Sustainable Feedstock to Acrylic Acid using H-Y

zeolites

Master’s Thesis

Ramin Majidov

Supervisors: Prof. Dmitry Murzin,

Associate Prof. Paivi Maki-Arvela and Docent Narendra Kumar

Laboratory of Industrial Chemistry and Reaction Engineering
Faculty of Science and Engineering

Abo Akademi University Turku/Abo 2023, Finland



Abstract

Ramin Majidov Sustainable feedstock to chemicals using H-Y zeolites

Carried out under the supervision of Professor Dmitry
Murzin, Associate Professor Paivi Miki-Arvela and
Master’s Thesis Docent Narendra Kumar in the laboratory of Industrial

Chemistry and Reaction Engineering (Teknisk kemi och

reaktionsteknik), Abo Akademi University, Abo/Turku

Methyl lactate, lactic acid, methanol, zeolites, sugars,
Keynotes ) ..
glucose transformations, catalyst characterizations

This academic master thesis focuses on the synthesis, characterization, and testing of H-Y zeolites
as catalysts for the synthesis of methyl lactate from glucose. The objective of this work was to
explore the potential of H-Y zeolites as catalysts for this reaction and to optimize their performance

through various modifications.

The synthesis of H-Y zeolites was carried out using a hydrothermal method, and their structural
characterization was done using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The H-Y zeolites were modified using various methods such as dealumination, ion-
exchange, and impregnation, and their properties were characterized using a range of techniques
including Fourier transform infrared (FTIR) spectroscopy, nitrogen physisorption, and

transmission electron microscopy (TEM).

The synthesized and modified H-Y zeolites were then tested as catalysts in the transformation of
glucose to methyl lactate. The reaction conditions were optimized to achieve the maximum yield
of methyl lactate. The performance of the catalysts was evaluated by measuring the conversion of

glucose and selectivity and the yield of methyl lactate and other products.

The results demonstrated that the H-Y zeolites with the SiO2/Al>Os ratio 30, modified by Sn and
K exhibited the highest performance resulting in 85% of yields and full conversions at 150 °C, 30
bar, 720 rpm with 0.9 g of the catalyst loading. The nitrogen physisorption analysis showed that



modification by Sn and K increased the surface area and pore volume of the zeolites, which may
have contributed to their improved catalytic activity. The FTIR spectroscopy analysis revealed the
importance of Lewis and Brensted acid sites in the modified H-Y zeolites, which are known to be
crucial for methyl lactate formation from glucose. A high Brensted/Lewis acidity ratio is beneficial
for the desired product. Moreover, absence of strong Bronsted and Lewis acid sites in the catalyst

resulted in formation of more than 60% methyl lactate yield under the same reaction conditions.

Overall, this work demonstrates the immense potential of H-Y zeolites as effective catalysts in the
transformation of glucose to methyl lactate. The comprehensive analysis of catalyst performance
and the insights gained from various modifications pave the way for future research endeavors

aimed at advancing the field of sustainable and efficient catalysis for biomass transformation.
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1. Introduction

Tin-containing zeolites have demonstrated remarkable catalytic activity in a diverse range of Lewis
acid-driven transformations involving various substrates'. These zeolites have been particularly
effective in promoting reaction cascades leading to the production of y-valerolactone or lactic
acid/alkyl lactates, showcasing their exceptional catalytic performance across a wide array of
chemical conversions. The focus on the latter transformation has intensified recently, driven by the
quest for reliable and efficient chemo-catalytic routes for the production of lactic acid that can
circumvent the challenges associated with its industrial production via fermentation?. The
advancement of Sn-zeolite and its utilization in the one-pot conversion of sugar monosaccharides
into alkyl lactates represent two significant breakthroughs in this field. However, research indicates
that other Sn-containing zeolites, such as MWW or FAU-type zeolites, also exhibit notable
catalytic activity in various transformations®. In fact, certain zeolite structures present more
accessible and desirable options as starting materials for the synthesis of tin-containing zeolite

catalysts, owing to their ease of preparation on a larger scale compared to other materials.

Lactic acid plays a pivotal role as an intermediate in the production of alkyl lactates, propylene
glycol, propylene oxide, acrylic acid, and poly (lactic acid), making it a critical commodity
chemical®. Its applications have been extended to various industries including food, medicine,
cosmetics, and the growing interest in lactic acid-based biopolymers!. The lactic acid market was
valued at USD 1.19 billion in 2021 and is projected to reach USD 3.35 billion by 2028, indicating
a continuous surge in demand®. Traditionally, lactic acid is produced through fermentation using
carbohydrates. However, the lactic acid obtained from this process is impure and the productivity
is limited. It has been extensively documented that the conventional lactic acid production method,
addressing engineering aspects and purification techniques, such as electrodialysis, is associated
with fermentation-based lactic acid production®. There is a need for new catalytic processes to
produce lactic acid efficiently from both carbohydrates and lignocellulosic materials, which are
more abundant and cost-effective than carbohydrates. Hydrothermal crystallization techniques
have been employed to synthesize defect-free tin-containing zeolites, but these processes are
challenging and time-consuming, leading to limitations in metal loading and formation of large

zeolite particles that hinder diffusion of reactants and products®. Dealumination and/or desilication
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of the starting zeolite followed by metalation, which is a common post-synthesis zeolite metalation
procedure, involves the creation of vacancies within the crystal framework that can be occupied by

metal species’.

Despite the wide range of applications and available resources concerning Sn-Beta zeolites, limited
investigations have been conducted on Y zeolites. The distinctiveness of this study lies in the
underexplored nature of USY zeolites, which captures attention and distinguishes it from existing

research.
1.1. Short literature review

Sustainable chemistry is becoming increasingly important when mitigating the challenges of
climate change and environmental degradation. In this context, one promising approach is the use
of renewable feedstock to produce valuable chemicals and materials. Methyl lactate is one such
chemical that has received attention due to its potential as a green solvent, a fuel additive, and an

intermediate for the synthesis of other chemicals.

In the recent years, there has been growing interest in the use of Y zeolites as catalysts for the
tranformation of sugars into methyl lactate. Y zeolites are a type of microporous aluminosilicate
material with a high surface area and acidity, which make them suitable for a variety of catalytic
applications. The use of Y zeolites in the transformation of sugars to methyl lactate has several
advantages, including high yields, selectivity, and recyclability, as well as the ability to use a

variety of sugar feedstocks.

Several studies have investigated the use of different types of Y zeolites in the synthesis of methyl
lactate from sugars reporting a series of Y zeolites with different Si/Al ratios and their performance
in the transformations of glucose to methyl lactate. It was found that the Si/Al ratio had a significant
effect on the activity and selectivity of the catalyst, with a Si/Al ratio of 10 resulting in the highest
methyl lactate yield of 46.6% at 160 °C8. Furthermore, the addition of a small amount of Ce to the

Y zeolite improved the activity and stability of the catalyst®.

A hierarchical Y zeolite with a bimodal pore size distribution was applied in the synthesis of
methyl lactate from fructose’. The results revealed that the hierarchical Y zeolite exhibited higher

activity and selectivity than conventional Y zeolites, with a methyl lactate yield of 49.7% at 150°C
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after 4 hours. In addition, the hierarchical Y zeolite could be easily regenerated and reused, making

it a promising catalyst for the conversion of sugars to methyl lactate’.

In addition to Y zeolites, other types of catalysts have also been investigated for the transformation
of sugars to methyl lactate. For example, a mesoporous silica-supported tungsten catalyst was
synthesized and used for the transformation of glucose to methyl lactate'®. This catalyst exhibited
high activity and selectivity, with a methyl lactate yield of 63% at 160°C after 3 hours.
Furthermore, the tungsten containing catalyst could be easily recovered and reused, making it a

promising catalyst for the conversion of sugars to methyl lactate.

Table 1 displays the maximum achieved methyl lactate yields obtained from the transformation

of glucose and their derivatives in diverse research studies.

Table 1: The highest yield of methyl lactate in transformation of glucose in different studies

N Catalyst Conditions X [%]/Y other | Ywmr [%] | Ref.
products [%]
1 [K]-Sn-USY 30 bars, 150 °C, 0.266 mol L', 99 70 1
glu/cat 1.2 wt/wt, 6h, methanol
2 Sn-Beta 5 bar N», 160 °C, 0.137 mol L, n/a 52 14
glu/cat 1.6 wt/wt
3 Sn-Beta-H-0.3* | 5 bar Ny, 160 °C, 0.14 mol L', glu/cat 99 58 12
1.6 wt/wt

4 Sn-Beta-H-0.3* | 5 bar Ny, 160 °C, 0.14 mol L', glu/cat 100 41 12
1.6 wt/wt, 10 h, ethanol

5 Sn-Beta-H-0.3* | 5 bar Np, 160 °C, 0.14 mol L', glu/cat 100 29 12

1.6 wt/wt, 10 h, n-butanol
6 Sn-Beta-4h 5 bar Np, 160 °C, 0.08 mol L', glu/cat n/a 48 15
1.6 wt/wt, 10 h
7 Sn-Beta-9h 5 bar Ny, 160 °C, 0.08 mol L', glu/cat n/a 43 15
1.6 wt/wt, 10 h

8 Sn-Beta-9h 5 bar Np, 160 °C, 0.08 mol L', glu/cat n/a 29 15
1.6 wt/wt, 10 h, ethanol

9 Sn-Beta-9h 5 bar Ny, 160 °C, 0.08 mol L', glu/cat n/a 20 15

1.6 wt/wt, 10 h, n-butanol

10 Sn-Beta 10 bar N, 160 °C, 0.125 mol L™, 97 52 15
glu/cat 1.4 wt/wt, 20 h

11 Sn-Beta 10 bar N, 160 °C, 0.125 mol L™, n/a 38 15

glu/cat 1.4 wt/wt, 20 h, ethanol
12 Sn-Beta 10 bar N, 160 °C, 0.125 mol L™, n/a 25 15
glu/cat 1.4 wt/wt, 20 h, n-butanol

13 Sn-MWW-nano 10 bar Ny, 160 °C, 0.12 mol L, n/a 36 16

glu/cat 1.4 wt/wt, 20 h




14 deAl-Sn-Beta 160 °C!0.14 mol L, 3 wt.% n/a 13 14
(100) glucose in MeOH, glu/cat 3 wt/wt, 5 h
15 deAl-Sn-USY 160 °C*!. 0.14 mol L, 3 wt.% n/a 13 14
(25) glucose in MeOH, glu/cat 3 wt/wt, 5 h
16 Sn-Beta-(150) 160 °Cll, 0.132 mol L', glu/cat 2.4 100 47 14
HT, (HF) wt/wt, 12 h
17 Sn-Beta 5 bar N», 160 °C, 0.137 mol L, n/a 47 12
10 h
18 K-Sn-USY 170 °Cl*!, 0.26 mol L™, glu/cat 2.4 98 40 14
wt/wt, 12 h, MW
19 Sn-USY 160 °Cl), 0.13 mol L, glu/cat 2.4 98 32 14
wt/wt, 2 h, MW
20 Sn-Beta 40 bar He, 200 °C, 0.11 mol L, 98 58 17
(mesoporous) glu/cat 0.75 wt/wt, 0.5h, water
21 Mg-Sn-Beta 4 bar N, 160 °C, 0.14 mol L', glu/cat 99 48 18
1.9 wt/wt, 5h
22 Zn-Sn-Beta 10 bar, 190 °C, 0.12 mol L™, glu/cat 99 45 19
1.4 wt/wt, 2 h, water
23 Zr-SBA-15 27.6 bar N, 240 °C, 0.06 mol L, n/a 37 20
glu/cat 2.0 wt/wt, 6 h
24 | AlLOs, calcined at 5 bar Ar, 160 °C, 0.06 mol L, <99 34 2
160 °C 6h
25 Sn/(salen)IL 20 bar N, 160 °C, 0.06 mol L, 100 40 2
glu/cat 1.4 wt/wt, 20 h
26 | FexO; SnO, with | 10 bar, 160 °C, 0.06 mol L™, glu/cat 99 35 3
0.2 molar ratio of 1.4 wt/wt, 20 h
Fe/(Fe + Sn)
27 Mg-MOF-74 220 °Cl¢1, 0.037 mol L™, glu/cat 3.0 100 35 2
wt/wt, 3 h, methanol
28 | 12 wt.% In/ALL,O; 180 °C, 0.03 mol L', glu/cat 2.0 n/a 42 2
wt/wt, 10 h, methanol/water 13.2 v/v
29 v-NiOOH (Ni/2- 200 °C'l, 0.044 mol L', glu/cat 2.0 100 40 26
Hmim-4) wt/wt, 3 h
30 UZAR-S4 160 °C, 0.013 mol L', glu/cat 1.4 n/a 49.9 7
wt/wt, 20 h

Notation: *0.3 notes the concentration (mol/l) of TEAOH added in the synthesis of Sn-Beta
zeolite.

Notably, the utilization of K and Sn modified ultra stable Y (USY) zeolites has yielded a
remarkable maximum yield of 70%. This outcome was attained through the nearly complete
conversion of glucose over a reaction period of 6 hours, conducted at a pressure of 30 bars and a
temperature of 150 °C'. In addition to the aforementioned zeolites, numerous studies have
explored the potential of Sn-beta zeolites as catalysts for this purpose. Diverse techniques and
reaction conditions were employed, leading to the discovery Sn-Beta synthesized with the presence

of tetraethyl ammonium hydroxide (TEAOH) acting as a mineralizer, which demonstrated a methyl
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lactate yield of 58%'2. This particular zeolite was reacted at 5 bar N», 160 °C, and an initial glucose
concentration of 0.137 mol L*!. Furthermore, recent investigations have identified strontium as a
promising active metal in the context of this reaction. Analogously, the utilization of strontium

resulted in a methyl lactate yield of 53% with complete conversion of glucose after 24 hour!?.

Overall, the use of Y zeolites as catalysts for the production of methyl lactate from sugars has
shown a great promise. However, there are still several challenges that need to be addressed. For
example, the use of expensive raw materials, such as fructose, can limit the economic viability of
the process. In addition, the use of harsh reaction conditions, such as high temperatures and
pressures, can lead to undesirable side reactions and catalyst deactivation®®. Future research in this
area should focus on developing more efficient and sustainable processes for the transformation of

sugar to methyl lactate using Y zeolites.
1.2. Scope of work

Currently, the large-scale production of acrylic acid (AA) involves a two-step oxidation process of
propylene?®. AA finds extensive application in the synthesis of various functional materials,
including superabsorbent resins. However, due to concerns regarding the potential scarcity of fossil
resources, there has been a growing focus on developing sustainable methods for the one-step
dehydration of lactic acid (LA) to produce AA*°. This approach has garnered significant attention

as a promising avenue for future AA production.

The initial phase of this project, described in this thesis, focuses on the transformation of glucose
to methyl lactate (ML) as a means to environmentally friendly AA production. The primary
objective is to identify a catalyst that exhibits superior performance, leading to high ML yield and
selectivity. The chapter provides a comprehensive overview of the theoretical background relevant
to the project, encompassing all necessary technical details essential for conducting experiments

and interpreting the obtained results.
1.3. Chemicals

In order to gain comprehensive understanding of the reaction mechanisms pertinent to this study,
it is essential to possess knowledge regarding the chemical characteristics of both the feedstock

carbohydrates and the resulting methyl lactate and lactic acid. The subsequent sub-chapters
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describes details into the industrial applications of these compounds and explore how their

chemical properties can offer advantages or limitations at different stages of the reaction process.
1.3.1. Glucose

Glucose, characterized by the molecular formula CsH120s, is a simple sugar and one of the most
abundant monosaccharides found in nature. It serves as a key building block for the synthesis of
cellulose, the most prevalent carbohydrate worldwide®!. Plants and a large portion of algae produce
glucose through the process of photosynthesis, wherein water and carbon dioxide are converted
into glucose with the aid of solar energy. Each glucose molecule contains five hydroxyl groups
(Figure 1), which can undergo transformations and conversions into various chemicals or
substances. This property is significant in the context of the reaction scheme for the formation of

methyl lactate, which will be elucidated in subsequent sections.

