then dried at 100 °C for 18 h. The resultant
dealuminated zeolite was named as DeAl-Beta and 1.5 g of this material was mixed with
0.0562 g of Sn(ll) acetate in a mortar. The mixture was ground for 10 min along with
scratching with a teflon spatula at regular intervals and then heated under N2 flow at 500
°C for 3 h ,with a ramp rate of 10 °C / min, followed by additional 3 h under air flow. The
resulting catalyst was named as 2Sn-Beta with 2 wt% Sn loading. Catalysts with higher
Sn loadings were prepared by increasing the amount of Sn(ll) acetate used . TS-1 was
purchased from ACS Material and used without modification. SnO, powder was bought
from FUJIFILM Wako Pure Chemical Corporation and used as it is.

3.2.2 Catalyst Characterization

X-ray diffraction (XRD) was measured with Rigaku MiniFlex using CuKa X-ray (A =
1.54 A) operating at 40 kV and 20 mA. UV-visible diffuse reflectance spectroscopy (UV-
vis) measurement was obtained using Jasco V-650 spectrophotometer, line width of light
source was kept at 1 nm and polytetrafluoroethylene (PTFE) was used as reference. UV-
Vis of liquids samples of TMB oxidation reaction was carried out in the same instrument,

using water as reference. N> adsorption isotherms were measured at —196 °C using a
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Belsorp mini analyzer. Surface area was calculated by using the BET theory in the relative
pressure range 0.05 to 0.35 in the N adsorption isotherm.*

Pyridine IR was done in a Shimadzu IR spirit instrument. For the pyridine
adsorption IR experiment, the catalysts were pressed into self-supported wafers of 1 cm
diameter of approximately 40 mg cm wafer density. A pretreatment procedure of heating
to 150 °C at 10 °C min! with vacuum was followed to make sure there is no physisorbed
moisture or other possible contaminants. Pyridine was dosed at room temperature until
the spectrum showed shoulder peaks to the major peaks (which is a sign of saturation).
Initial desorption was done with vacuum until no desorption was observed. Finally,
desorption was done via heating up to 150 °C.

Quantitative calculation of number of acid sites were done using the following

equation:

Where N is density of acid sites in umol g, A is the integrated peak area in cm™,
€ is the integrated molar extinction coefficient (cm umol™) and p is the wafer density (mg
cm). Peak deconvolution was performed using Fityk curve fitting program. The value
of integrated molar extinction coefficient was taken from Datka et al.*

Furfural adsorption DRIFTS was performed with Perkin Elmer Spectrum 100
instrument. Prior to DRIFTS experiment the catalyst was dehydrated at 150 °C for 1 hour.
Furfural was introduced by dropping 10 mg of furfural to the sample using a Gilson
Pipetman micropipette. After making sure of adsorption, from the spectrum, desorption
process was carried out by evacuation along with heating.

3,3',5,5'-tetramethylbenzidine(TMB) oxidation reactions were carried out at room
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temperature in a glass tube. In a typical reaction 1 mL TMB solution (10 mg per mL in
DMSO) was added to 4 mL pH 4 buffer solution, followed by 5 mL H202. 50 mg Catalyst
was used (5 mg per mL dispersion). Once the catalyst was added the time was marked as
0 and sampling was done at 5-minute intervals, filtered with 0.22 um syringe filter and

the UV Vis measurement was done against that of deionized water.

3.2.3 Catalytic oxidation of Furfural

In a typical oxidation reaction, 1 mmol of furfural (distilled before use) was
dissolved in 5 mL water in a two neck round bottom flask and 50 mg of catalyst was
added. The flask was placed in a preheated oil bath and 44 mmol of H.O> was added and
the reaction time was set to zero. After the completion of reaction, the catalyst was
separated by centrifugation and washed with acetonitrile to extract the compounds with
poor water solubility. An additional wash was performed with water and all the collected
liquids were mixed together and diluted to a fixed volume. This solution was analyzed
using a Shimadzu HPLC system equipped with a Biorad Aminex HPX-87H column and
an RID detector. Furfural conversion (Xg) and product yields (Yp) were calculated using
the following equations.

¥ Ng initial — Np remaining
F =

x 100 9
N initial &

_ Np obtained

p = X 100 %

Ng initial

Where Nr is the number of moles of furfural and Np is the number of moles of product.
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3.3 Results and discussion
3.3.1 Sn-Beta characterization

Sn-Beta catalysts were prepared by dealumination of HBeta-38 to remove Brgnsted
acid sites followed by inclusion of Sn atoms in the empty T-sites in order to have pure
Lewis acid sites. Nature of acid sites in the prepared catalysts was analyzed by pyridine
adsorption IR experiment to study the change in Brensted and Lewis acid density (Figure
3.1a). After pyridine adsorption, the peak at 1455 cm™ was assigned to ring vibration of
coordinatively bound surface pyridine species to Lewis acid sites and the peak at 1540
cm*was assigned to that of surface pyridinium ions interacting with Brgnsted acid sites.*°
Lewis acid density of 2Sn-Beta (containing 2 wt% Sn loading) was significantly higher
than the parent HBeta-38 zeolite, whereas the Brgnsted acid density was negligible. The
Bransted acid sites were lost during dealumination of HBeta-38 because the charge
imbalance between tetra valent Si and trivalent Al was no longer present. Sn itself being
tetravalent leads to an electrically neutral framework, hence there is no proton as counter
balancing ion to generate Brensted acidity in the 2Sn-Beta catalyst. DeAl-Beta showed
no acidity at all and the peaks at 1445 and 1435 cm™ were assigned to hydrogen bonding
interaction with pyridine, probably because of high number of silanol groups. Hence, it

can be concluded that Lewis acidity in the 2Sn-Beta catalyst was due to Sn incorporation.
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Figure 3.1. a) Pyridine adsorption IR spectrum for HBeta-38, DeAl-Beta and 2Sn-Beta.
BA, LA and HB indicate peaks due to Brgnsted acidity, Lewis acidity and hydrogen
bonded pyridine, respectively. b) IR spectrum of silanol region showing dealumination
and Sn incorporation into zeolite Beta. ¢) XRD of catalysts. d) UV-Visible spectrum of

Sn-Beta with different Sn loading.