OH OH
V7 OH

OH OH OH

Figure 1: Glucose molecule
In contrast to methanol and ethanol, glucose exists as white or colorless solid substance that exhibit
moderate solubility in acetic acid and water. These solids possess melting points of 146 °C and 150
°C, respectively, and undergo decomposition at 188 °C, releasing various volatile products while
leaving behind a carbon residue. In aqueous solutions at 25 °C, glucose has a pK value of 12.16.
Glucose is categorized as a hexose, belonging to the subclass of monosaccharides characterized by
the presence of six carbon atoms. Among the sixteen possible stereoisomers of aldohexoses,
glucose specifically refers to the D-isomer, also known as dextrose, which is occurring naturally.
On the other hand, the L-isomer (L-glucose) does not naturally exist. Glucose can be obtained by
hydrolyzing different carbohydrates such as lactose, sucrose, maltose, cellulose, glycogen, and
others. Tapioca, potato, and wheat starch are commonly utilized raw materials for dextrose
production in the United States and Japan. The process involves hydrolysis followed by enzymatic
depolymerization through controlled pH pressurized steaming®?. Glucose is an essential constituent

of honey, present in an unbound form.
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1.3.2. Methanol

Methanol, also known as methyl alcohol or wood spirit, is the simplest aliphatic alcohol with the
chemical formula CH3OH, where a methyl group is attached to a hydroxyl group. It is a colorless,
volatile, flammable liquid that exhibits a distinct alcoholic odor reminiscent of ethanol.
Historically, methanol acquired the nickname "wood alcohol" due to its primary production method
involving the destructive distillation of wood. In modern times, the industrial production of

methanol relies on the hydrogenation of carbon monoxide?”.

Pure methanol holds great importance in chemical synthesis as a vital component. Its derivatives
are extensively employed in the synthesis of significant compounds such as synthetic dyestuffs,
resins, pharmaceuticals, and perfumes. Methanol is utilized in large quantities for the production
of various compounds®*. Notably, it is transformed into formaldehyde for the production of
synthetic resins and dimethylaniline for dyestuffs. Additionally, methanol serves as a general
solvent and finds applications in rocket fuels, automotive antifreeze, and potentially as a high-

octane, clean-burning fuel for replacing gasoline in automobiles®>.

Physically, methanol is a colorless liquid that solidifies at -93.9 °C and reaches its boiling point at
64.96 °C. It forms explosive mixtures when combined with air and burns with a nonluminous
flame. Methanol exhibits complete solubility in water. It is important to note that methanol is a
toxic substance, sharing a similar odor with ethyl alcohol, the intoxicating component of alcoholic
beverages. Consumption of mixtures containing methanol has resulted in numerous cases of

blindness or even death.
1.3.3. Lactic acid

Lactic acid is a type of organic acid with a molecular formula of CH3;CH(OH)COOH. It exhibits
white color in its solid state and forms a clear solution when dissolved in water. The production of
lactic acid involves both synthetic methods and utilization of natural resources. Lactic acid is
classified as an alpha-hydroxy acid (AHA) due to the presence of a hydroxyl group adjacent to the
carboxyl group. It serves as a synthetic intermediate in various organic synthesis and biochemical
industries. The lactate anion, also known as lactate, is the conjugate base of lactic acid, while the

derived acyl group is referred to as lactoyl®.
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Lactic acid, often abbreviated as LA, is the most abundant hydroxycarboxylic acid found in nature.
It plays a crucial role in the production of biodegradable polymers, solvents, and oxygenated
chemicals*. Currently, industrial-scale production of lactic acid is primarily achieved through the
anaerobic fermentation of sucrose and glucose using microbial fermentation. This method
overcomes the thermal instability issues associated with carbohydrates, which is inherent to the
biochemical nature of the process. However, there are certain limitations and challenges associated
with this fermentation method. If a chemical, which can act as a consistent base, is not added to
neutralize the system, the acidity of the reaction mixture increases during lactic acid production
due to the gradual deactivation of the bacteria®’. Additionally, a significant amount of salt waste is
generated during the separation of lactic acid from the fermentation broth, necessitating complex
purification and separation steps for its removal. To align the process with the principles of green
chemistry and ensure economic viability, it is crucial to develop cost-effective and efficient

production methods for lactic acid®’.
1.3.4. Methyl lactate

Methyl lactate is an organic compound represented by the formula depicted in the Figure 2. It is
commonly known as lactic acid methyl ester and serves as the methyl ester derivative of lactic acid.
As the simplest chiral ester, it exists as a colorless liquid. Methyl lactate is readily available as a
single enantiomer due to its natural origin. It exhibits the ability to dissolve nitrocellulose, cellulose
acetate, cellulose acetobutyrate, and cellulose acetopropionate. This property contributes to its
utility in the production of lacquers and dopes, as it imparts high diluent tolerance and offers

favorable characteristics such as excellent flaw and blush resistance’®.

@)
L
O

OH
Figure 2: Methyl lactate formula
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1.4. From sugars to methyl lactate

Figure 3 presents a visual representation of the primary steps involved in the conversion of sugars
into methyl lactate (ML). The process begins with the isomerization of glucose to fructose.
Subsequently, fructose undergoes retro-aldol condensation, resulting in the formation of two Cs
compounds: glyceraldehyde and dihydroxyacetone. The subsequent step involves the
transformation of these C3 compounds into pyruvaldehyde. This transformation can occur through
either the addition of methanol, leading to the formation of pyruvaldehyde dimethyl acetal
(PADA), or a redox reaction, resulting in the formation of highly thermodynamically stable ML*.
It is important to note that PADA molecules can undergo a 1,2-hydride shift to further convert into
ML, as depicted in Figure 3. However, it is worth mentioning that there is also a possibility of the
formation of a side product called 1,1,2,2-tetramethoxypropane from PADA. During the retro-aldol
condensation, a six-membered ring is formed as a transition state, facilitated by a Sn active site
bonding to an oxygen atom on each of the Cz and C4 carbon atoms of the fructose molecule. This

transition state is particularly favored under high temperature conditions™.

OH OH OO~
_0 +MeOH HO

HO™ ™ — HO" "OH
OH OH OH
d-glucose methyl glucoside

OH O o]

HO _ OH (o Ny
OH OH o
d-fructose methyl levulinate

O‘\E/O\

o] OH methyl formate

Ho\)k/OH = HO\)\4O

1,3-dihydroxyacetone glyceraldehyde

-H,O

(o]
o A

pyruvaldehyde

+H,0

o]

o
+MeOH
OH—~ (okdl

OH OH
lactic acid methyl lactate

Figure 3: Reaction network of glucose to ML
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2. Theory

Theoretical aspects of the completed research work are covered in this chapter. Methods
for synthesis and physio-chemical characterization of catalysts, as well as information about their

structure, are discussed.
2.1. Homogeneous and heterogeneous catalysts

Catalysis involves the acceleration of a chemical reaction through the addition of a catalyst to the
reaction mixture. Catalysts play a crucial role in speeding up reactions without being consumed or
undergoing any permanent changes themselves, as depicted in Figure 4. Even minute quantities of
catalysts are often adequate when the reaction proceeds rapidly, and the catalyst can be efficiently
regenerated*’. The rate of the reaction is influenced by many factors such as synthesis methods and
parameters of catalyst, and reaction conditions. Generally, catalysts interact with reactants to form
intermediate species, which subsequently lead to the production of the desired final product,

thereby enabling the catalyst to be regenerated for further use*.

R (reactant)

Catalyst Catalyst-R

P (product)
Figure 4: Catalytic cycle reproduced from
Murzin, D. Y. Engineering Catalysis (2020)

Homogeneous catalysis refers to a system where all the components, including the catalyst, are in
the same phase as the reactant, typically a gas or liquid. On the other hand, heterogeneous catalysts
are present in a phase different from the reactant. Enzymes and other biocatalysts are often
considered as a separate category being in fact either homogeneous or heterogenous. Catalysis
finds extensive application across various sectors of the chemical industry, with approximately
90% of commercial chemical products utilizing catalysts at some stage of their production
process*!. As homogeneous catalysts operate in the same phase as the reactants, this limits their

reactivity, making them less versatile compared to heterogeneous catalysts.
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Some examples of homogeneous catalysts include the use of metal catalysts for alkene
hydrogenation, catalysts for acid-base reactions, organometallic complexes, and certain gaseous

catalysts involved in significant reactions like ozone depletion in the atmosphere*?.

Heterogeneous catalysis, on the other hand, plays a dominant role in the chemical industry and
currently holds a significant share of the industrial catalyst market. These catalysts, usually in solid
form, offer advantages in terms of separation and recyclability*’. Their solid nature allows for
effective separation of the reaction products from the catalysts, which is crucial in both batch and
continuous processes. Historically, the key distinctions between homogeneous and heterogeneous
catalysts have been their separability and recyclability. Heterogeneous catalysts benefit from easier
and less expensive separation techniques. Furthermore, spent heterogeneous zeolite catalysts after

separation can be regenerated and reused in the chemical production processes.
2.2. Zeolites

Zeolites are crystalline solids that possess distinctive structural features and microporous surfaces.
These materials typically consist of silicon, aluminum, and oxygen atoms within their framework,
along with cations, water molecules, and/or other molecules residing in their pores. While some
zeolites are naturally occurring minerals that can be found abundantly through mining operations
worldwide, others are synthetic and synthesized either for academic interests or produced

commercially for specific applications*.

e P
j
bd

cage
Figure 5: Framework structure of a zeolite adapted

from International Zeolite Association (1ZA)

The unique porous properties of zeolites make them highly versatile and widely utilized in various
fields, resulting in a global market demand of several million tons annually**. Applications of

zeolites are found in gas and solvent separation and removal, ion exchange processes for water
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softening and purification, as well as in refining and chemical industry. Additionally, zeolites are
employed in agriculture, animal husbandry, and construction. They are often referred to as
molecular sieves due to their ability to selectively allow the passage of small molecules through

their connected cages, cavities, or channels**.

The distinguishing feature of zeolites lies in their framework, which consists of interconnected
tetrahedra. These tetrahedra are composed of silicon atoms positioned at the corners and oxygen
atoms at the centers. By linking these tetrahedra at their corners, a diverse range of intricate
structures can be formed. These frameworks can contain interconnected cages, cavities, or channels
that possess pore sizes optimized for the selective passage of small molecules. The diameter of

these pores typically falls within the range of approximately 3 to 10 A%,

Zeolites are currently known to be more than 200 distinct framework structures®. Other
compositions, such as the expanding class of microporous aluminophosphates, or ALPOs, have

also been synthesized in addition to those with silicon or aluminum as the tetrahedral atom*.

2.3. Properties of zeolites
Zeolites possess a porous structure that enables the passage of a diverse range of cations, including
Na®, K*, Ca**, Mg?*, and others. These positively charged ions are loosely held within a contacting
solution and can be readily exchanged for different ions. Analcime, chabazite, clinoptilolite,
heulandite, natrolite, phillipsite, and stilbite are among the prominent varieties of zeolite minerals.
For instance, natrolite has a chemical formula of Na;Al>S130102H>0. Depending on their acidity,

these zeolites with exchanged cations can catalyze various acid-catalyzed reactions*®.

Zeolites belong to the group of microporous aluminosilicate minerals known as "molecular sieves."
These minerals primarily consist of silicon, aluminum, oxygen, and may incorporate metals such
as titanium, tin, or zinc. The term "molecular sieve" describes the property of these materials to
selectively separate molecules using a size exclusion mechanism, facilitated by their highly regular
pore structure at the molecular level*’. The pores of zeolites can only accommodate molecules or
ions of specific sizes, determined by the dimensions of the channels. The designation of "eight-

ring" refers to a closed loop formed by eight silicon (or aluminum) atoms and eight oxygen atoms
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within the zeolite structure. The size of these rings is typically defined by the aperture's ring size.
However, due to various factors such as strain resulting from bonding or coordination of oxygen

atoms to cations within the structure, many zeolites exhibit non-cylindrical pores.

The pore of FAU consists of a circular 12-ring channel with a window diameter of 0.74 nm
connecting almost spherical 1.18 nm cavities (Figure 6)*3. Its application in fluid catalytic cracking
(FCC) and hydrocracking processes has brought about a transformative advancement in the
petroleum refining industry. Zeolite Y has also shown promising catalytic activity in biomass
conversion. The primary active component in industrial cracking catalysts typically comprises
ultra-stable Y (USY) zeolite, which is derived from post-synthesis dealumination of conventional
zeolite Y. The dealumination process is intricate, time- and energy-intensive, but it can enhance
the SiO2/AlOs; (SAR) ratio in structures of zeolites, (hydro)thermal stability, and introduce

mesoporosity. However, an unfavorable gradient of dealumination inevitably emerges®.

s

Figure 6: Y zeolite structure with the isopulegol
molecule inside, adapted from [32]

2.3.1. Structural and topological properties
The effectiveness of a catalyst in catalyzing reactions is significantly influenced by its structural
and topological characteristics®®. The distinction in porosity between mesoporous materials and
microporous zeolites has several consequences, with the most notable being the increased
incorporation of metal ions into the framework. Similarly, the topology of zeolites has a substantial

impact on the adsorption and diffusion of carbohydrates within their pore structure’’.
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To avoid mass transfer limitations, pore blockage, and to ensure a uniform distribution of acid sites,
a sufficiently large pore structure is required®. For example, it has been observed that Sn-Beta
catalysts exhibited higher activity compared to catalysts with narrower pore structures such as MFI
zeolites (10-membered ring, 0.55-0.6 nm pore sizes*) in the aldose-ketose isomerization of glucose
to fructose®*. In such cases, the introduction of secondary pore systems and nanostructuring has the

potential to enhance this limited reactivity, leading to the emergence of hierarchical zeolites.

Zeolites possessing hierarchical porous architectures have demonstrated remarkable catalytic
efficacy in diverse reaction scenarios, surpassing the performance of conventional catalysts.
Furthermore, these zeolites exhibit additional advantageous catalytic properties®. This is partially
attributed to their hierarchical structure, which allows for a higher loading of Sn in the framework
due to larger diameter hierarchical pores'®. Consequently, this facilitates the cleavage of carbon

bonds in the fructose molecule, leading to improved conversion to ML?.

2.3.2. Lewis and Brensted acidity
Crystalline aluminosilicates, specifically zeolites, possess acidic sites resulting from the
substitution of aluminum for silicon in the silica framework, enabling their application in catalysis.
It is important to note that the presence of protons in zeolites balances the charge of AI*",
contributing to their strong Brensted acidity. The availability of protons and Lewis acid sites, which
can function as solid acids by accepting electrons, is closely associated with the mechanism of

acid-catalyzed reactions*’.

The selectivity toward ML (methyl lactate) in the methanol-mediated of triose sugars was found to
be influenced by the Lewis acidity of the catalyst, similar to the impact of tin incorporation>®.
Achieving a remarkable level of selectivity towards ML can be accomplished through the
utilization of a zeolite catalyst that possesses redox activity. This is due to the involvement of a
redox step in the reaction pathway during the formation of ML¢. The resemblance of this redox
step was also highlighted to the Meerwein-Ponndorf-Verley reduction and Oppenauer oxidation
(referred to collectively as MPVO-redox), where a Lewis-acidic catalyst facilitates the reduction

157

of a ketone or aldehyde by an alcohol”’. Zeolites with low or no Brensted acidity are known to
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exhibit active MPVO-redox properties. Furthermore, it is well-established in the literature that
Bronsted acid catalysts tend to favor formation of the side products such as PADA, rather than

ML,

In contrast, recent findings have demonstrated that a Brensted acidic catalyst exhibits both
exceptional catalytic activity and selectivity in the conversion of trioses into ML>®, This contradicts
earlier studies that proposed a correlation between low levels of Brensted acidity and high levels
of Lewis acidity with elevated ML yields. On the other hand, it was recently demonstrated that
Brensted acids catalyze dehydration of fructose into HMF (hydroxymethylfurfural), considered
typically as a side product®®. Consequently, the primary objective of this research is to enhance the
Lewis acidity of the catalysts while minimizing Brensted acidity, and to investigate the resulting

effects.

2.3.3. Catalytic trinity
In industrial processes, the key criteria for a catalyst revolve around the three fundamental aspects
of catalysis: activity, selectivity, and stability. Activity pertains to the catalyst's capacity to facilitate
a process within a reasonable contact time, which directly impacts reactor dimensions and process
capacity. In situations where the activity falls short, it is possible to compensate the low acidities
by increasing the catalyst quantity or employing alternative measures, such as raising the
temperature. However, selectivity of the catalyst holds a paramount importance, as it determines
its ability to selectively promote the desired reactions. Additionally, the catalyst must exhibit

adequate stability under the operating conditions to ensure sustained and reliable performance*.

2.3.4. Fresh and the spent catalysts
In the context of this study, the term "fresh catalyst" denotes a recently prepared catalyst that has
not undergone any reaction. Conversely, the term "spent catalyst" refers to a catalyst that has been
employed in a reaction and subsequently separated from the reaction medium through filtration.
To ensure clarity and avoid any potential confusion, these terms will be utilized throughout this
work to differentiate between the catalysts under examination and their respective characterization

methods and results.
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2.4. Catalyst synthesis methods
Heterogeneous catalysts are sophisticated products obtained through various chemical processes.
The preparation of solid catalysts involves a series of steps, and the quality of raw materials utilized
significantly influences their catalytic properties. In the laboratory, specific catalyst preparation
techniques are selected based on the desired physical and chemical characteristics of the final
composition, making the process comprehensible. Moreover, the choice of base materials also
influences the preparation methods, and it has been observed that different approaches can be
employed even for a specific base material. To outline the key stages involved in catalyst synthesis,
the following sequential steps can be followed to prepare a catalyst®’:
1) Precipitation: This step aims to precipitate a solid from a liquid solution. While each step in
the preparation process can be thought of as a precursor to the one after it, the precipitation
creates the imprint or latent image of the final solid that subsequent operations will gradually

reveal. Supersaturation, nucleation, and growth are the three stages of precipitation®! (Figure

7).

Rapid self-nucleation
Partial relief of supersaturation

Solubility, ¢,
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Figure 7: Supersaturation, nucleation, and growth of nanoparticles as a function of
precipitation time. Notation: cs-solubility, co-supersaturation, cx-critical limiting
supersaturation, reproduced from [46]

Supersaturation occurs when a solution holds more solute than it can normally dissolve. Nucleation
is the formation of small clusters or nuclei from the supersaturated solution. Growth happens when
solute molecules attach to nuclei, leading to the enlargement of crystals. These processes depend

on factors such as temperature, concentration, and the presence of impurities.
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Gelation: Gelation is facilitated by the use of gelling agents. It can be achieved through
physical or chemical crosslinking. Chemical gelation involves the formation of covalent
bonds, while physical gels are formed through physical interactions. In the 1940s, Flory and
Stockmayer developed quantitative theories on chemical gelation®?.

Hydrothermal Transformation: Hydrothermal transformations involve changes in
precipitates, gels, or flocculates resulting from temperature variations, aging, or ripening in
the presence of a solvent such as water. These transformations typically occur at relatively
low temperatures (100-300°C) and involve modifications to the texture or structure of the
solid material. These changes follow the principles of thermodynamics and proceed in a
direction that minimizes the system's free energy.

Filtration: Filtration is the physical separation of solid matter and liquid from mixtures using
a filter medium with a complex structure that allows only the fluid to pass through. The fluid
that passes through the filter medium is called the filtrate, while the solid particles that cannot
pass through are referred to as oversize particles. Large particles can accumulate and form a
filter cake, potentially obstructing the filter and causing blinding, which hampers the passage
of the fluid phase. The "effective pore size" refers to the maximum particle size that can
successfully pass through a filter.

Washing: Decantation, filtration, and centrifugation are common unit operations employed to
separate the solid phase from the solvent or mother liquor. After separation, the solid material
needs to be thoroughly washed to eliminate the remaining solvent and any impurities. This
process, although time-consuming, is highly effective. Decantation can be performed
simultaneously with washing, where the slurry is mixed with a significant amount of distilled
water, allowed to settle, and then decanted. This process is repeated until the desired level of
purity is achieved.

Drying: Drying involves the removal of the solvent, typically water, from the pores of a solid
material. While routine for crystalline solids, drying is particularly crucial for flocculates and
hydrogels that can contain a high percentage of water, sometimes up to 90%. Care must be
taken during drying operations to maintain the desired porosity and prevent structural
collapse. Drying is usually carried out at temperatures around 100-105°C, corresponding to

the boiling point of water at standard temperature and pressure (STP).



Page |18

7) Calcination: The term "calcination" encompasses a range of thermal processes used to create
or prepare ceramic powders prior to dissolution in a liquid, shaping, and densification through
sintering. Generally, calcination involves the thermal reaction of simple metal oxide powders
to form a thermodynamically stable mixed metal oxide or the thermal decomposition of
sparingly soluble metal oxide precursors, such as metal carbonates, hydroxides, and oxalates.

Both processes are essential for the synthesis of many ceramic powders®.

The calcination temperature is a significant factor impacting the degradation rate of the catalytic
layer®. Initially, increasing the calcination temperature (within the range of 300-500 °C) enhances
the catalytic performance of the sample. However, beyond this range, further elevations in
temperature lead to a sudden decline in the performance of catalyst®*. The reason behind this
phenomenon lies in the crystallinity enhancement and removal of loosely bound impurities
achieved through calcination. In the absence of calcination, excess moisture present in the sample
hampers the utilization of active surface sites, resulting in decreased catalytic activity. Moreover,
at very high temperatures (above 600°C), the mesoporous structure of the sample collapses, leading
to a reduction in specific surface area, ultimately slowing down the rate of degradation®*%,

Regarding the type of methods that are used and implemented for metal/metal oxide incorporation,

four different synthesis methods will be discussed in this work; Evaporation Impregnation (EIM),

Hydrothermal Synthesis (HS), Deposition Precipitation (DP), Alkaline lon Exchange (AIE)."

2.4.1. Impregnation methods
The impregnation technique is a commonly employed approach in the production of supported
catalysts for diverse reactions. This methodology encompasses three essential stages: initial
impregnation of a high surface area support material with a solution containing metal precursors,
subsequent evaporation of the solvent under elevated temperatures, and finally, reduction of the
metal precursors in a controlled environment to generate the catalytically active phase. One notable
benefit of the impregnation method is its inherent scalability, rendering it a favored alternative to

colloidal synthesis®.

An alternative technique frequently employed for the synthesis of heterogeneous catalysts is

referred to as incipient wetness impregnation (IW or IWI), also recognized as capillary
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impregnation or dry impregnation. This approach involves dissolving the active metal precursor in
either an organic or aqueous solution, which is subsequently introduced to the catalyst support. The
volume of the added solution corresponds to the pore volume within the support material. Through
capillary action, the solution permeates the pores, and when additional solution surpasses the pore
volume capacity of the support, the mode of solution transport transitions from capillary action to
a slower diffusion process. Subsequently, the catalyst can be dried and calcined to eliminate volatile
components from the solution and deposit the metal onto the catalyst surface. The maximum
loading achievable is restricted by the solubility of the precursor in the solution. The distribution
of the impregnated material within the pores is determined by the conditions of mass transfer during

the impregnation and drying stages.

2.4.2. Ion exchange
Ion exchange refers to the reversible substitution of ions within an insoluble solid with ions of
similar charge that are present in the surrounding solution. This versatile process holds considerable
utility in various applications such as water demineralization, water softening, chemical cleansing,
and the separation of substances. When it comes to purifying aqueous solutions, the practice of ion
exchange often revolves around employing solid polymeric ion-exchange resins. This encompasses
a diverse array of techniques that facilitate the exchange of ions between two electrolytes*’. This
technique finds widespread use in industrial and medical sectors for the purification and separation
of crucial chemicals, along with its application in water treatment. lon exchangers can be classified
into two main categories: cation exchangers, which facilitate the exchange of positively charged
ions (cations), and anion exchangers, which facilitate the exchange of negatively charged ions
(anions). Additionally, there exist amphoteric exchangers that possess the ability to simultaneously
facilitate cation and anion exchange. However, in cases where simultaneous exchange is necessary,
it is common to utilize mixed beds comprising a combination of anion-exchange resins, cation-

exchange resins, or multiple ion-exchange materials.

Alkaline ion exchange
In contrast to the previously mentioned metal grafting techniques, the alkaline ion exchange (AIE)
method posed significantly greater challenges, requiring longer time periods and larger amounts of

chemicals. The alternative methods commonly utilized involved metal grafting, filtration, washing
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with distilled water, drying, and calcination. In contrast, the AIE approach involved a sequence of
three distinct reactions, each accompanied by sequential steps of filtration, washing, drying, and

calcination.

2.4.3. Deposition precipitation
Precipitation is the occurrence where a dissolved substance in an aqueous solution undergoes a
transition from a supersaturated state, resulting in the formation of an insoluble solid. The resultant
solid substance is commonly known as a precipitate, and its formation is facilitated by a chemical

agent referred to as the precipitant in the realm of inorganic chemical reactions.

The phenomenon of precipitation arises when the concentration of a compound exceeds its
solubility threshold. Variations in temperature, solvent evaporation, or solvent blending can serve
as triggers for precipitation. Importantly, it should be acknowledged that precipitation tends to

transpire at an accelerated pace in solutions that are highly supersaturated.

2.5.Catalyst characterization methods
The comprehensive analysis of catalysts' physicochemical properties entails evaluating their
physical attributes and establishing connections between their structure and performance
throughout the catalytic process. This endeavor involves the harmonization of various techniques
for characterizing catalysts, along with the analysis of reaction mixtures, to effectively evaluate the

catalyst's activity, selectivity, and stability.

2.5.1. X-ray diffraction
X-ray diffraction (XRD) is a scientific technique employed to investigate the atomic and molecular
structure of various materials. It entails directing a beam of X-rays towards a specimen, resulting
in the scattering of X-rays by the atoms present within the crystal lattice of the sample. Through
careful analysis of this pattern, XRD provides valuable insights into the arrangement of atoms
within the material, including parameters such as the spacing between atomic planes, crystal
symmetry, and the presence of different crystalline phases. Exploiting this information allows for
the determination of the crystal structure, identification of material composition, and

characterization of various properties, such as crystallite size, strain, and texture®’.



Page |21

2.5.2. Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is a microscopy technique that generates images by
directing an electron beam through a specimen. Typically, the specimen employed is either a grid-
supported suspension or an ultrathin section measuring less than 100 nm in thickness. As the
electron beam traverses the specimen, interactions between the electrons and the sample give rise
to the formation of an image. Subsequently, this image is magnified and focused onto an imaging
device, which can range from a fluorescent screen or a film sheet to a sensor, such as a scintillator

connected to a charge-coupled device®®.

The utilization of transmission electron microscopy offers a distinct advantage over scanning
electron microscopy, primarily in terms of significantly enhanced resolution when compared to
light microscopes. This is attributed to the shorter de Broglie wavelength of electrons in

comparison to light®’

. As a result, the transmission electron microscopy (TEM) instrument can
capture intricate details, even at the atomic level, surpassing the resolution capabilities of a light
microscope by thousands of times. This exceptional resolution makes TEM an invaluable analytical
tool in the physical, chemical, and biological sciences. Various fields, including materials science,
virology, cancer research, nanotechnology, semiconductor research, as well as disciplines like

paleontology and palynology, derive significant benefits from employing TEMs®®.

2.5.3. Scanning Electron Microscopy, Energy-Dispersive X-Ray spectroscopy (SEM-
EDX)

The Scanning Electron Microscope (SEM) is an advanced electron microscope that employs a

highly focused electron beam to produce a topographical image and assess the relative composition

of the specimen. When the concentrated electron beam interacts with the sample, it triggers the

emission of secondary electrons (SEs). Furthermore, the SEM enables the detection of

backscattered electrons and a specific form of X-ray emission from the sample’®.

Within the realm of electron microscopy, there exist two primary types of interactions that
commonly occur: elastic interactions and inelastic interactions. In the case of inelastic interactions,
when the sample is subjected to bombardment by primary beam electrons, energy is transferred to

the atoms within the sample, causing the emission of low-energy secondary electrons (SEs).
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Backscattered electrons (BSE) deflected at angles greater than 90 degrees, can be harnessed for the
purpose of sample imaging’®. The scanning electron microscope (SEM) combined with energy-
dispersive X-ray spectroscopy (EDX) enables the determination of the elemental composition of a
substance. By employing EDX spectroscopy, elements with atomic numbers greater than boron
can be detected when their concentrations exceed 0.1%. The EDX spectroscopy instrument serves
various purposes, including material assessment, identification, spot detection analysis of areas up

to 10 cm in diameter, quality control screening, and other related tasks’'.

2.5.4. Fourier-Transform Infrared (FTIR) spectroscopy
The Fourier-transform infrared spectroscopy (FTIR) technique enables the acquisition of an
infrared spectrum that depicts the absorption or emission of a solid, liquid, or gas. By employing
an FTIR spectrometer, high-resolution spectral data covering a wide range of wavelengths are
simultaneously collected. This surpasses the capabilities of a dispersive spectrometer, which
measures intensity over a limited range of wavelengths at a time. Absorption spectroscopy
techniques are employed to determine the extent of light absorption by a sample at each
wavelength. Among these techniques, "dispersive spectroscopy" stands as the simplest approach,
involving the illumination of a sample with a monochromatic light beam, measuring the absorbed
light, and repeating the process for each distinct wavelength (for example, some UV-
vis spectrometers function in this way). In Fourier-transform spectroscopy a beam
containing multiple frequencies of light is shined at the sample instead of a monochromatic beam
(a beam made up of only one wavelength) and then measures how much of that beam is absorbed
by the sample. The beam isthen changedto contain a different combination of
frequencies, providing a second data point. This process is quick and repeatedly carried out over

a brief period to calculate the absorption at each wavelength by working backward’?.

2.5.5. Liquid nitrogen physisorption
Liquid nitrogen physisorption method is used to determine textural properties of a catalyst. Van
der Waals forces will cause a certain number of nitrogen gas molecules in contact with a solid at
77 K to be drawn to the solid's surface’*. Physical or physisorption is the term used to describe this
process. Physisorption differs from chemisorption in that its interaction energy is low’*. The

relative pressure of the N> gas in equilibrium with it determines the number of physisorbed
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molecules. The ratio of absolute gas pressure to saturation pressure (p/po)is known as the
relative pressure, or the atmospheric pressure at which unconstrained gas condenses. Since 77 K is
the boiling point of N, the saturation pressure of N atthat temperature is 101.3 kPa. The
amount of gas present at a particular area of a solid's surface at a given relative pressure depends
on the surface's geometry and local surface-energetic characteristics. To interpret isotherms in
terms of porosity and pore structure, physical models of adsorption and desorption

mechanisms serve as the foundation””.