The dealumination and Sn incorporation process was also monitored by FTIR
analysis of the silanol region (Figure 3.1b). Spectrum for HBeta-38 consisted of two sharp
peaks at 3710 cm™ and 3600 cm™ that were assigned to -OH stretching of individual
surface terminated silanol groups (Si-OH)*® and -OH stretching of bridged -OH groups
between neighboring Si and Al, respectively. A broad peak with relatively less intensity

ranging from 3200 to 3600 cm™* was assigned to hydrogen bonded silanol nests.*® After
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dealumination the -OH stretching of bridged -OH groups at 3600 cm™ disappeared as Si-
O-Al bridges were no longer present. Simultaneously, the relative intensity of the broad
peak increased due to creation of new hydrogen bonded silanol nests. These silanol nests
serve as anchoring site for the incoming Sn cations. After incorporation of Sn, the relative
intensity of the broad peak decreased in comparison to terminated -OH stretching peak at
3710 cm™* because some of the nests were now occupied with Sn atoms.

The dealumination and Sn incorporation also caused a change in the lattice structure
of zeolite, which was observed by powder XRD of the catalysts. The diffraction peak of
zeolite crystal at 20 = 7.8° shifted towards higher 26 value after dealumination (Figure
3.1c¢), which was attributed to lattice shrinkage due to removal of Al atoms from the
HBeta-38 unit cell.*” The peak position shifted back to lower 26 value after incorporation
of Sn. Moreover, diffraction peaks for SnO2> were not observed in XRD even when Sn
loading was increased to 6 wt. % (Figure 3.2). SnO> can form due to oligomerization of
Sn species that are unable to form a tetrahedrally coordinated Sn site in the empty silanol
nests. The absence of diffraction for SnO, could either mean that there are no SnO>

particles or that the SnO> particles are small and lack long range order.
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Figure 3.2. Powder XRD of zeolite (HBeta-38) (SiO2/Al,O3 = 38), Dealuminated Beta

(DeAl-Beta) and different amount of Sn incorporated Sn-Beta

Further insight into SnO, formation was obtained by observing the shift in UV-
visible absorption maxima with respect of Sn loading in Sn-Beta catalyst. The shift in
absorption maxima can be correlated with Sn coordination number and particle size
domain.*®%° 2Sn-Beta and 4Sn-Beta catalysts, having 2 and 4 wt% Sn content, only
showed absorption below 210 nm assigned to isolated tetrahedral Sn atoms (Tg) of Sn-
Beta zeolite (Figure 3.1d).°! For 6Sn-Beta, having 6 wt% Sn loading, absorption at higher
wavelength was also present, which suggests formation of small SnO> particles with
octahedral Sn species (On).*° Therefore, 2Sn-Beta and 4Sn-Beta catalysts had Sn
exclusively present as Lewis acidic tetrahedral Sn sites and catalyst with higher Sn
loading contained some SnO: species although the presence of tetrahedral Sn species was
still dominant.

3.3.2 Furfural Oxidation over different catalysts

Furfural oxidation in water and H202 in the absence of any catalyst showed 5 %
succinic acid yield along with slight amount of 2(5H)-furanone (Figure 3.3). In the

presence of 2Sn-Beta, under optimized condition the yield of succinic acid was 53 %.
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Maleic acid, malic acid and 2(5H)-furanone were the major by-products. HBeta-38
catalyst was not selective and produced comparable amounts of succinic acid, 2(5H)-
furanone and maleic acid. Activity of pure SnO. was not much different from HBeta-38,
which shows that pure Lewis acidic nature of Sn is important for succinic acid selectivity.
In contrast, another Lewis acid zeolite TS-1 produced maleic acid selectively with low
amount of succinic acid. This behavior of TS-1 is consistent with previous reports
describing selective synthesis of maleic acid.3®*2 From these results it is evident that
while Brgnsted acid zeolite was not selective towards any product, Lewis acid catalysts

(Sn-Beta and TS-1) were able to selectively produce succinic acid or maleic acid.

O Conversion

100 A o O 0]

Y

Con. / Yield (mol \%)

Qe g

5

Figure 3.3. Catalytic activity of different catalysts for furfural oxidation reaction.
Reaction conditions: furfural 1 mmol (96 mg), catalyst 50 mg, 15 % H>0O> solution 10

mL, 50 °C

Recyclability of 2Sn-Beta was investigated and the catalyst activity did not drop for
4 runs (Figure 3.4a). However, the color of the catalyst changed to pale yellow, which

suggested deposition of organic matter on the catalyst (Figure 3.4b). After the 4™" catalytic
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cycle we calcined the catalyst in the same conditions as in its preparation, which
recovered back the catalyst color back to white. The recalcined catalyst when tested in
the reaction showed no loss of activity. This shows that after several runs if the catalyst
Is deactivated it can be calcined to reactivate, which is a big advantage over the carbon

based catalysts.