2.5.6. Solid-State Nuclear Magnetic Resonance (NMR)
Nuclear magnetic resonance (NMR) spectroscopy is used in solid-state NMR (ssNMR)
spectroscopy to characterize atomic-level structure in solid materials like powders, single crystals,
amorphous samples, and tissues. In contrast to solution-state NMR, where rapid tumbling
motion tends to average out many spin interactions, solid-state NMR preserves the anisotropic
component of many spin interactions. Because of this, solid-state NMR spectra exhibit larger line
widths than solution-state NMR spectra, which can be used to provide quantitative data on the
molecular structure, conformation, and dynamics of the material. To eliminate anisotropic
interactions and enhance the resolution and sensitivity of the technique, solid-state NMR

is frequently combined with magic angle spinning’®.

2.5.7. Ultraviolet-Visible Diffuse Reflectance spectroscopy
UV spectroscopy, also known as UV-visible spectrophotometry (UV-Vis or UV/Vis), is the study
of absorption or reflectance spectra in portions of the ultraviolet and the full, adjacent visible
regions of the electromagnetic spectrum. This methodology is widely used in a variety of applied
and theoretical applications because it is reasonably affordable and simple to implement. Together
with fluorescence spectroscopy, absorption spectroscopy is useful. In addition to the measurement
wavelength, parameters like absorbance (A), transmittance (%T), and reflectance (%R), as well as
how they change over time, are important’’.

2.5.8. Temperature-Programmed Desorption (TPD)
Observing desorbed molecules from a surface when the surface temperature is raised is a technique
known as temperature-programmed desorption (TPD). As soon as molecules and

atoms come into a contact with a surface, they adsorb onto it, and their energy is reduced when a



Page |24

bond with the surface is created. The interaction between the adsorbate and the surface
affects the binding energy. The adsorbed species will eventually desorb if the surface becomes
heated because of the energy transfer. The desorption temperature is the level at which

this occurs. TPD thus provides information on the binding energy and availability of active sites’®.

2.5.9. Inductively Coupled Plasma (ICP) leaching
ICP leaching, or Inductively Coupled Plasma leaching, is a technique used for the extraction and
analysis of various elements from solid samples. It involves the dissolution of a solid material in
an acidic or alkaline solution, followed by the determination of the dissolved elements such as
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) or Inductively Coupled
Plasma-Mass Spectroscopy (ICP-MS)”.

2.5.10. CHNS analysis
CHNS analysis, also known as elemental analysis or elemental combustion analysis, is a technique
used to determine the elemental composition of a sample, specifically the percentage of carbon (C),
hydrogen (H), nitrogen (N), and sulfur (S) present in the compound or substance. The CHNS
analysis involves the combustion of the sample at high temperatures in the presence of an oxidizing
agent. During the combustion process, carbon and hydrogen are converted to carbon dioxide (COz)
and water (H>O), respectively. Nitrogen is converted to nitrogen gas (N2), and sulfur is oxidized to
sulfur dioxide (SO). After combustion, the resulting gases are separated, purified, and
quantitatively analyzed using various detection methods. For instance, carbon and sulfur dioxide
can be measured using gas chromatography (GC), while nitrogen and hydrogen are typically

detected using thermal conductivity detection (TCD) or infrared detection methods®’.

3. Experimental
In this part of the thesis work, the experimental part and procedures of the research work will be

described.

3.1.Chemicals
Chemicals used were obtained from different commercial sources and used without any

purifications.



Table 2: Chemicals used
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Chemical Purity (%) Supplier
H-Y-5.1 - Zeolyst International
H-Y-30 - Zeolyst International
H-Y-80 - Zeolyst International

Tin(II) chloride >99.9 Sigma-Aldrich
Tin(IV) chloride >95 Sigma-Aldrich
Potassium chloride >99 Sigma-Aldrich
Strontium nitrate >98 CJSC Souzchimprom
Cesium nitrate - CJSC Souzchimprom
Triethylamine - Sigma-Aldrich
Hydrochloric acid >37 Fluka
Nitric acid 70 Saltpeterzuur
Sulfuric acid 95-98 Fluka
D-(+)-glucose - Fluka
D(-)fructose >99 Sigma-Aldrich
D-(+)-mannose >99 Sigma-Aldrich
Alfa methyl glucoside >95 Sigma-Aldrich
1-0-methyl-beta-d-glucoside >99 Sigma-Aldrich
Methyl lactate >98 Sigma-Aldrich
Methyl levulinate >98 Sigma-Aldrich
Dl-lactic acid 90 Sigma-Aldrich
Dihydroxyacetone >95 Merck KGaA
5-hydroxymethyl-2-furfural 99 Sigma-Aldrich
DI-glyceraldehyde >95 Sigma-Aldrich
Methyl vinyl glycolate - Enamine
Methyl formate 97 Sigma-Aldrich
Acetic acid 99 Sigma-Aldrich

3.2. Catalyst synthesis

3.2.1. Evaporation Impregnation (EIM) method

Evaporation impregnation (EIM) method was applied for synthesizing several Sn modified zeolite
catalysts. Tin (II) chloride and tin (IV) chloride were used as aqueous solutions to study the effects
of precursors. Catalyst synthesis procedure was as follows: 3.5 g of precursor was dissolved in 250
ml of water to create an acidic solution with a pH range of ca. 1.5-1.8, followed by the addition
of 10 g of the zeolite catalyst, and pH was then determined being in the range of ca. 1.7-2.0.
Finally, a rotavapor was used to synthesize a catalyst for 24 hours at 50 °C and 60 rpm in a flask
containing H-Y zeolite and an aqueous solution of tin (IV) chloride. To recover the catalyst from
the flask after the synthesis was finished, water was evaporated. A step-calcination process as

shown in Figure 8 was used to calcine the catalyst after it has been dried at 100 °C in an oven for
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an entire night. Six distinct catalysts have been prepared and labeled separately by altering the

silica-to-alumina ratio in the parent H-Y zeolite and the precursor.
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Figure 8: Step calcination process that was followed for catalysts synthesis.

The spent catalysts from the reaction were regenerated with the step-calcination procedure as given
in Figure 9. The regeneration method involved the removal of any impurities or carbonaceous
deposits that accumulated on the catalyst surface during the reaction®'. The regenerated catalyst

was then evaluated for its catalytic performance in the subsequent reaction cycle.
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Figure 9: Step calcination procedure for the regeneration of the catalyst
(K-Sn-H-Y-30-DA-4)
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3.2.2. Alkaline Ion Exchange
Synthesis of catalysts by the alkaline ion exchange method was also performed using Y zeolites
with varying SiO2/Al,Os ratios. The procedure for the synthesis is given in the reference®?. For
dealumination, H-Y catalyst was treated with 10 M 70% aqueous nitric acid solution for 1 h and
then filtered and neutralized with distilled water until pH close to 7 was reached. The filtered
catalyst was dried overnight at 100 °C. This was repeated two times and then Sn modification was
performed followed by drying and calcination with the same procedure. Thereafter, K modification
was performed with the given molarity of the aqueous KCI solution. For that, 250 ml aqueous
solution of KCI with 0.5 M molarity was prepared and the Sn-modified catalyst was stirred for 2 h
at room temperature. The final catalyst was again filtered, dried at 110 °C for overnight, and
calcined at 550 °C for 6 h with the step calcination procedure as given in Figure 8. This experiment

was performed a few more times for H-Y zeolites with different Si02/Al>O3 ratios.
3.2.3. Incipient Wetness Impregnation

A frequently used method for creating heterogeneous catalysts is incipient wetness impregnation
(IW or IWI), also known as capillary impregnation or dry impregnation. The active metal
precursor is typically dissolved in an organic or aqueous solution. The metal-containing solution
is then added to the catalyst support that has the same amount of pore space as the volume of
the added solution. The solution is attracted to the pores by capillary action in which
more solution is added than the  support pore volume can hold, the process of solution
transport switches from capillary action to diffusion, which is much slower. The metal can then
be deposited on the catalyst surface after being dried and calcined to remove the volatile
components from the solution. The solubility of the precursor in the solution regulates the
maximum loading. The mass transfer conditions within the pores during impregnation and drying

determine the concentration profile of the impregnated compound.

To perform Sr and Cs modification, the IW method was used as follows; first, 0.5 M solution of
Sr(NOs3)2 and CsCl precursors was prepared by slowly adding the Sn modified H-Y zeolites with
the S102/A1,05 ratio of 30 under 100 rpm stirring. The mixture was stirred for 2 hours filtered and
washed twice with deionized water. Then, it was dried at 100 °C followed calcination at 550 °C

for 6 h.

A list of the synthesized catalysts is shown in Table 3.
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Table 3. The synthesized zeolite catalysts
(All catalysts were calcined using step-calcination procedure given in Table 2).

No Precursor Type of Catalyst Weight (g)
1 SnCl Sn-H-Y-5.1-EIM 6
2 SnClx Sn-H-Y-80-EIM 4.95
3 SnCl Sn-H-Y-30-EIM 4.19
4 SnCly Sn-H-Y-30-EIM 11.2
5 SnCly Sn-H-Y-80-EIM 11.02
6 SnCl4 Sn-H-Y-5.1-DA 11
7 SnCly, KCl1 K-Sn-H-Y-5.1-DA 7.7
8 SnCl4, KC1 K-Sn-H-Y-30-DA 3.6
9 SnCl4, KC1 K-Sn-H-Y-80-DA 9.3
10 SnCl4, SINO; Sr-Sn-H-Y-30-DA 6.5
11 SnCly, CsCl Cs-Sn-H-Y-30-DA 6
3.3. Catalyst characterization

X-Ray Diffraction (XRD): Using powder X-ray diffraction (XRD), the crystal phases and phase
purity were identified for a group of Sn and alkaline earth metal catalysts supported on H-Y-5.1,
and H-Y-30. The XRD analysis was done for samples that were dried and calcined. It was focused
on using the Bragg-Brentano configuration. The XRD patterns of catalysts were captured
using the CuKa radiation (=1.5418 A) and a one-dimensional LynxEye detector and with an
angular range of 2.9° on the 20 scale by scanning in the 26-angle range from 15° to 70° with a step
0f 0.05° and the acquisition time of 3 s at each point. From the broadening of the diffraction peaks,
the sizes of the coherently scattering domains (CSD — Dxrp) were calculated. According
to the diffraction pattern of the international standard a-Al,Os (SRM 1976)%, the instrumental

broadening of the diffraction lines was recorded and taken into consideration.

Using a PANalytical Empyrean diffractometer with a five-axis goniometer, the XRD
measurements of other dealuminated and metal (Sn, K) modified catalysts were carried out. The
incident beam optics included a Bragg-Brentano HD X-ray mirror, a fixed 1/4° divergence
slit, a 10 mm mask, a 0.04 rad Soller slit, and a 1° anti-scatter slit. The optics for the diffracted
beam included a PIXcel detector array, a 0.04 rad Soller slit, and a 7.5 mm divergence slit. The
used X-ray equipment was an Empyrean Cu LFF tube. Only the Cu Kol and Cu Ka2 components
of the X-ray radiation were kept out by a filter.
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Transmission Electron Microscopy (TEM): The Jeol JEM-1400Plus, which has a 120 kV
acceleration voltage and a resolution of 0.38 nm, was used to study the metal particle size,
textural characteristics, porosity, and periodicity of pores of catalysts®®. Before the TEM
measurements, the majority of the Sn-based catalysts were calcined. Before conducting catalytic
tests, the set of monometallic and bimetallic catalysts originating from H-Y zeolites
with various Si02/AlOs ratios (5.1, 30, 80) was characterized. To compare the changes in textural
properties after the reactions, some of the used catalysts were also similarly characterized. Using

ImagelJ software, the catalysts' particle size distributions were determined.

Scanning Electron Microscopy and Energy Dispersive X-rays Spectroscopy (SEM-EDS): The
crystal morphology of the prepared catalysts was investigated using SEM, and EDX was used to
ascertain their elemental compositions. SEM measurements were carried out using a Zeiss Leo
Gemini 1530 Scanning Electron Microscope and a Thermo Scientific UltraDry Silicon Drift

Detector (SDD)*. The X-ray analyzer was operated at an acceleration voltage of 15 kV.

Nitrogen physisorption: The Micromeritics 3Flex-3500 was wused for the surface
area measurements. Before measuring the weight of the empty, a burette was first degassed for two
minutes under vacuum. For ex-situ treatment of samples, ca. 50-100 mg of the catalyst was heated
overnight at 180 °C under vacuum of 0.2-0.3 bar. The following morning, the weight of the sample
was determined. The catalyst's moisture was eliminated in this step. After that, the adsorption
isotherms at -196 °C were measured, and the moles of nitrogen adsorbed on the sample
at various relative pressures were plotted. The Dubinin-Radushkevich method was used to
determine the specific surface areas of the synthesized microporous materials. The DFT method

was used to determine the pore size distribution of the catalysts.

Fourier-transform infrared (FTIR) spectroscopy: ATI Mattson FTIR was used to perform
the qualitative and quantitative analysis of the catalyst's Bronsted and Lewis acid sites while using
pyridine as a probe molecule. The catalyst was prepared as a thin, self-supporting pellet with a
radius of 0.65 cm, which was then placed inside the FTIR cell. For pretreatment, the cell
temperature was raised to 450 °C under a vacuum and maintained there for an hour. Thereafter, a

background spectrum of the sample was captured while the temperature was lowered to
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100 °C. The probe molecule (pyridine) was adsorbed at 100 °C for 30 min and then desorbed by
evacuation at various temperatures. During the desorption process, three distinct temperatures are
employed: 250 °C for weak, medium, and strong acid sites, 350 °C for medium and strong acid
sites, and 450 °C specifically for strong acid sites. At each temperature increment, the spectrum of
the adsorbed pyridine is recorded. The scanning is conducted under a vacuum pressure ranging
from 102-10"! bar, with the temperature set at 100 °C. Spectral bands at 1545 cm™ and 1450 cm™!
are utilized to differentiate between Brensted and Lewis acid sites during the scanning procedure.
Using the molar extinction parameters published by Emeis®’, the acid sites were quantified.

Calculations were made with consideration for the catalyst's weight.

Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-vis DRS): Different catalysts were
subjected to UV-vis DRS analysis to distinguish the positions of the metals (Al, Sn, and K) and to
compare the data with the catalyst performance. For this purpose, the reflectance was
measured using an Avantes Avaspec HS-TEC CCD spectrometer connected to a fiber optic cable
by an Avantes FC-UV600-1-SR. The light source was an Avantes AvalLight-DHc, which uses
halogen and deuterium lamps. The white reference was a BaSOs4 disc made by Edinburgh

Instruments.

Solid-State Nuclear Magnetic Resonance (SS-NMR): 2’Al MAS NMR spectra were recorded on
a Bruker AVANCE-III spectrometer operating at 79.50 MHz (*Si) and 104.26 MHz (*’Al)
equipped with a CP-MAS 4 mm solid state probe. The *’Al spectra were recorded using a 5.00 us
pulse and a recycle delay of 0.05 s at 14 kHz spinning speed.