Bl O Conversion

100

Fresh Used Calcined

o o
g0 © ° o o

Con. / Yield (mol \%)

1 2 3 4 5 6
Catalytic cycle

Figure 3.4. a. Catalyst recyclability test reactions. Reaction conditions: furfural 1 mmol,
catalyst 50 mg, 15 % H.0O> solution 10 mL, 50 °C, 1 h., b. picture of fresh catalyst (Fresh),

used catalyst (Used catalyst) after 4 runs and after calcining the used catalyst (Calcined)

The time course of reaction in the presence of 2Sn-Beta showed that the formation
of succinic acid was preceded by formation of 2(3H)-furanone (Figure 3.5a). This
compound has been suggested as an intermediate in earlier studies.®*> We were able to
positively identify 2(3H)-furanone by using NMR (Figure 3.6) and GC-MS (Figure 3.7)
and quantify it using LC. In contrast to 2Sn-Beta, the formation of 2(3H)-furanone over
HBeta-38 was not prominent. In the presence of TS-1, 5-hydroxy-2(3H)-furanone was

formed as the major intermediate for maleic acid.
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Figure 3.5. Time course of furfural oxidation in the presence of (a) 2Sn-Beta, (b) HBeta-
38 and (c) TS-1. The symbols represent experimental data and the lines show fitting of
experimental data with reaction model shown in d. Reaction conditions: furfural 1 mmol

(96 mg), catalyst 50 mg, 15 % H»0O. solution 10 mL, 50 °C
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Figure 3.6. Ex-situ 1D NMR detection of 2(3H)-furanone
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Figure 3.7. EI-MS of 2(3H)-furanone in GC-MS extracted from reaction mixture with
dichloromethane

We performed kinetic analysis of the reaction by using reaction scheme shown in
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Figure 3.3d and modelling the experimental data using equations 1-6.

d[FUR]

—— == (ky +ky + k3 + k) X [FUR] '
d[3cl;fi’N] = ky[FUR] — (ks + kg) X [3FRN] :
d[sgtRN] =k, X [FUR] — k¢ X [SFRN] 3
ASBPEM — ky X [FUR] + ke X [SFRN] — k; x [SHFRN] )
d[Zz:C] = ks X [3FRN] °
dMACT _ k. x [SHFRN] °

dt

where ki-k7 represent rate constants for reactions shown in Figure 3.5d, FUR stands
for furfural, 3FRN 2(3H)-furanone, 5FRN 2(5H)-furanone, 5SHFRN 5-hydroxy-2(5H)-
furanone, SAC succinic acid and MAC maleic acid. Products like furoic acid and malic
acid were not modeled in the reaction as their concentration was too low.

Rate constants were estimated by fitting the model to experimental data by
assuming pseudo-first order-reactions (Table 3.1). The formation rate of 2(3H)-furanone
(k1 = 0.64 h'') and 2(5H)-furanone (k> = 0.28 h) was higher in the presence of 2Sn-Beta
catalyst in comparison to other reaction pathways. Whereas, in the case of Bragnsted acid
containing H-Beta38, both 2(3H)-furanone and 2(5H)-furanone has similar formation rate.
Moreover, the rate of formation for 5-hydroxy-2(3H)-furanone and furfural degradation
was also comparable to the hydrofuranone formation rates, which was the reason for
nonselective reaction. The kinetic analysis of reaction in the presence of TS-1 catalyst
showed that formation of 5-hydroxy-2(5H)-furanone was highly favored. This is why TS-

1 selectively produces maleic acid. Therefore, it is evident that higher rate of formation
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of 2(3H)-furanone over Lewis acidic 2Sn-Beta is the primary reason for selective succinic
acid formation. Moreover, the subsequent conversion of 2(3H)-furanone to succinic acid
was faster than its formation from furfural (ks > ki). The formation of 2(3H)-furanone is
possible via BVO of furfural as shown in scheme 3.2. BVO of furfural would produce a
formate ester which would undergo hydrolysis in the presence of water to yield a furan
alcohol. The isomerization of furan alcohol would produce 2(3H)-furanone and 2(5H)-
furanone.

Table 3.5. Estimated rate constants from the kinetic fitting. The rate constants are in the

unit of h'L.

Catalyst ki k2 ks ka ks ke k7 ks

2Sn-Beta 0.64 0.28 0.13 0.28 1.12 0.09 0.30 0

HBeta-38 0.24 0.18 0.13 0.17 1.63 0.09 0.41 0.48

TS-1 - - 12.5 6.67 - - 0.33 -

O_o

H,0, wr
O  H0 79 +H,0 /1(3H)-Furanone

(27) —— O 0 ——> O oH

\/ Catalyst wr -HCOOH wr o

Furfural \ (jo

2(5H)-Furanone

Scheme 3.2. Formation pathway of hydrofuranones from furfural.

The BVO reaction of aldehydes is catalyzed by Lewis acid sites.>>° Therefore, we
investigated the influence of Lewis acid density of Sn-Beta catalysts for furfural oxidation.
The Lewis acid density was calculated by quantitative analysis after pyridine adsorption
IR spectra of catalysts with different Sn loading. The peak intensity of adsorbed pyridine
at 1455 cm™ increased steadily with increase in Sn loading (Figure 3.8a). The initial
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catalytic activity (here expressed as sum of moles of succinic acid and 2(3H)-furanone
per hour) increased with the Lewis acid density (Figure 3.8b). This indicates that
activation of furfural over Lewis acidic Sn sites followed by BVO was important for

higher selectivity.
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Figure 3.8. (a) Deconvoluted pyridine adsorption IR spectrum of Sn-Beta catalysts in the
Lewis acid region, the crimson color peak at 1455 cm™ represents ring vibration of
pyridine interacting with Lewis acid sites, other peaks corresponds to ring vibration of
hydrogen bonded pyridine to silanol groups, line with blue markers represents
experimental data. (b) Plot of Lewis acid site (LAS) density vs initial activity. Reaction
conditions: furfural 5 mmol (480 mg), catalyst 50 mg, 15 % H202 solution 10 mL, 50 °C,

1h.

In order to investigate the role of Sn-Beta in promoting BVO reaction we
investigated the interaction of catalyst with furfural and H>O,. DRIFTS experiment was
performed to observe the activation of furfural over 2Sn-Beta. Prior to DRIFTS analysis,
the catalyst surface was saturated with furfural and then excess furfural was desorbed by
heating under vacuum. DRIFTS analysis of adsorbed furfural on 2Sn-Beta catalyst

showed two major peaks at 1724 cm™tand 1671 cm™ in the carbonyl region (Figure 3.9).
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The first peak was assigned to carbonyl stretching frequency of uncoordinated furfural
and second one to coordinated furfural to a strong Lewis acid site. A shoulder peak to the
1671 cm™ appeared at 1690 cmt, which can assigned to furfural coordinated to a possible
weak lewis acidic site on the catalyst. From this observation it can be inferred that Sn
sites of Sn-Beta strongly interacted with the carbonyl group of furfural. Similar
interaction was not observed for the parent zeolite HBeta-38 in which Brgnsted acid sites
are dominant species compared to Lewis acid sites. On the other hand, TS-1 showed a
weaker adsorption of furfural carbonyl group in comparison to 2Sn-Beta. The redshift in
carbonyl peak position was less severe at 1690 cm™ for TS-1. Therefore, we can conclude
that 2Sn-Beta strongly adsorbed the carbonyl group of furfural and adsorption on TS-1
was weaker. In contrast, the interaction of carbonyl group with HBeta-38 was negligible.
When coordinated to the Lewis acid sites, electrophilicity of the carbonyl carbon atom

increases and from the above observations 2Sn-Beta was most effective in this regard.

0 \ .
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W
@ 1724 e’ WEZle4
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Figure 3.9. DRIFTS spectra of furfural adsorbed on various catalysts.

The interaction of catalysts with H2O. is also a major factor that influences
selectivity. Activation of H2O> may produce species that are even stronger nucleophiles

in comparison to H>O». We treated the catalysts with aqueous H>O> solution and observed
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the diffuse reflectance UV-visible spectra. H20- is activated on the surface of the catalyst
to form metal-hydroperoxy (M-OOH) species, which gives rise to a yellow color, and it
appears as a peak around 390 nm in UV-vis (Figure 3.10). Only TS-1 showed activity for
formation of Ti-OOH species and both 2Sn-Beta and HBeta-38 zeolite were inactive.
Formation of Ti-OOH species with TS-1 in the presence of H>O> is consistent with

literature.>*>
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Figure 3.10. UV-vis spectroscopy to determine formation of M-OOH species in the
presence of H2O2 on various catalysts.

At this point it is worth mentioning that metal hydroperoxy species are known to
catalyze epoxidation reaction; hence the formation of 5-hydroxy-2(5H)-furanone over
TS-1 could be a direct result of epoxidation of the double bond between C4-C5 carbon

atoms of furfural in the presence of Ti-OOH species (Scheme 3.3).

i i i iy
o H,0, 0 0y © Oxidation Oy Ox-0
VT —e AT —— ) /= U

Epoxidation
Furfural
l H,0
H,O
HO__O 2
b | O I
S = — . Formic acid
OH p-Formylacrylic acid
Maleic acid §-Hydroxy-2(5H)-furanone
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Scheme 3.3. Reaction pathway for formation of maleic acid, via furfural epoxidation.

In addition to surface activation, H20O2 can also be activated in solution. The
activation of H20. with HBeta-38 was tested by two-electron oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB), shown in Figure 3.11a.°5-°8 The oxidation product is a blue
color compound, which can be monitored with UV-visible spectrum. The activity of 2Sn-
Beta for oxidation of TMB was quite low and almost no reaction occurred after 30 min
(Figure 3.11b), which shows 2Sn-Beta has limited ability to activate H>O in solution. On
the other hand, in the presence of HBeta-38, rapid oxidation of TMB proceeded, which
implies that H,O2, was activated by HBeta-38, probably via protonation of H.O,. This

leads to the conclusion that pure Lewis acid nature of Sn-Beta catalyst is important for

formation of succinic acid.

a) NH, .
O O H,0, ‘ NH,
HoN A /
T™B HzN

3,3',5,5'-tetramethyl-[1,1'-bi(cyclohex
ylidene)]-2,2',5,5'-tetraene-4,4'-diimium
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[ HBeta-38 l,? ]
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Figure 3.11. Evolution of TMB oxidation product with time monitored using UV-
Vis spectroscopy. (a) TMB oxidation reaction scheme. (b) Time course of band centered

around 660 nm in UV-Vis spectra of TMB oxidation reaction in the presence of HBeta-
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38 and 2Sn-Beta.

From the above observations, it can be summarized that 2Sn-Beta does not interact
with H20: either to form M-OOH or to activate H.O> in solution. In contrast, TS-1 makes
surface hydroperoxy species and HBeta-38 activates H>O via protonation.