Inductively Coupled Plasma (ICP) leaching: The possible metal leaching into liquid phase was
investigated by filtering out the catalyst from the reaction mixture after 24 h reaction time. To
prepare the product sample for subsequent analysis using Inductively Coupled Plasma (ICP)
measurement, methanol was removed from the product by purging with nitrogen gas.
Subsequently, 3.6 ml of hydrochloric acid (65%, Sigma Aldrich) and 1.2 ml of nitric acid (70%,
Sigma Aldrich) were added to the product to achieve an optimal concentration for the equipment.
The resulting solution was transferred into a 100 ml volumetric flask, ensuring that the walls of the

beaker were thoroughly rinsed with an in-situ prepared aqua regia. The solution was then diluted
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with distilled water to a final volume of 100 ml. Once the sample was prepared and measured, the

discrepancies in metal concentrations between the two different media could be detected.

Hot filtration test: The hot filtration test was performed for verification of catalyst stability to
leaching into the reaction solution. The reaction which was carried out with 2 wt.% Sr — 2 wt.%
Sn/H-Y-30-Da catalyst for 24 h, was stopped for cooling and separation of the reaction mixture
from the solid catalyst. The separation was performed by the filter paper (Whatman, 2 pm pore
size) with the further filtration (PVDF syringe filter, 0.45 p). The filtrate was loaded into the
autoclave, heated to 150 °C and run for another 24 h. The hot filtration test allows for the separation
of reaction products from the solid catalyst, enabling evaluation of the catalyst's performance and

analysis of the reaction products.

3.4. Catalyst Testing
Experiments were carried out in a batch mode using an autoclave (Figure 10) that was designed
for a maximum pressure of 200 bar. Transformations of glucose to methyl lactate were carried out
as follows; the reactor was loaded with 0.75 g of the catalyst, 0.9 g of glucose, and 75 ml of
methanol. Once the reactor was loaded, it was flushed by an inert gas (argon) to remove air.
Flushing was done 3-5 times making sure that there is no air left inside the reactor. Thereafter, the
heating of the reactor was started with a 3 °C/min heating rate. When the desired reactor
temperature was reached, the total pressure was adjusted to 30 bar and the sampling time (t=0 min)
and stirring (720 rpm) were started. Samples were taken at different reaction times (0, 15, 45, 90,
180, 360 min) during and after the reaction (24 h). The samples were withdrawn from the reactor
through a 7 pm sinter to avoid removal of the catalyst particles, moreover, the liquid samples were
further filtered through a 0.43 um syringe filter. HPLC (Hewlett Packard 1100 series) was used for
the initial analysis of the samples, then after achieving practically full sugar conversions, a gas

chromatograph - GC (HP 6890 Series) was used for analysing the products after the reactions.



Figure 10 - Batch reactor used for methyl lactate synthesis

3.5. Analysis of products
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High-Performance Liquid Chromatography (HPLC) for sugars: The analysis of the

composition of the reaction mixture was conducted using high-performance liquid chromatography

(HPLC). Specifically, an HPLC instrument from the Hewlett Packard 1100 series was utilized,

which featured a refractive index detector (RI). Separation of the compounds was achieved using

an Animex HPX-87H column, with 5 mM sulphuric acid serving as the eluent. The column

temperature was maintained at 45 °C, and the flow rate of H>SO4 was set at 0.6 ml/min. Prior to

the catalytic experiments, response factors and retention times for various compounds were

determined and subsequently employed in concentration calculations.
Table 4: HPLC retention time of the sugars

Sugar Retention Time (min)
Glucose 8.88
Fructose 9.82
D-mannose 9.62
a-Methyl glucoside 10.14
B-Methyl glucoside 10.56
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Figure 11: Calibrated sugars in HPLC

Gas Chromatography (GC) for analysis of liquid phases: The sample was further analyzed by
gas chromatography to quantify methyl lactate, methyl levulinate, as well as furfural and
methyl formate after achieving in practice full conversion of glucose. The GC was an HP 6890
Series GC System with an HP-5, 5 % phenyl methyl siloxane column of length 30.0 m 320 um x
0.50 pm thickness and a flame ionization detector (FID). The analysis used the
following temperature program: 2 minutes at 40 °C, 10 °C per minute heating to 250 °C, holding
for 3 minutes, and 3.8 ml/min of gas flow rate through the column. The compounds were calibrated

in GC before the measurements began, and the outcomes are listed in Table 5.

Gas Chromatography-Mass spectrometry (GC-MS) for product detection: The unknown
compounds in the product samples were identified using gas chromatography and mass
spectrometry. The equipment employed in this study incorporated an Agilent HP-1 column, where
the stationary phase consisted of dimethylpolysiloxane. The separation of different compounds
during elution along the column in gas chromatography-mass spectrometry (GC-MS) relies on the
varying affinities of these compounds for the stationary phase.

The analysis method is typically applicable to carbohydrates because sugars decompose during

the process through caramelization, but techniques such as extraction and silylation were used to
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get around this. The procedures for the sample preparation for the extraction of the sample with
dichloromethane and analysis with GC-MS and silylation followed by short column GC analysis

for sugars are given in Appendix D and E, respectively.

Table 5: GC retention time of the chemicals

Product Retention Time

(min)

Methyl formate 3.8
Methyl lactate 12.2
Methyl-vinyl-glycolate 15.89
Furfural 16.09

Methyl levulinate 18.5
1,3-Dihydroxyacetone 29.6

Lactic acid 31

Methoxymethyl-furfural 36.89
Hydroxymethyl-furfural 37.02

3.6. Formulae and definitions

Conversion of glucose (X) was calculated by:
X(%) = 100% =2 (1)

Where, n_g, and n_gr are the initial and final moles of glucose, respectively.

The liquid phase mass balance of compounds (MB) was calculated by:
()

Where MBy is the sum of liquid-phase reactants and products at the end of the reaction (time 24 h),

MB¢

MB (%) = 100% * ot

and MBy is the sum of liquid-phase reactants at the beginning of the reaction (time 0).

The yield of methyl lactate was calculated by:

Y(%) = 100% * 2ml1s00)/2 3

n_go

Where n_mli4qo is the final molar amount of methyl lactate.

Selectivity was calculated by this equation:

S(%) = Y(%)/Xq (4)



4. Results and Discussion

4.1. Catalyst characterization results

X-ray diffraction
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The XRD patterns for S1, S4-S8 (Table 6), with matched standard structures, are shown in Figure

12.

Table 6: The catalysts characterized using X-ray powder diffraction

Sample Label Info

S1 H-Y-5.1

S2 Sn-H-Y-5.1-DA
S3 K-Sn-H-Y-5.1-DA
S4 H-Y-30

S5 Sn- H-Y-30-DA
S6 K-Sn- H-Y-30-DA
S7 Sn-H-Y-30-EIM
S8 SnCls-H-Y-30-EIM
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Figure 12: The XRD patterns of S1, S4-S5 with fitted standard structures
including faujasite zeolite and SnO2

The faujasite zeolite®® and SnO,%’ were identified as the phases present. All the diffraction data

obtained for S1, S4-S8 were found to be well-matched with the faujasite zeolite phase. In addition,

the diffraction patterns of S7 and S8 revealed clear details that can be attributed to the presence of

SnO; phase®’. The volume percentage of SnO> phase in S7 and S8 was approximately 5% and 3%,
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respectively. Although traces of SnO> phase were possibly to be observed in S5 and S6, the
identification is not considered reliable.

The X-ray diffraction patterns for S2 and S3 (Figure 13) are comparable. The identification of
minor traces, which appear to correspond to faujasite zeolite and SnO> phases, was possible.
However, these samples exhibit low crystallinity, and the identification of the phases is based on
minor diffraction features, and as such, it may not be conclusive. Furthermore, a distinct diffraction
peak located near 20 = 7.7 ° cannot be attributed to faujasite zeolite®® and Sn0,%’. This may indicate
an incorrect identification of phases or/and the presence of an additional phase. Potential matches
comprise multiple SiO> structures (such as ICSD 142091, ICSD 62582, ICSD 153336), but without
additional information, precise phase identification based on a single diffraction peak is not

feasible.
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Figure 13: The XRD patterns of S2 and S3 with unfitted standard
models including faujasite zeolite and SnO:

Intensity (squareroot)

60 70

Scanning Electron Microscopy and Energy Dispersive X-rays Spectroscopy (SEM-EDX)

The scanning electron microscopy (SEM) technique was employed to examine the morphological
properties, including shape, size, and crystal distribution of the catalysts. The chemical
compositions of the synthesized zeolites, which incorporated various metals (Sn, K, Sr, Cs), as well
as their amounts in the catalysts prepared by different synthesis methods, were determined using
energy dispersive spectroscopy (EDS). The SEM micrographs of all catalysts revealed distinct

crystallites of Y zeolites that maintained their structures even after the addition of Sn and K.
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The investigation involved a comparison between two synthesis methods: evaporation
impregnation and a method similar to the one utilized by'!. In Figure 14, the two zeolites
synthesized from H-Y-30 using the evaporation impregnation method are illustrated. The catalysts

under investigation were distinguished by the type of the precursor utilized. The catalyst on the left

was synthesized employing SnCl; as the precursor, whereas the other zeolite was synthesized using
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Figure 14: SEM micrographs of Sn-H-Y-30-EIM catalysts with different precursors
(SnCl: left, SnCl4 right)

SnCls in a synthesis process lasting 24 hours. Examining the synthesized catalysts employing
different Sn precursors demonstrates that variations in their properties, including morphology,
crystallinity, surface area, pore volume, and catalytic activity>’, can arise. The scanning electron
microscopy (SEM) analysis revealed noticeable agglomeration of the catalyst particles synthesized
using SnCls precursor. This agglomeration phenomenon was attributed to the low pH of the
precursor solution, a finding consistent with the previous studies®®. In contrast, Sn-H-Y-30 zeolites
impregnated with SnCl, precursor exhibited a more uniform distribution of tin, resulting in catalyst
particles with rectangular, triangular, pyramidical, or hexagonal shapes characterized by sharp
edges. The crystal sizes ranged from 210-520 nm, with an average size of 345 nm. Conversely, the
catalysts prepared with SnCl4 precursor exhibited predominantly spherical and rectangular particle
shapes, indicating a less homogeneous particle distribution. The particle sizes varied from 360-620
nm, with an average diameter of 501 nm. These results clearly demonstrate the significant influence
of the precursor on the crystal size and shape during the synthesis process. The use of SnCl, as a

precursor for Sn modification of H-Y catalysts has been reported to yield small crystal sizes®. This
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observation can be attributed to the higher reactivity of SnCl,, facilitating a more homogeneous

distribution of tin within the zeolite structure and leading to the formation of small crystals®.

The two precursors employed in the catalyst synthesis, SnCl> and SnCls, possess distinct chemical
structures and properties that can exert an influence on the ultimate characteristics of the catalysts.
The precursor choice can impact the quantity and distribution of Sn species within the catalyst,
thereby affecting the material's catalytic performance. Furthermore, the chosen preparation
method, such as impregnation or sol-gel, can also influence the catalyst's properties. Consequently,
catalysts synthesized using diverse Sn precursors can exhibit distinctive characteristics, thereby

influencing their applicability for various catalytic applications.

Furthermore, Figure 15 displays the scanning electron microscopy (SEM) micrographs of both the
dealuminated fresh and spent K-Sn-H-Y-30-DA catalysts. This particular catalyst has
demonstrated exceptional performance in the reaction under investigation (Section 4.2). The SEM
analysis of the metal-modified H-Y zeolites unveiled the presence of uniform and well-structured
crystallites within the catalysts. Notably, Figure 15 reveals that the bimetallic catalyst support
remained intact throughout the 24-hour reaction, displaying consistent crystal size and shape.
Visible indications of cracks and the creation of mesopores were evident in the fresh catalyst, along
with a crystal size range spanning from 220 to 600 nm. Conversely, the spent catalyst exhibited a
diminished presence of cracked and blocked mesopores, primarily attributed to the deposition of
coke formed during the reaction. Furthermore, the crystal sizes observed in the spent catalyst
ranged from 246 to 660 nm. Notably, both the fresh and spent catalysts showcased comparable

particle size distributions for the metal component, measuring 5.4 nm and 5.6 nm, respectively.

Similarly, the monometallic catalysts (Sn/H-Y-30 and K/H-Y-30), as illustrated in Appendix B,
also exhibited preserved structures following the metal modifications (K, Sn, Sr, Cs). These
findings indicate that the employed metal incorporation techniques in this study, encompassing
ion-exchange, evaporation-impregnation, and deposition-precipitation methods, had no discernible

impact on the morphological characteristics of the parent supports.
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Figure 15: SEM micrographs of the fresh and the spent K-Sn-H-Y-30-DA catalysts

EDX analysis was applied both for fresh and spent catalysts showing that Sn-content determined
by EDXA varied from 1.4 to 2.4 wt.%. The EDXA elemental analysis of the fresh and spent K-Sn-
H-Y-30-DA catalysts demonstrated that the mass ratio of Sn to Si was about 0.126 and it was
decreased to 0.114 after the reaction. This result indicates that leaching of tin occurred during the
reaction as also confirmed by ICP analysis (Section 4.2) and by hot filtration test (Section 4.4).

Furthermore, no sulfur, chloride or phosphorus were detected in the spent catalyst.
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Transmission Electron Microscopy (TEM)

In the current investigation, transmission electron microscopy (TEM) was utilized to evaluate the
dimensions and dispersion of metal nanoparticles present in different catalysts employed for the
transformation of glucose to methyl lactate. The TEM images and the corresponding histograms of
selected catalysts employed in the reaction are presented in Figure 16 and Figure 17. Specifically,
Figure 16 illustrates a catalyst prepared using the evaporation impregnation technique, with SnCl»
serving as the metal precursor. This preparation method led to a remarkable dispersion of Sn

species owing to the utilization of a high precursor loading (35 wt.%).
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Figure 16: TEM micrograph (left) and the particle size distribution (right) of Sn-H-Y-
30-EIM prepared with the tin (II) chloride precursor

In contrast, larger Sn particles (9.1 nm) were observed for Sn-H-Y-30-EIM catalyst prepared from
SnCly as compared to those prepared from SnCl> (8 nm). Furthermore, the average size of the metal
nanoparticles, including Sn, K, Sr, and Cs described in Appendix III containing additional TEM

images of alternative catalysts for reference.
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The catalysts containing tin (Sn) synthesized using either tin (II) or tin (IV) chloride as precursors
exhibited the presence of widely dispersed Sn nanoparticles in the transmission electron
microscope (TEM) images. These nanoparticles displayed sizes ranging from 6 to 10 nm. However,
in the catalysts prepared with the tin (IV) chloride precursor, slightly larger Sn particles were

observed.
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Figure 17: TEM micrograph (left) and the particle size distribution (right) of Sn-H-Y-
30-EIM prepared with the tin (IV) chloride precursor
In Figure 18, TEM micrographs from four different catalysts are shown. In the first TEM
micrograph a typical protonic form of Y zeolite with the Si02/A1>O; ratio of 30 is visible. Typically,
in the case of a), TEM images of H-Y-30 zeolite show the presence of small crystallites with a size
range of a few nanometers to several micrometers, depending on the synthesis conditions. The
images also show the characteristic channels and cavities of the Y zeolite structure. In addition to
the morphology, TEM characterization also provides information on the crystallinity and defects
in the H-Y-30 zeolite®®. For example, the images may reveal the presence of stacking faults,
twinning, or other types of defects that can affect the performance of the catalyst. Overall, TEM
characterization of typical H-Y-30 zeolite provides important information about its morphology,
crystallinity, and defects, which can be useful for understanding its properties and optimizing its
performance as a catalyst. Similar to other publications’' on H-Y zeolites, it can be clearly seen

that there is neither agglomeration nor considerable particle clustering.
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Figure 18: TEM micrographs of: a) H-Y-30 zeolite, b) H-Y-30-DA, meaning dealuminated H-
Y-30 zeolite, ¢) K-Sn-H-Y-DA-fresh, d) K-Sn-H-Y-30-DA-spent catalyst after 24 h reaction

In Figure 18, b), TEM characterization of typical H-Y-30 zeolite after dealumination with 10 M
nitric acid reveals several changes in the morphology and structure of the zeolite. For example, the
images of dealuminated Y zeolites demonstrate a decrease in the catalyst particle size and an
increase in the surface area compared to the pristine H-Y (Table 10) zeolite with the SiO2/Al,03
ratio of 30 which is similarly reported.”” This is because dealumination can break down the larger
particles and open up new channels and cavities in the zeolite structure, resulting in a higher surface
area’. Additionally, TEM characterization reveals changes in the crystallinity and framework of
the zeolite after dealumination. The images display changes in the lattice spacing, indicating a
change in the framework of the zeolite due to the removal of aluminium atoms. The images also
show the presence of new defects or voids in the zeolite structure, which can affect the catalytic

performance of the material such as discussed in another research of the similar type.”* Overall,
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TEM characterization of typical H-Y-30 zeolite after dealumination with nitric acid provide
valuable information on the changes in morphology, structure, and particle size distribution of the
zeolite. This information can be used to understand the effect of dealumination on the catalytic
performance of the zeolite and to optimize the synthesis and processing conditions for specific

applications.

In Figure 18-c, the TEM images of K and Sn modified dealuminated H-Y zeolite with the
Si02/Alb03 ratio 30 provide information about the morphology, size, and distribution of metal
nanoparticles on the catalyst surface. As it can be seen from the image which reveals the
distribution and aggregation of the metal nanoparticles and the extent to which they are located on
the external surface of the catalyst particle. The challenge was to differentiate the Sn and K particles
due to their closer particle sizes which was also previously reported in literature®. On the other
hand, pores and channels of Y zeolite were intact even after synthesis and modifications’®. Even
though metal particles on the catalyst surface is clearly visible, it is difficult to assess if placement
of metal particles in the catalyst channels has been succeeded. Additionally, the images from
various parts of the catalysts by doing spot analysis provided insights into the crystalline structure

and porosity of the zeolite support and any changes that may have occurred due to the modification.

In Figure 18-d, TEM micrograph of K and Sn modified dealuminated spent H-Y zeolite with the
Si02/AL205 ratio of 30 is shown. In general, TEM images of the fresh and spent catalysts can reveal
important differences in the morphology, size, and distribution of the metal nanoparticles on the
catalyst surface before and after the reaction. Moreover, the fresh H-Y catalysts typically exhibit
well-defined crystalline structures with regular pore arrangements. In the spent catalysts, structural
changes like framework collapse, dealumination, or the formation of secondary phases may be
observed, leading to alterations in particle morphology and size”’. The fresh catalysts exhibited a
more uniform distribution of metal nanoparticles with a smaller particle size and a more
homogeneous morphology. In contrast, the spent catalysts showed signs of sintering, aggregation,
or migration of the metal nanoparticles, resulting in a larger particle size, uneven distribution, and
a less uniform morphology. Furthermore, the spent catalysts may also exhibit changes in the zeolite
support, such as dealumination, pore blockage, or collapse’®. Such negative issues as the pore
blockage, collapse and changes in the zeolite support were also observed, which further affect the

catalyst activity and selectivity. Overall, a comparison of the TEM images of the fresh and the
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spent H-Y-30 zeolite can provide insights into the factors that contribute to the catalyst deactivation
and its impact on the catalyst performance and stability. TEM images of the spent H-Y catalysts
also revealed the presence of carbonaceous deposits (coke) on the catalyst surface or within the
pores. Deposited coke was observed in the amorphous form on the surface of the catalyst as

reported in the literature®®.

The average particle sizes of the spent Sn, K, and K-Sn catalysts synthesized on the dealuminated
H-Y-5.1, H-Y-30 and H-Y-80 support were slightly larger than those for the fresh catalysts by 2-
5%. This confirms that there was sintering of Sn and K nanoparticles during the reaction as

analogously observed in lactic acid formation from glycerol®’.

Fourier-transform infrared (FTIR) spectroscopy

The acidic properties, such as the amount of Brensted and Lewis acid sites in the metal modified
heterogenous H-Y catalysts, were determined using the FTIR pyridine adsorption-desorption
method. The results are shown in two different tables in which the Table 7 displays the FTIR
pyridine acidity data for H-Y zeolites with varying Si02/Al2Os ratios as well as with different Sn
precursors that were used in the synthesis i.e. SnCl, and SnCls. Except for catalyst 4 (SnCls-H-Y-
30-EIM), in all other catalysts introduction of Sn increased the number of Lewis acid sites, which

as discussed in Section 4.2, decreased the yield of methyl lactate.

Table 7: Acidity measurements for H-Y zeolites synthesized by impregnation method

Catalysts Brensted acidity (umol/g) Lewis acidity (umol/g)
T (°C) 250 350 450 250 350 450
(WHM+S)  (M+S) S)  (WEMtS)  (M+S) (S)
1. H-Y-5.1 336 194 65 16 0 0
2. Sn-H-Y-5.1-EIM 140 93 63 31 22 13
3. H-Y-30 146 121 13 13 9 1
4. Sn-H-Y-30-EIM 88 84 76 20 19 15
5. H-Y-80 24 21 6 15 9 0
6. Sn-H-Y-80-EIM 18 18 4 26 26 3
7. SnCls-H-Y-5.1-EIM 128 117 62 4 1 0
8. SnCls-H-Y-30-EIM 98 86 49 38 24 2
9. SnCls-H-Y-80-EIM 83 77 49 31 22 0

Notation: W+M+S: weak acid site, M+S: medium acid site, S: strong acid site
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Very similar behaviour of the H-Y zeolites that were synthesized by evaporation impregnation
method was also assessed and reported previously!'® in line with the results of this work. The reason
that SnCly-H-Y-5.1-EIM (Table 6, entry 7) catalyst showing different behaviour by having very
small total Lewis acid sites concentrations of 4 umol/g can be explained by the low pH of the metal
precursor solution which could have resulted in destruction of Lewis acid sites in the process of

synthesis!®!

. Another interesting finding from this study is the relationship between SiO2/Al>Os3
ratio and the Bronsted acidity of H-Y zeolites. There is a substantial decrease in the number of
Brensted acid with increasing Si02/Al>03 ratio. While Sn modified H-Y-5.1 zeolite with SnCl;
precursor has total acidity of 140 pmol/g, another synthesized catalyst with Si02/Al>0Os3 ratio of 80
using the same method has the total acidity of 18 umol/g as analogously reported'®?. Comparing
the different precursors that were used during the synthesis of the catalysts it can be assessed that
obviously there is a big difference in the strong Lewis acid sites between the catalysts that were
prepared by SnCl; and SnCls precursors. While Y zeolites with the Si02/Al,03 ratio of 5.1 and 30
exhibited 13 umol/g and 15 pmol/g strong Lewis acid sites, respectively at the temperature of 450

°C, the zeolites that were modified using the SnCly precursor almost did not contain any strong

Lewis acid sites as analogously reported!®*.

On the other hand, Table 8 shows the FTIR pyridine acidity measurements of the catalysts that
were prepared by alkaline ion exchange method by following the recipe that was reported®. As it
was also the purpose of dealumination, in the K and Sn modified dealuminated catalysts no strong
acid sites were detected. This result indicates that dealumination was successfully achieved.
However, variations in all acid sites for different types of catalyst are clearly visible (Table 11).
For example, entry 2 and entry 5 catalysts, which were modified with K and Sr as bimetallic
compounds, exhibited higher total Lewis acid sites than others being 27 umol/g and 25 umol/g,
respectively for those catalysts the expected yield of methyl lactate decreased after 24 h reaction
time. Interestingly, the catalyst Sr-Sn-H-Y-30-DA (Table 11, entry 6) exhibited high Brensted
acidity even at high temperatures analogously to previously reported'®*. For materials containing

the cationic metals and specifically strontium which were used in the methanol to olefins reaction.

Overall, for all catalysts that are displayed in Table 8, it was found that introduction of Sn

decreased the concentration of Brensted acid sites, while the K modification resulted in a higher
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concentration of acid sites with 25 pmol/g of total Brensted concentration in average in comparison

to those for Sr and Cs modified catalysts being 15 umol/g and 11 pmol/g, respectively.

Table 8: Acidity measurement of H-Y zeolites by alkaline ion exchange method

Catalysts Brensted acidity (umol/g) Lewis acidity (umol/g)
T (°C) 250 350 450 250 350 450
(WHM+S)  (M+S) (S) (WHM1S)  (M+S) (S)
1. H-Y-30 146 121 13 13 9 1
2. K-Sn-H-Y-30-DA 41 13 0 5 5 0
10. K-Sn-H-Y-30-DA-2 20 16 0 27 6 0
11. K-Sn-H-Y-30-DA-3 21 17 0 6 5 0
12. K-Sn-H-Y-30-DA-4 17 0 0 4 0 0
13. Sr-Sn-H-Y-30-DA 15 13 12 25 5 4
14. Cs-Sn-H-Y-30-DA 11 0 0 7 0 0

Notation: W+M+S: weak acid site, M+S: medium acid site, S: strong acid site

The decrease of Bronsted acid sites after Sn modification suggests that Sn modification influenced
the type and strength of acid sites present in the zeolite, possibly due to the interaction between Sn
species and the framework. On the other hand, the acidity change after K modification suggests
that K cation exchange enhanced the acid properties of the zeolite, potentially due to the interaction
between K ions and the framework again, leading to the generation of additional acid sites'®. By
examining the effect of Sn and K on the acidity of H-Y zeolite, the study provides insights into the
structural modifications and their consequences for the catalytic performance of these zeolite
materials. The findings contribute to a better understanding of the relationship between acidity and
catalytic activity in Sn and K modified H-Y zeolites, which can be beneficial for the design and

optimization of zeolite catalysts for various applications.

To understand the change in the catalyst acidity based on the steps of synthesis, Figure 19 displays
the combined FTIR pyridine spectra of 4 different catalysts. The band around the wavenumber of
1550 cm™! corresponds to Brensted acidity and the one around 1450 cm™ reflects the Lewis acidity
of the catalyst!%. The spectra correspond the total acid sites of the catalysts that were detected at

250 °C.
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Figure 19: Combined FTIR pyridine acidity measurement spectra of H-Y zeolites

Commencing with the protonic form of H-Y zeolites, the corresponding spectrum, depicted by the
blue plot, exhibits a notably high absorbance signal of Brensted acid sites. Significantly, upon the
subsequent dealumination process employing a 10 M nitric acid solution, it becomes evident that
the total count of Lewis acid sites diminishes substantially, as expected. Concurrently, a reduction
in the number of Bronsted acid sites is observed, in agreement with the existing literature data'®’.
Analogously, as documented in Table 11, the introduction of Sn follows a comparable pattern,
wherein the total population of Brensted acid sites declined, as illustrated in Figure 19. Notably,
the inclusion of Sn, being a Lewis acid itself, contributes to appearance of additional Lewis acid
sites. The yellow spectrum for dealuminated H-Y zeolite with SAR of 30 confirms the
characteristic behavior of the bimetallic catalyst. Consistent with a prior report'?’, the introduction
of K results in an increase of the overall Bronsted acidity. Conversely, the impact of K on the total

number of Lewis acid sites in the zeolites appears to be relatively minimal, as indicated by the

marginal disparity observed before and after the addition of K.
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Temperature programmed desorption (TPD) of CO:

Basicity analysis for one of the best performing catalysts (K-Sn-H-Y-30-DA) was performed and

the results indicated that no detectable basicity was observed.

Nitrogen physisorption

The Dubinin-Radushkevich surface areas and the DFT pore volumes of H-Y zeolites which were
synthesized by evaporation impregnation method studied using nitrogen physisorption are given in
Table 9. The results indicated that the incorporation of Sn into the H-Y zeolite framework led to a
decrease in the surface area compared to the pristine zeolite. Overall, the average surface area of
500 m?/g and typical pore volume for microporous material of about 0.25 cm?®/g revealed alterations
in the pore size distribution such as 18 % increase in the ratio of mesoporous to microporous total
pore volumes compared to the unmodified H-Y-30 zeolite. The highest change in the mesoporous
to microporous pore volume ratio was detected in H-Y-80 zeolite in which it was doubled after
introduction of tin. The surface area of Sn-H-Y-80-EIM catalyst decreased to 512 m*/g being 665

m?/g for the pristine zeolite as can be seen in Table 9.

Table 9: N2 Physisorption results of the impregnated catalysts

N Catalyst Surface Area Total Pore Micro-P Meso-P  Vmeso/Vmicro
(m?/g) Volume (cm?/g) (%) (%)
1. H-Y-5 590 0.26 93 7 0.07
2. Sn-H-Y-5-EIM 504 0.22 97 3 0.03
3. H-Y-30 1200 0.57 78 22 0.28
4. Sn-H-Y-30-EIM 527 0.25 75 25 0.33
5. H-Y-80 665 0.33 82 18 0.22
6. Sn-H-Y-80-EIM 512 0.27 68 32 0.47

Notably, impregnated zeolites exhibit a correlation between the Si02/Al,03 ratio (SAR) and the
ratios of total mesopore volume to micropore volume. Specifically, commencing from the pristine
H-Y-5 =zeolite, an elevated SiO2/AlO3 ratio leads to a substantial increase in the
mesopore/micropore ratios as shown in Figure 20. This phenomenon is evident in the observed

ratios of 0.47 for Sn-H-Y-80-EIM and a considerably lower value of 0.03 for Sn-H-Y-5-EIM.

Overall, the N2 physisorption results demonstrated that the impregnated H-Y zeolites with Sn led

to a decrease in the specific surface area, and an increased ratio for mesoporous to microporous
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ratio (Vmeso/ Vmicro). These modifications can be attributed to the incorporation of Sn species, which

influenced the physicochemical properties and porosity of the zeolite framework %%,
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Figure 20: Relationship between SiO2/Al203 (mol/mol) ratios and Vmeso/Vmicro
of impregnated catalysts

Moreover, a typical microporous adsorption-desorption isotherm of the dealuminated H-Y
zeolites and further modified with Sn and K is shown in Figure 21.
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Figure 21: N2 adsorption-desorption isotherm of Sn and K modified
dealuminated H-Y-30 zeolite
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Table 10 shows the results from N> physisorption of dealuminated and ion exchanged modified
metals with Sn and K. The N2 physisorption results for ion-exchanged dealuminated H-Y zeolites
with Sn and K yielded several significant findings. The results indicated that the ion exchange of
dealuminated H-Y zeolites with Sn and K led to decrease in the surface area compared to the
pristine zeolite. For example, the TEM images of dealuminated Y zeolites show a decrease in the
catalyst particle size (Figure 18) and an increase in the surface area compared to the untreated H-
Y (Table 10) zeolite with the SiO2/AL,0; ratio of 30 which is very similar to previously reported.®?
Thereafter, the H-Y-30 zeolite surface area was measured to be ca. 1200 m?/g containing almost
only the micropores. After dealumination and modification with metals (Sn, K) the final catalyst
exhibited the surface area of 550 m?/g with 40% of mesopores favouring the reaction (Section 4.2).
Specifically, for this reason the catalyst demonstrated very high selectivity and yield compared to
other catalysts. Generally speaking, changes in the surface area could be attributed to the presence
of Sn and K ions, which affected the pore structure resulting in a substantial increase in the total
mesopore to micropore volumes (Vmeso/ Vmicro), being 2.28 and 2.04 times higher for H-Y-30 and
H-Y-80, respectively.'!?”