Considering the strong adsorption of furfural on Lewis acid sites of 2Sn-Beta
catalyst and the lack of interaction between H20, and catalyst, we propose the following
reaction mechanism for succinic acid formation (Scheme 3.4). Furfural is first adsorbed
on the tetrahedrally coordinated Sn site of Sn-Beta, which polarizes the C=0 bond to
make the carbon more electron deficient. A nucleophilic attack of non-activated H>O2 on
the electron deficient carbonyl carbon forms formate easter via Bayer-Villiger oxidation,
followed by hydrolysis to form a furan alcohol. Keto-enol tautomerization of the furan
alcohol produces 2(3H)-furanone and 2(5H)-furanone. While 2(5H)-furanone was stable,
2(3H)-furanone underwent hydrolysis with oxidative ring opening to form a succinic
semialdehyde. This compound is not stable in aqueous solution and underwent oxidation

to form succinic acid.
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Scheme 3.4. Proposed reaction pathway for furfural oxidation to succinic acid over Sn-

Beta Lewis acid catalyst.
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3.4 Conclusion

In conclusion, we have shown that furfural oxidation with pure Lewis acidic Sn-
Beta forms succinic acid with a yield of 53 %. 2(3H)-Furanone was identified as the
intermediate for succinic acid formation and kinetic analysis showed that its formation
by Bayer-Villiger oxidation was promoted over Sn-Beta catalyst. The rate of reaction was
directly correlated with the density of Lewis acid sites, which activated the aldehyde
group of furfural as observed in DRIFTS analysis. In addition, the inability of Sn-Beta to
activate H>O2 suppressed the side reactions to achieve a high succinic acid selectivity. In
contrast, furfural oxidation reaction over HBeta-38 and TS-1 was not selective because
they activated H2O. either in solution form or as metal hydroperoxyl species.
Consequently, Sn-Beta was a unique and reusable Lewis acid catalyst for furfural

oxidation to succinic acid.
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Chapter 4

Succinic  acid  hydrogenation to  y-
butyrolactone over Ru/V;0s3

Abstract

In this chapter agueous phase succinic acid hydrogenation reaction is demonstrated
over Ru supported on V203. At optimized conditions, 77 % y-butyrolactone (GBL) yield
is obtained and the catalyst showed good recyclability. The reaction conditions are milder
compared to those reported in literature. Compared to V2Os, the reduced phase V203
showed 5 times higher activity. TEM and CO chemisorption studies showed that Ru/V.03
catalyst was under strong metal support interaction (SMSI) condition. In situ DRIFTS
study showed that Ru/V»03 catalyst adsorbs carboxylic acid as carboxylate species. A
mechanism is proposed considering localization of the abstracted proton on V203 oxygen,
which helps in keeping the dissociation equilibrium of succinic acid towards succinate

anion making it more reactive.

4.1 Introduction

Bio-succinic acid can serve as an entry point for the synthesis of other C4 chemicals
in a biomass centric process. y-Butyrolactone (GBL) is a green solvent that can be
obtained by hydrogenation of succinic acid. GBL is considered a safe electrolyte in Li-
ion batteries and capacitors, because of its high flash point (98 °C) and particularly high
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ability to solubilize Li* ions.> Owing to its polar nature, it can be used as polar aprotic
solvent instead of chlorinated solvents that are hazardous.>* Low melting point (-43.5
°C) and high boiling point (204 °C) makes it a green solvent in photosensitive resins
synthesis.>® In addition, GBL is used for production of 2-pyrrolidone (2P), N-methyl-2-
pyrrolidone (NMP), N-vinyl-2-pyrrolidone (NVP) in a commercial scale.” It is recently
reported that ring opening polymerization of GBL forms a polymer, which can be easily
recycled by simple heat treatment in the range of 200 °C to 300 °C.%° Therefore, GBL is
a commercially important C4 chemical.

Industrially, GBL is produced by dehydrogenation of 1,4-butanediol over copper
catalyst.!® 1,4-Butanediol itself is produced either from oxidation of butane or base
catalyzed condensation of acetylene and formaldehyde.’® Mitsubishi Chemical
Corporation produces GBL by hydrogenation of fossil based maleic anhydride. However,
all the above processes utilize fossil feedstocks, which makes it important to develop
biobased processes for GBL production from carbon neutrality point of view.

The existing literature shows that biobased succinic acid can be a good starting
material for production of GBL.11® Au or Pd based supported metal catalysts are used
in literature to produce GBL from succinic acid. While Au or Pd catalysts have shown
good activity, they require the use of carcinogenic organic solvent (namely dioxane) for
better yields. Additionally, these reactions are carried out under harsh conditions
(typically at 240 °C and long reaction time). Consequently, it is necessary to develop a
catalyst that can work in milder conditions and support the use of water as a solvent.

Recently it has been proposed that Ru is a good metal for hydrogenation reaction
in water because of its good wettability.!” However, in the reported literature supported

Ru catalysts were said to be less active and led to decarbonylation of succinic acid to form
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propionic acid at higher temperatures. Active participation of support in the
hydrogenation reaction can overcome the poor activity of Ru catalysts. In this study, we
have shown how the activity of Ru can be increased in aqueous phase hydrogenation of

succinic acid under milder conditions, by using a vanadium based support.

4.2 Experimental
4.2.1 Catalyst synthesis

All the catalysts were prepared via wet impregnation method. Ru/V203z was
synthesized by dispersing 500 mg of V203 support in 20 mL water. Aqueous solution of
Ru(NO)NO3 was added to this dispersion to achieve 2 wt.% of ruthenium loading. Same
amount of Ru was used for impregnation on other supports. After impregnation the
catalysts were reduced at 400 °C for 1 h. Ru/V20s was prepared by chemical reduction
method to avoid the reduction of V.05 support. Same amount of V.05 and Ru(NO)NOs
were added to 20 mL of water followed by addition of 4 equivalent of NaBHa4. After
stirring for 15 mins the suspension was centrifuged and washed with water.