Table 10: N2 Physisorption results of dealuminated and bimetallic H-Y zeolites

N Catalyst Surface Total Pore Micro-P Meso-P Vmeso/Vmicro
Area (m?/g) Volume (cm’/g) (%) (%)
1. H-Y-30 1200 0.57 78 22 0.28
2. H-Y-30-DA 790 0.37 76 24 0.32
3. Sn-H-Y-30-DA 712 0.33 76 24 0.32
4. K-Sn-H-Y-30-DA 547 0.30 61 39 0.64
5. H-Y-80 665 0.33 82 18 0.22
6. H-Y-80-DA 589 0.29 75 25 0.33
7. Sn-H-Y-80-DA 604 0.30 73 27 0.37
8. K-H-Y-80-DA 633 0.32 71 29 0.41
9. K-Sn-H-Y-80-DA 579 0.30 69 31 0.45

As mentioned before, another interesting finding was to see how the meso-porosity is changing
throughout the synthesis steps of the zeolites. While H-Y zeolite with the Si02/Al,03 ratio of 80
has only 18% mesopores of all pores, the final synthesized catalyst, K-Sn-H-Y-80-DA exhibited
31% of mesopores. Again, this confirmed that the dealumination of the zeolites was successfully

achieved in almost all cases.
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Figure 22: Distribution of the micropores of K-Sn-H-Y-30-DA-4 zeolite

To have better understanding in the textural properties of the zeolites, materials after different
preparation steps were characterized. Figure 22 delivers very informative data and helps in
understanding the changes in a much better way. Starting from the proton form of the H-Y zeolite
with the Si102/Al,0s3 ratio of 30, it can be seen that the zeolite has a very high pore volume in the
micropores of ca. 0.7-0.8 nm. A very big change after dealumination of the zeolite can be observed
very easily. This is due to creation of more mesopores after dealumination with nitric acid leading
to less micropores. Even though it is difficult to see the difference of the spent catalysts compared
to the fresh one in Figure 22, Table 11 can be however used to understand the change in the
textural properties of the zeolites after the reaction. The N2 physisorption results of the fresh and
spent H-Y zeolites exhibit notable differences, indicating changes in the pore structure and surface
properties of the zeolites after their usage or exposure to specific conditions as clearly can be seen
from Table 11. One prominent distinction is the decrease in the specific surface area of the spent
zeolites compared to their fresh counterparts!''®. For instance, according to Table 10, for the best
catalyst (entry 1) a decrease in the surface area from approximately 550 m?/g to around 510 m?/g
was detected. Notably, the dealuminated H-Y-80 catalyst (entry 4) exhibited no significant changes
in the surface area, maintaining a constant value of 590 m?/g even after the reaction. On the other
hand, other dealuminated and metal-modified H-Y zeolites displayed minor fluctuations in surface

areas within the range of 88-95%. Furthermore, the impregnated catalysts showed a wide range of
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variation in surface areas. The decline in the surface area of the spent catalysts can be attributed to
factors such as accumulation of the reaction by-products, coking, or fouling on the zeolite surface

during the catalytic process''!.

In an unexpected manner, the spent Sn-H-Y-5-EIM catalyst exhibited a noteworthy 22% increase
in the surface area, reaching a value of 610 m*/g. This increase can be attributed to several factors,
including the removal of carbonaceous deposits or coke that formed during the reaction, the
restructuring or redistribution of active species on the catalyst surface, and potential alterations in

the catalyst pore structure''?

. A related observation can be found in Table 11, which provides
insights into changes in the micro and mesopores. While all catalysts demonstrated a decrease in
the total micropore volumes and an increase in the total mesopore volume, entry 3 displayed an
unaltered pore distribution, maintaining the same proportions of 71% micro- and 29% mesopores.
In opposite, the Sn-H-Y-5-EIM catalyst exhibited a dramatic alteration in micro/mesoporosity.
These significant changes in the catalyst pore characteristics, such as the increase in the mesopore
volume and decrease in the micropore volume, can be explained by structural transformations and
modifications that result in the formation of new mesopores or the enlargement of existing ones'!!.
These transformations may arise from diverse phenomena, including the redistribution or removal
of specific species on the catalyst surface, the restructuring or agglomeration of catalyst particles,

or the formation and subsequent removal of coke or carbonaceous deposits'!!.

Table 11: N2 Physisorption results of the spent and the fresh catalysts after 24 h reaction

Surface Total Pore
N Catalyst Area  SAgpen/SAfesn  Volume — Micro-P (%) Meso-P (%)
(m?/g) (%) (cm?/g) [Fresh] [Fresh]
[Fresh] [Fresh]
1. Spent-K-Sn-H-Y-30-DA 514 [547] 94 0.30[0.30] 55[61] 44 [39]
2. Spent-K-Sn-H-Y-80-DA 513 [580] 88 0.27 [0.30] 66 [69] 34 [31]
3. Spent-K-H-Y-80-DA 600 [630] 95 0.31[0.32] 71[71] 29 [29]
4. Spent-H-Y-80-DA 590 [590] 100 0.300.29] 68 [75] 32 [25]
5. Spent-H-Y-80 490 [580] 84 0.26 [0.25] 66 [72] 34 28]
6. Spent-Sn-H-Y-5-EIM 610 [500] 122 0.2210.22] 69 [97] 31 [3]
7. Spent-Sn-H-Y-30-EIM 440 [530] 83 0.24 10.25] 65 [75] 35 [25]
8. Spent-Sn-H-Y-80-EIM 470 [510] 92 0.2510.27] 64 [68] 36 [32]
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The presence of coke or other deposits can lead to changes in the accessibility and availability of

different pore sizes, resulting in a modified pore size distribution'!'?

. The shape of the N> adsorption
isotherms can vary between fresh and spent H-Y zeolites. The hysteresis loops observed in the N»
adsorption-desorption isotherms was observed to be slightly different between fresh and spent H-
Y =zeolites due to presence of coke or other species in spent catalysts leading to lateral
interactions!!'*. Changes in the size, shape, or connectivity of the zeolite pores due to coke
deposition or other factors can influence the occurrence and shape of hysteresis loops. These
differences in the N> physisorption results between fresh and spent H-Y zeolites provide valuable
information about the changes occurring in the zeolite structure and properties during catalytic

reactions or prolonged usage. Understanding these differences can aid in assessing the stability,

regeneration potential, and overall performance of H-Y zeolites in various applications'!*,
4.2. Catalytic results

To investigate the hydrogenation activity, a control experiment was conducted in the absence of a
catalyst. Glucose was utilized as the reactant, while methanol served as the solvent. The experiment
was carried out under specific conditions of 180 °C temperature and a total pressure of 30 bar for
a duration of 24 hours. By running a blank reaction with glucose in methanol, it can be assessed if
methyl lactate may be generated in the reaction system without a catalyst. The same operating
parameters were used previously®? for methyl lactate reaction from glucose in a blank reaction
where no catalysts was used. As mentioned earlier, the sugar (solid) components were measured

using the HPLC, while the products after 24 hours were quantified using GC for the liquid phase.

As can be observed from Figure 23, a complete conversion of glucose was obtained under the used
operating conditions without any catalyst after 24 hours. Even though only 46% conversion of
glucose was achieved after 6 h at 150 °C 4, in the current work more than 70% conversion was
already detected after 3 h at 180 °C using the same pressures. This is clearly related to a higher

temperature leading to an increase in reaction'!'

. Rapid isomerization of glucose to fructose already
took place in the first minutes of the experiment as reported in the literature*. While the glucose
conversion was almost 100% after the reaction, other sugars such as D-mannose and alfa methyl-
glucosides were also detected in very small amounts by HPLC which are the result from the

condensation of methanol with monosaccharides, as previously detected®.
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Figure 23: Conversions of sugars in the absence of any catalyst after 24 h (Reaction
conditions: liquid volume, 100 ml; glucose concentration, 9 g/l; 180 °C, 30 bar)

Figure 23 also gives information about the products analysed by HPLC that were detected after
the reaction. The blank experiment in the absence of a catalyst resulted in the formation of very
low yields of methyl lactate (<10%) and ca. 1% of methyl levulinate was also formed at the end of
the reaction. Majority of the reaction products were identified using GC-MS. Small amounts of
various by-products such as furfural, methyl-formate, 1,3-dihydroxyacetone, methyl vinyl

glycolate, etc. were formed each exhibiting less than 2% yields after 24 h of the reaction.
Methyl lactate formation reaction on evaporation impregnated catalysts with Sn

The further reactions were conducted with a set of catalysts synthesized using the same preparation
method reported in the experimental part of the thesis. This set corresponds to H-Y zeolites with
varying Si02/Al20Os ratios of 5.1, 30 and 80 and two different metal precursors (SnClz and SnCly).
Overall, as it can be seen from Figure 24 that all the catalysts resulted in full conversions (100%)
of glucose within 24 hours. All impregnated catalysts exhibited similar sugar concentration curves
where after 3 h of reaction, glucose and fructose were fully converted into such products as D-

mannose and alfa methyl glucosides in addition to methyl lactate and methyl levulinate!'®.
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Figure 24: Conversions of sugars in Sn-H-Y-30-EIM [SnCl: precursor] (Reaction
conditions: liquid volume, 100 ml; glucose concentration, 9 g/l; 180 °C, 30 bar)

The yields of the products, which were quantified by GC, are given in Table 12 together with

concentrations of those analyzed by HPLC in Figure 24. Very high yields of D-mannose and alfa-

methylglucosides after 24 h. Remarkably, impregnated zeolites with SnCl, precursor gave higher

glucoside yields being 38, 28 and 40 %, for synthesized zeolites with SiO2/Al>O3 ratios of 5.1, 30

and 80, respectively.

Table 12: Yields of products for Sn-H-Y zeolites made by evaporation impregnation
(Reaction conditions: liquid volume, 100 ml; glucose concentration, 9 g/1; 180 °C, 30
bar, complete conversion of sugars)

Type of Me-lactate Me- D-Mannose | Alfa-methyl
precursor Catalyst MB (%) (%) levulinate (%) glucoside

(%) (%)

Sn-H-Y-5.1-EIM 94 1 25 24 38

SnCl, Sn-H-Y-30-EIM 92 2 35 15 28

Sn-H-Y-80-EIM 95 8 14 23 40
Sn-H-Y-5.1-EIM 96 7 18 7 8

SnCly Sn-H-Y-30-EIM n/a 4 42 11 20

Sn-H-Y-80-EIM 95 11 11 15 30
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Furthermore, very high methyl levulinate yields were also obtained specifically, the highest methyl
levulinate yield of 42% was recorded in the presence of Sn-H-Y-30-EIM catalyst which was
synthesized using SnClys precursor. In general, the impregnated catalysts exhibit large amounts of
strong acid sites (Table 6) and according to the literature!'®, more methyl levulinate is formed over

Brensted acidic catalysts.

Even though promising results from the impregnated catalysts were expected, only low yields of
methyl lactates varying from 1 to 11%, as being 11% for Sn-H-Y-80-EIM (SnCl4 precursor) were

achieved. As a comparison with the literature it can be stated regarding:

Catalyst selectivity: H-Y zeolites impregnated with Sn metal may exhibit higher selectivity towards
mannose in the range of 7-24% and alpha-methylglucosides with the selectivity between 8-40 %
under specific reaction conditions. The active sites on the catalyst surface, along with the presence

of Sn species, may favor formation of these products at the expense of methyl lactate!!”.

Reaction pathways: Glucose to methyl lactate transformations and the formation of mannose and
alpha-methylglucosides involve different reaction pathways. The presence of Sn on the catalyst
surface can influence the reaction kinetics and favor specific pathways leading to formation of

mannose and alpha-methylglucosides'!”.

Reaction conditions: The reaction conditions, such as temperature, pressure, and reactant
concentrations, can influence the product distribution. It is possible that under the specific reaction
conditions employed in the studies with H-Y zeolites impregnated with Sn metal, formation of
mannose and alpha-methylglucosides is favored over methyl lactate. However, because similar
reaction temperatures were tested and higher methyl lactate yields were previously reported??, this

may not be the reason behind the results of the current work different from previously reported.

Catalyst stability: Stability of the catalyst, particularly interactions between the Sn species and the
zeolite support, can affect selectivity. The presence of Sn metal on H-Y zeolites may create specific
active sites or alter acidity of the catalyst, leading to the preferential formation of mannose and

alpha-methylglucosides''®.

In general, as can be seen from Table 12, increasing Si02/Al>O3 ratios actually slightly increased
the yields of methyl lactate while methyl levulinate in all cases was also the dominant product.

This means that the reactions have mostly proceeded into the direction of undesirable products
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yielding more levulinates and glucosides as previously reported®’. This can be explained by
changes in acidity of the H-Y zeolites which depends on SiO2/Al,03 ratio. Higher SiO2/Al,0s3 ratios
result in lower acidity due to decreased concentrations of acidic sites!'. Catalyst acidity can
influence the reaction kinetics and selectivity, potentially decreasing the yield of methyl lactate
such as in the reaction where Sn-H-Y-5.1-EIM (SnCl: precursor) exhibited only 1 % methyl lactate
yield (Table 12).
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Figure 25: Conversions of sugars on impregnated catalysts with different precursors of Sn
(Reaction conditions: liquid volume, 100 ml; glucose concentration, 9 g/I; 180 °C, 30 bar)

Figure 25 reports conversion of glucose on H-Y-30 zeolites impregnated using two different
precursors, the first one being the tin (II) chloride and the second tin (IV) chloride, respectively.

Regardless of the precursor almost the same concentration curves were obtained.

Methyl lactate formation reaction on dealuminated alkaline ion exchanged bimetallic

catalysts with Sn and K

Catalytic testing was continued, as previously, in a batch mode with 0.75 g of the catalyst, 0.9 g
of glucose, and 75 ml of methanol at 150 °C and 30 bar upon intensive stirring (720 rpm). Sn and
K-modified bimetallic H-Y zeolites have shown promising catalytic performance in the

transformation of glucose to methyl lactate. The bimetallic catalysts that were modified by Sn and
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Figure 26: Glucose concentration curves over K/Sn modified (a) and other dealuminated
catalysts (b) (Reaction conditions: liquid volume, 75 ml; glucose concentration, 12 g/l;
150 °C, 30 bar)

K exhibited high activity being able to reach full conversion within an hour of the reaction time.
Throughout this work, these catalysts exhibited high activity, selectivity, and as well stability
without visible changes in TEM, making them suitable for this transformation. As K-Sn-H-Y-30-
DA has been the best catalyst for the transformations of glucose to methyl lactate among the tested

materials, Figure 26 depicts the glucose conversions of some other catalysts that were synthesized
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and tested. From the concentration curves the clear differences in activity can be observed; namely
that bimetallic catalysts that are modified sith Sn and another alkaline earth metals such as K, Cs
as well as Sr exhibited very high rates of glucose transformation. The monometallic 2 wt.% Sn/H-
Y-30-DA catalyst also exhibited very high rates even though not reaching high methyl lactate
yields as those bimetallic catalysts ultimately yielding only 30% yield. Previously, very fast
reaction rates of glucose to methyl lactate were reported”**%2. Sn and K modification of H-Y
zeolites enhanced the catalytic activity for glucose transformation to methyl lactate resulting 4-5
times faster reaction rates. It was also stated in'?® that the presence of Sn species promoted the
cleavage of the C-C bond in glucose, facilitating formation of the intermediates and the desired
product. K modification improves the accessibility of the reactants to active sites as a result of
decrease in Bronsted acidity and creation of mesopores as discussed in the Sections 4.1.4 and 4.1.6,

therefore, enhances the overall ML yield up to 70%'%°.