4.2.2 Catalyst characterization

XRD was measured with Rigaku MiniFlex using CuKa X-ray (A = 1.54 A)
operating at 40 kV and 20 mA. HR-TEM image was obtained in a JEOL JEM-ARM200F
atomic resolution electron microscope at an acceleration voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was performed with JEOL JPS-9010MC instrument.
Charge correction was made by adjusting the adventitious carbon peak to 284.6 eV. In
situ DRIFTS was carried out in Perkin Elmer spectrum 100 IR instrument with a MCT

detector.
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4.2.3 Succinic acid hydrogenation reaction

Succinic acid hydrogenation reaction was performed in a 10 mL stainless steel
autoclave reactor equipped with a teflon liner. In a typical reaction, 1 mmol of succinic
acid and 50 mg of catalyst were added to 5 mL water. The reactor was closed and filled
with 5 MPa of H gas and placed in an oil bath preheated to 150 °C and was stirred through
the entire course of reaction.

After the reaction, the reactor was cooled to room temperature and pressure was
released. Recovered reaction mixture was centrifuged to separate catalyst from liquid
product mixture. The product mixture was analyzed with a HPLC equipped with a

Aminex HPX 87H column and a RID detector.

4.3 Results and discussion
4.3.1 Succinic acid hydrogenation

Scheme 4.1 shows the reaction network of succinic acid hydrogenation reaction. As
a first elementary step, one of the carboxylic acid groups of succinic acid can undergo
either hydrogenation reaction or decarbonylation reaction depending on the nature of the
catalyst. Hydrogenation will lead to the formation of GBL. On the other hand,
decarbonylation will lead to loss of one carbon to form propionic acid. GBL can further
undergo a ring opening and hydrogenation to form 1,4-butanediol. Further
hydrodeoxygenation of 1,4-butanediol may lead to formation of butanol. GBL can also
undergo C=0 hydrogenation followed by hydrodeoxygenation to form tetrahydrofuran

(THF).
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Scheme 4.1. Reaction scheme for succinic acid hydrogenation. Bold solid arrow
represents major reaction pathway, regular solid arrow represents minor reaction

pathways and dotted solid arrow represents unfavorable reaction pathways.

We conducted succinic acid hydrogenation over using 2 wt.% Ru supported over
different supports. Ru/V203 showed 35 % GBL vyield at 58 % conversion after 4 h at 150
°C and 5MPa H; pressure (Figure 4.1). Propionic acid (4 %) was the major side product.
Yield of BDO, THF, BuOH was less than 3 % each. In contrast, Ru/V20s showed less
than 5 % yield of GBL along with 48 % yield of unknown products. Ru/SiO> catalyst
shows 13 % GBL yield at 20 % conversion, while Ru/Al>0s showed only 17 % GBL

yield at 38 % conversion.
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Figure 4.1. Comparison of activity of Ru succinic acid hydrogenation over different
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supports.

Silica support is generally considered as inert support and does not participate in
reaction. Hence, in the presence of 2Ru/SiO, it can be assumed that the activity is derived
mainly from Ru nanoparticles. Although the acidity of Al,Os is reported to have a role in
succinic acid hydrogenation,® the presence of water in our rection would deactivate the
Lewis acid sites on Al.Oz. Additionally, Al>O3 is prone to degradation to boehmite phase
under hydrothermal conditions.*® The low activity of 2Ru/V20s and the high activity on
2Ru/V>03 shows that V.03 support plays an important role in succinic acid hydrogenation

reaction.

When only V203 support was used as a catalyst, there was no product formation
(Figure 4.2a), but succinic acid conversion was 13 %. Considering V203 does not have
H> dissociation ability the loss of succinic could be simply due to adsorption on V203
surface. Ru loading of 2 wt.% was optimal and after 6 hours of reaction succinic acid was
completely converted with 77 % GBL yield. In comparison, only 51% yield of GBL was
obtained in the presence of 5Ru/V203 with 3.4 wt. % Ru Ru. It is worth nothing that the
reaction conditions used are considerably mild in comparison to those reported in
literature (150 °C, as opposed to 170 — 240 °C**16) and water was used as solvent instead

of 1,4-dioxane.
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Figure 4.2. (a) Succinic acid hydrogenation reaction with Ru/V203 catalyst with different
Ru loading. (b) Reaction time course with 2Ru/V>03. Reaction conditions : 1 mmol (118

mg) SA, 50 mg catalyst, 5 MPpa H>, 150 °C, 6 h for (a) and various time for (b).

Evolution of products over time was studied to understand the reaction pathway and
optimal reaction time (Figure 4.2b). After an initial induction period of about 0.5 h GBL
is evolved as the main product. The initial delay might suggest change in catalyst structure,
which then catalyzes the reaction. However, at this moment the reason of initial induction
period is not clear. Succinic acid was completely converted in about 6 hours and
maximum GBL yield was 77% at this time. At this point there were no unknown products,
which means the initial difference succinic acid conversion and product yield was likely
due to adsorption of succinic acid on the surface of catalyst. Further continuing the
reaction to 12 hours caused only a slight degradation of GBL to 1,4-butanediol, which
shows that GBL was stable under the reaction condition.

The 2Ru/V,0s3 catalyst was found to be recyclable at least up to 5 cycles and there

was no loss of activity during the recycling experiments (Figure 4.3a). The XRD of fresh
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catalyst showed only peaks for V203 species and peaks for Ru were not observed owing
to small size of metal nanoparticles (Figure 4.3b). After first use the intensity of V.03
peaks reduced and small peaks of VO> species were also present. The peak intensities
remained constant after five cycles. This result indicates that VO is either a spectator and
does not take part in the reaction or it plays a role in the reaction and a reversible transition

between V203 and VO2 happens during the rection, which keeps the VO2 amount constant.

a) Unknown b)
8000F «vo,

100 1 - Used
_ 80- g 6000 « Cycles
£ &
© 60 1 >
E G
~ [

2 40 - e

Q c

>_ —
20 ~

20 (degree)

Figure 4.3. (a) Catalyst recyclability study. 1 mmol (118 mg) SA, 50 mg catalyst, 5 MPa
H>, 150 °C, 6 h. (b) XRD of catalysts at different stages.

4.3.2 Catalyst characterization

Figure 4.4a and b show the deconvoluted XPS spectrum of reduced 2Ru/V,03
catalyst. The catalyst contained mostly metallic Ru species with a small amount of RuO-
species. V 2p XPS shows all the vanadium species are present in V3* oxidation state. O
1s XPS shows presence of lattice oxygen at 530 eV as well as 37 % oxygen vacancy (532
eV). Presence of high amount of oxygen vacancy in V203 is an indication of presence of
coordinatively unsaturated vanadium species, which can be helpful in coordination to

carbonyl oxygen.
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Figure 4.4. (a) Deconvoluted O 1s and V 2p XPS spectrum of 2Ru/V-0:s. (b) deconvoluted
spectrum of Ru 1s XPS spectrum of 2Ru/V203. (c) TEM images of 2Ru/V203 with FFT

of selected region (insert of right image).

Figure 4.4c and d show TEM image of 2Ru/V>0s3 catalyst. Dark color spots were
characterized as ruthenium nanoparticles from fast Fourier transformation (FFT) of
selected area highlighted by the yellow rectangle. The sports in FFT corresponded to
(002), (100) and (101) planes of hexagonal ruthenium crystal lattice. It is important to
note that ruthenium particles are covered by a thin layer of V203 which resembles the
occurrence of strong metal support interaction (SMSI) between support and Ru metal.

SMSI would increase the metal support interaction but would also reduce the
number of available Ru sites on the surface. In order to further quantify the availability

of surface ruthenium sites, a temperature dependent CO chemisorption study was
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conducted. Amount of CO adsorbed on catalyst reduced at different temperature is shown
in Figure 4.5. As the reduction temperature increased the CO adsorption capacity
decreased, indicating more and more Ru atoms are covered at higher temperature.
However, significant amount CO adsorption was detected for catalyst reduced at 400 °C.
Initial activity of the catalysts increased with increase in reduction temperature up to 400
°C and decreased significantly afterwards. Correlating the CO chemisorption trend and
initial activity suggests that, the SMSI effect on the catalyst increased activity by
increasing number of interfacial sites and after 400 °C, the active sites are severely

blocked, hence the decrease in activity.
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Figure 4.5. Corelation of CO chemisorption on 2Ru/V.0s; at different reduction
temperatures with initial acitivity in succinic acid hydrogenation reaction. Reaction

conditions : - SA 1 mmol (118 mg), catalyst 50 mg, H2 5 MPa, 150 °C, 4h.

4.3.3 Catalyst substrate interaction

To rationalize the influence of oxygen vacancy on V>0z surface and the SMSI effect
we investigated the interaction of succinic acid with 2Ru/V>0s. For investigation of the

mode of adsorption we used pivalic acid as a model compound to study carboxylic acid

85



adsorption over catalysts using DRIFTS analysis. Pivalic acid does not have any a-
hydrogen and it cannot undergo lactonization, which reduces the possibility of interaction
of other groups with the catalyst surface.

Figure 4.6a shows pivalic acid DRIFTS of 2Ru/V-0s3 catalyst. At room temperature
pivalic acid was present as physisorbed species (black line). When temperature was
increased to 50 °C under reduced pressure the intensity of peaks for physisorbed species
reduced and new peaks emerged in the region of 1500-1650 cm™. These peaks are
assigned to asymmetric stretching of adsorbed carboxylate species.***° The peaks around
1200-1500 cm shifted towards lower wavenumber. Their broadened shape indicates
contribution from corresponding symmetric stretching frequency of carboxylate species.

Figure 4.6b shows spectra corresponding to pivalic acid adsorption over different
catalysts at 50 °C. In case of pure V203, the peaks of physisorbed species disappeared
after heating, however pivalate peaks did not appear. Spectra of 2Ru/SiO> showed no
features in the 1500-1650 cm region, showing adsorption of pivalic acid over bare Ru
nanoparticle or silica was not favorable. When similar experiments were performed with
2Ru/V,0s the carboxylate peaks were not visible. These observations suggest that the
interface between V203 support and ruthenium was necessary to adsorb carboxylic acid
as carboxylate species. Moreover, influence of V.03 structure was also obvious, which
contains coordinatively unsaturated V3" species, instead of coordinatively saturated V°*
species found in V20s. In summary, over 2Ru/V203 catalyst carboxylic acid group is

activated via a dissociative adsorption.
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Figure 4.6. (a) In situ DRIFTS of pivalic adsorbed 2Ru/V.03 showing spectra after
adsorption at room temperature and after desorption at different temperatures. (b) Spectra
at 50 °C for different samples. The region highlighted with dashed rectangle shows peaks

for pivalate species.

Based on these observations we propose the following mechanism. The reaction
starts with adsorption of succinic acid as succinate species at the interface of Ru and V203
and localization of the proton on a nearby V.03 oxygen as shown in Scheme 4.2. After
hydrogen dissociation over Ru nanoparticle, the first step of hydrogenation happens via
a hydride transfer to the carbon of succinate group. This is followed by addition of another
hydride to the carbon and breaking of one of the C—O bond to release one water molecule.
In following reaction step cyclization dehydration takes place by abstraction of the proton
localized on V203 oxygen. The localization of proton on the V203 oxygen might play a
decisive role in the reaction as it shifts the dissociation equilibrium of succinic acid
towards succinate anion. The presence of succinic acid as adsorbed succinate anion can
make it more reactive by interfering with intermolecular hydrogen bonding between

carboxyl groups.
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Scheme 4.2. Proposed mechanism of succinic acid hydrogenation over 2Ru/V203 catalyst.

4.4 Conclusion

V03 support showed a positive effect on succinic acid hydrogenation reaction over
ruthenium catalyst and produced 77 % yield of GBL after 6 h of reaction. The catalyst
was highly recyclable and contrary to existing literature worked under milder conditions
and in the presence of water as a solvent. Pivalic acid adsorption DRIFTS experiment as
a model compound shows carboxylic acid group undergoes dissociative adsorption as
carboxylate group over 2Ru/V»03 catalyst. VO> phase was also detected in XRD during
catalytic cycles and its amount remained constant. We propose a mechanism where
localization of the abstracted proton on V203 oxygen helping in keeping the dissociation

equilibrium of succinic acid towards succinate anion making it more reactive.
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Chapter 5

Conclusion

Use of non-edible lignocellulosic biomass as a feedstock for chemical production
Is attractive in terms of carbon neutrality. This goal requires the development of synthetic
routes to value added chemicals that are currently being used in chemical industry. Two,
three, five and six carbon compounds are easier to produce from biomass because of
abundance of their platform chemicals and some of these chemicals are industrially
produced. On the contrary, four carbon chemicals are still prepared from fossil sources
because their formation requires oxidative or reductive C-C bond cleavage of larger
platform chemicals obtained from biomass. In this thesis, we have explored the
development of catalytic processes to produce four carbon chemicals from furfural that
can be derived from abundantly available xylose and fructose.

In Chapter 2, a catalytic process for glucose to fructose isomerization is explored.
Glucose is the most abundant biomass derived platform chemical and its conversion to
fructose is the first step in several catalytic pathways, including the formation of furfural.
For glucose isomerization, a Lewis acid catalyst was developed by anchoring highly
dispersed Sn species on the surface of SBA-15. The dispersed Sn species with tetrahedral
open sites were created on the surface of SBA-15 via simple impregnation by taking
advantage of the abundance of hydroxyl groups and high surface area. Characterizations
revealed that one active site could form with five silanol groups on catalyst surface.

Isotopic labeling study proved that glucose was isomerized via the 1,2-hydride shift
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mechanism, which validated the role of Lewis acid sites in our reaction. Turnover
frequency over this Sn/SBA-15 catalyst was two times in comparison to conventional Sn-
Beta catalyst.

Chapter 3 discusses oxidative C-C cleavage of carbonyl group in furfural to produce
succinic acid. Succinic acid can be a gateway to biobased four carbon chemicals. For this
reaction we have used a purely Lewis acidic Sn-Beta catalyst prepared by post-
impregnation method. This catalyst was selective and reusable for furfural oxidation to
succinic acid. NMR analysis of reaction mixture revealed that 2(3H)-furanone was the
key intermediate. Sn-Beta accelerated the formation of 2(3H)-furanone via Baeyer-
Villiger oxidation. Increase in Lewis acid density of the catalyst had a positive effect on
initial rate of reaction. Sn-Beta polarized the carbonyl group of furfural making the carbon
atom more electrophilic, which was then attacked by hydrogen peroxide to do Bayer-
Villiger oxidation reaction. In contrast, when TS-1 was used as Lewis acid catalyst for
comparison, maleic acid was produced, which was due to the formation of M-OOH
species leading to epoxidation of furfural ring. Similarly, Brgnsted acidic HBeta-38
zeolite produced a mixture of products as it reacted with hydrogen peroxide. The peculiar
nature of Sn-Beta to activate furfural and not to react with hydrogen peroxide makes it a
suitable catalyst for this reaction.

In Chapter 4, the use of succinic acid as precursor to synthesis of y-butyrolactone
(GBL) is discussed. GBL is a four-carbon lactone that serves a green aprotic solvent and
chemical precursor. All the catalysts reported in literature for this reaction use 1,4-
dioxane as solvent and expensive metals like Pd or Au as catalysts. In contrast, we found
that Ru can also activate succinic acid in agueous phase when supported on a suitable
metal oxide. Ru/V>03 catalyst showed improved activity compared to other supports such
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as V20s, SiO2 and Al2Os. In situ DRIFTS study with pivalic acid as a model carboxylic
acid suggested that succinic acid undergoes dissociative adsorption at the interface of Ru
metal and V203 support. The catalytic activity was stable for at least five cycles. Some
amount of VO phase was observed after the reaction which remained constant through
multiple cycles. We propose a mechanism involving dissociative adsorption of succinic
acid on Ru/V203 followed by hydrogeneration in which the ability of V.03 support to
localize abstracted proton of succinic acid played a crucial role.

As a thesis this work is focused on creating chemical pathways for synthesis of four
carbon chemicals from biomass. Future works in this direction requires development of
economically viable catalytic routes for production of succinic acid or maleic acid as
platform chemicals and their transformation to value added chemical such as 1,4-
butanediol and butadiene. Majority of current four carbon chemicals are produced from
butane as starting material, which is a fossil-based resource. Although succinic acid is
being recognized in the literature as a platform chemical and its hydrogenative
transformation to other chemicals are at developmental stage, there is not much research
on catalytic production of succinic acid from biomass. More effort should be dedicated
to Lewis acid catalysts for succinic acid synthesis from furfural. In addition, use of
transition metals to replace H.O> with molecular O is highly desired. Similarly, future
research for conversion of succinic acid to downstream chemicals should be done without

use of organic solvents and precious metal catalysts.
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