Sn and K-modified H-Y zeolites have demonstrated high selectivity towards methyl lactate. The
highest yield of methyl lactate was 72 % obtained over K-Sn-H-Y-30-DA-4 catalyst (Figure 27).
The presence of Sn and K species help to promote the desired reaction pathways leading to the
formation of methyl lactate. In general, H-Y zeolites are known for their acidic nature, which can
influence the reaction kinetics and selectivity'?!. The introduction of Sn and K species modifies
acidity of the zeolite, creating a balance between the acid and base sites. This adjusted low Lewis
acidity helps in controlling the reaction pathways and enhances the selectivity towards methyl
lactate formation!!. K modification of H-Y zeolites improves the accessibility of reactant molecules
to the active sites on the catalyst surface due to increased total mesopore volumes as discussed in
the Section 4.1.6. This increased accessibility focused to modify the pore size distribution
(specially, creating more mesopores and channels) facilitates the interaction between glucose and
the catalyst, promoting the desired glucose transformation to methyl lactate!!. During this study,
many different catalysts using varying synthesis methods and procedures were used and tested.
Among them, as it was previously also reported!! Sn and K modified, dealuminated H-Y zeolites
gave very high yields as can also be seen from Figure 27. Even though the dealumination step is
very important for this reaction mechanism as also previously mentioned, it was observed that
without metal modifications it is impossible to reach high yields of methyl lactate within reaction

conditions. Only after introduction of Sn, a significant elevation in the yield of the desirable product
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could be seen. Interestingly, without Sn, using only K in the monometallic catalyst the methyl

lactate yield again dropped down to 6 %.
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Figure 27: Glucose to ML over dealuminated catalysts (Reaction conditions:
liquid volume, 75 ml; glucose concentration, 12 g/l; 150 °C, 30 bar)

This can again be explained by generation of active sites upon intorduction of Sn species which
facilitate the desired reaction pathway, as previously stated. In contrast, K alone may not possess
the same capability to generate active sites for efficient C-C bond cleavage'**>. By combining Sn
and K species, the catalyst benefits from the unique properties and interactions of both components,
leading to improved catalytic performance and selectivity in the glucose to methyl lactate
conversion. The specific reasons for the superior performance of Sn and K together compared to
K alone may vary depending on what specific reaction conditions and catalyst formulations
used'?>!2*, During this study, a number of physicochemical observations were discovered to
account for the high activity of this catalyst. These findings revealed that the catalyst exhibited a
notable combination of low Lewis and Brensted acidity, while concurrently possessing a
substantial number of mesopores and a relatively low loading of Sn (2 wt.%). Other metals not

previously investigated in this reaction such as Sr and Cs were also tested. Interestingly, Sr-
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modified catalyst exhibited more strong acid sites than Cs-modified one (Table 8), however the

former one gave a higher methyl lactate yield of 49% while the other resulted in only 42% yield.
Influence of Sn loading

It was found throughout the studies that deposition of Sn and K species on the H-Y zeolite catalysts
can significantly impact the catalytic performance. The influence of Sn loading on modified H-Y
zeolites in the reaction of glucose to methyl lactate can vary and has been studied in several
articles'*'?°, Increasing the Sn loading on H-Y zeolites can enhance the catalytic activity and
selectivity towards methyl lactate formation. Typically, an optimal Sn loading range was reported
to the highest yield of methyl lactate. Beyond this range, excessive Sn loading may result in catalyst
deactivation or formation of the undesired by-products!?’. Sn loading affects the reaction kinetics,
including the rate of glucose conversion and selectivity towards methyl lactate. Furthermore, a
higher Sn loading can enhance the reaction rate by providing more active sites for the desired
reactions. Stability of Sn-modified H-Y zeolites can also be influenced by the Sn loading meaning
that the catalyst may undergo some modifications already in the reaction phase when Sn loading is
not within an optimum range'®. Four different Sn and K modified catalysts were synthesized by
the same procedure with different Sn loading. The yields of different products from glucose
transformation are shown in Table 13. Even if dealumination is challenging very similar amounts
of aluminium in the range of 0.43-0.46 wt.% were detected resulting in high methyl lactate yields

apart from one catalyst.

Table 13: Influence of Sn loading on methyl lactate yield (Reaction conditions: liquid
volume, 75 ml; glucose concentration, 12 g/l; 150 °C, 30 bar)

Sample Al(Wt.%)  Sn (Wt.%) MB (%) ML (%) M-Le(%) MVG M-For
(%) (%)
K-Sn-H-Y-30-DA 0.45 0.87 98 70 1.8 6 2
K-Sn-H-Y-30-DA-2 0.46 3.61 97 40 4 4 1.8
K-Sn-H-Y-30-DA-3 0.43 1.43 98 66 <1 7 1
K-Sn-H-Y-30-DA-4 0.46 1.32 98 72 2 7 <1

Notation: MB: mass balance, ML: methyl lactate, M-Le: methyl levulinate, MVG: methyl-vinyl-
glycolate, M-For: methyl formate (Catalysts preparation method was given in section 3.2.2).
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The results from Table 13 revealed that an optimized amount of Sn should be used. As a
comparison, the catalyst with the highest amount of Sn (ca. 3.6 wt.%) gave much lower methyl

lactate yield (40%).
Influence of reaction conditions

Reaction parameters such as temperature, pressure, solvent, catalyst-to-glucose ratio, and reaction
time can influence the overall performance of the catalysts. Fine-tuning these conditions is essential
to maximize the yield of methyl lactate. Even though such study requires a lot of experimental
work® to reach to the best conditions, various catalyst-to-glucose ratios were studied in this work
as a preliminary approach to optimization. Table 14 combines the results on exploitation of the
parameter space for the best performing catalyst. In all reactions, full conversion of glucose was
detected already after 30 min of the reactions, giving ML yields ranging from 58 to 72%. The
highest yield of 72 % ML was achieved using 0.75 g of the catalyst with the catalyst-to-glucose
mass ratio of 0.83. Even though the yield was expected to be higher for higher catalyst amounts
(1.16 mass ratio), it dropped to 62% as analogously to previously reported lactic acid formation

from biomass'?.

Table 14: Effect of cat/glu mass ratio after 24 h reaction (Reaction conditions: liquid
volume, 75 ml; 150 °C, 30 bar, complete conversion of sugars)

N Catalyst m_cat |m_cat/m| MB (%) |ML Yield | M-Le (%)MVG (%), M-For
0 (2) _gl % (%)

1 0.45 0.5 98 58 2 7 1

2 0.8Wt.% K — 2wt.% 0.6 0.67 98 65 3 4 0.7

3| Sn/H-Y-30-DA 0.75 0.83 96 72 2 7 -

4 0.9 1 97 67 2.4 6 1

5 1.05 1.16 95 62 4 6 0.9

Notation: MB: mass balance, ML: methyl lactate, M-Le: methyl levulinate, MVG: methyl-vinyl-
glycolate, M-For: methyl formate.

Increasing the catalyst amount can lead to a decrease in the yield of the product in certain reactions

due to several factors'?>13!:

1) Mass transfer limitations: When the catalyst amount is increased excessively, it can lead to

higher viscosity or hinder diffusion of the reactants and products within the reaction
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mixture. This can result in a poor contact between the reactants and the active sites on the
catalyst surface, leading to lower reaction rates and decreased yield.

2) Side reactions: In some cases, an increase in the catalyst amount can promote side reactions
or undesired pathways, leading to formation of the by-products instead of the desired one.
This can occur when the catalyst per se or the support promotes undesired reactions or when
it interacts with other components in the reaction mixture to generating unwanted products.

3) Catalyst deactivation: Certain catalysts can undergo deactivation or degradation due to
aggregation, sintering, or poisoning of active sites, leading to a decrease in catalytic activity

and subsequently lower product yield.

Furthermore, the best catalyst which is 0.8 wt.% K — 2 wt.% Sn/H-Y-30-Da was also further
analyzed to investigate metal leaching. The total amount of leached metals determined by ICP-MS

method was found to be 15.5 wt.% and 6.4 wt.% for Sn and K, respectively.

In total, 41 reactions were performed in this work with the outcome summarized in Figure 28,

illustrating yields of methyl lactate and methyl levulinate as the reaction products.
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Figure 28: Combined reaction results as desirable (methyl lactate) versus undesirable
(methyl levulinate) product yields
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It can be concluded that Sn and alkali metal-modified catalysts, alongside Sr-modified
dealuminated H-Y zeolites, demonstrated notably high methyl lactate yields ranging from 30% to
72%. Simultaneously, corresponding yields of methyl levulinate were relatively low. Conversely,
monometallic Sn-modified dealuminated catalyst exhibited a reasonably favorable methyl lactate
yield of up to 30%, while the impregnated zeolites demonstrated poor catalytic performance in this
particular study. The significance of Sn as a catalytic phase in this reaction is evident when
examining the results of the dealuminated and solely K-modified catalysts, which yielded very low
average methyl lactate and methyl levulinate yields, both below 10%. Interestingly, the pristine H-
Y zeolites demonstrated remarkably high methyl levulinate yields of approximately 60%, attributed

to their high number of strong acid sites'!S,
4.3. Challenges with product analysis

The reaction from glucose to methyl lactate using Sn and K modified H-Y zeolites presents several
challenges in terms of the product analysis. These challenges arise from the complexity of the
reaction system!® and a need to quantify the desired product, methyl lactate, as well as many by-

products and intermediates.

For one of the best performing catalysts of 0.8 wt.% K — 2 wt.%Sn/H-Y-30-DA mass spectrometry
(MS) coupled with GC was used in addition to GC and HPLC. As can be seen from Figure 29, it
was possible to identify most of the peaks for unknown by-products from GC-MS.
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and number of peaks (left), with identified chemicals table (right)
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4.4. Hot filtration test

Hot filtration test was performed for the reaction with 2 wt.% Sr — 2 wt.% Sn/H-Y-30-DA as a
catalyst. The results confirmed that the reaction proceeded after filtering away the solid catalyst
after 1440 min and continuing the experiment with the filtrate (Figure 30) indicating homogeneous

catalysts, i.e. by leached metals.
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Figure 30: Sugar concentration curves (a) and reaction results (b) from the hot
filtration test (Reaction conditions: liquid volume, 75 ml; glucose concentration, 12 g/l;
150 °C, 30 bar)
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4.5. Reproducibility and repeatability

Reproducibility of catalysts performance plays a critical role in ensuring their reliability and
applicability!*. In this study, a particular attention was given to investigation of the reproducibility
of the best-performing catalyst, which involved synthesis of the dealuminated H-Y zeolite with the
SAR of 30. The aim was to determine if the catalyst's superior performance could be consistently

replicated and if the obtained results were repeatable.

Regarding the best-performing catalyst, namely Sn and K-modified by ion-exchange H-Y-30
zeolite, it was synthesized multiple times to assess its reproducibility. The elemental composition
of the catalysts was determined through ICP measurements, and the corresponding results are
presented in Table 13. During the initial synthesis, the K-Sn-H-Y-30-DA catalyst exhibited
exceptionally high reaction rates and yielded up to 70% methyl lactate, even once reaching the
record-breaking 85% yield of methyl lactate under the same reaction conditions. However, when
the catalyst was synthesized for the second time (K-Sn-H-Y-30-DA-2), with a modification in the
amount of Sn loading as indicated in Table 13, its performance significantly deteriorated under the
same reaction conditions (0.75 g catalyst loading, 9 g/l substrate concentration, 75 ml solvent, 150
°C, 30 bar, 24 h). Consequently, after the second synthesis, the yields of methyl lactate dropped to
only 40%. This unexpected behaviour of the catalysts raised several questions since the previous
literature reported reproducible results for synthesized H-Y zeolites, exhibiting high activity and

stability!®>.

Reproducibility of Sn and K-modified H-Y zeolites in the transformations of glucose to methyl
lactate has been reported in several studies'**!**. For example, robust synthesis of Sn and K-
modified H-Y zeolites using a different method giving reproducible results by conducting multiple
experiments was demonstrated. Findings of this study also demonstrated consistent catalytic
performance in terms of conversion and selectivity, further highlighting reproducibility of the

catalysts'*,

To comprehend the disparity in the synthesis process of two catalysts and specifically elucidate the
impact of varying Sn loading amounts on catalyst performance, a series of experiments and
characterizations were conducted. The ICP elemental weight compositions of these catalysts, as

depicted in Table 13, provided crucial insights into the significance of appropriate Sn loading.
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Additionally, ultraviolet-visible spectroscopy and solid-state NMR were employed to investigate

the distinctions between the catalysts, with the corresponding results presented in Figure 31.

60
a — 1 -H-Y-30-DA
— 2 -H-Y-30-DA-2
50 — 3 -Sn-H-Y-30-DA

— 4 -Sn-H-Y-30-DA-2
—— 5 -K-Sn-H-Y-30-DA
——— 6 -K-Sn-H-Y-30-DA-2

Absorbance [%]

I T T T 3
200 300 400 500 800 700
Wavelength / nm

1600000 1 [ HY-
b ] Ei_gﬁ_z Peaks at 50-60 ppm: Framework
1400000 Sn-HY-30-DA tetrahedral alumina
1200000 ] | K-SN-HY-30-DA
7| K-Sn-HY-30-DA2 Peaks at 0 ppm: Extra-framework
S 1000000 - octahedral alumina
m -
£ 800000 -
[71]
5 -
£ 600000 -
400000
200000
0 4 fepemyermsars

8/ppm

Figure 31: UV-vis (a) and solid-state NMR results (b) comparisons for understanding
the reproducibility of the preparation of different catalyst

The UV-vis results unveiled substantial variations in the dealumination step during the synthesis
of these catalysts. Figure 31 demonstrates notable dissimilarities, particularly in the wavelength
range of 248-300 nm*, which indicates a significant presence of extra-framework alumina
structures in the second synthesized catalyst (H-Y-30-DA-2) compared to the dealuminated H-Y-
30-DA. Although both catalysts exhibited similar peaks for alumina in the framework structures
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(203-220 nm)'3*, the distinct UV-vis profiles underscored the contrasting nature of the
dealumination process. Furthermore, disparities in the positioning of Sn atoms within the catalysts
were observed, along with variations in the intensities of absorbances. Notably, both Sn-H-Y-30-
DA and Sn-H-Y-30-DA-2 exhibited a prominent absorption band in the 210-220 nm region,

indicative of isolated Sn'Y species with a tetrahedral coordination within their zeolite frameworks>’.

The results from solid-state NMR supported conclusions from the UV-vis study highlighting
importance of the dealumination step. >’ Al MAS NMR has been established as an efficient method
to determine the coordination and the local structure of specific aluminium species in zeolites since
each ?’Al site can be readily resolved based on their distinctly different chemical shifts'*®. Figure
31 b reports 2’Al MAS NMR spectra of the dealuminated HY zeolites (H-Y-30-DA, and H-Y-30-
DA-2). Obviously, the hydration process has a significant effect on the ?’Al MAS spectra. In
general, three broad peaks at around 60, 30 and 0 ppm can be observed in the 2?Al MAS spectra of
the hydrated samples. The 60 ppm signal originates from four-coordinated framework Al i.e.
Brensted acid sites, while the peak centered at around 30 ppm arises from the five-coordinated
extra-framework Al, and the resonance at 0 ppm corresponding to Lewis acid sites is associated
with six-coordinated extra-framework aluminium!*®!37. Both solid state NMR and UV-vis
spectroscopy confirmed that dealumination of the H-Y zeolite is an essential step because removal
of aluminium from the extra-framework structure should be achieved successfully. Otherwise the

yield of methyl lactates will decrease at the expense of other undesirable products'®.

In summary, a comprehensive analysis of the synthesis process and characterization of the catalysts
provided valuable insights into the influence of Sn loading and the resulting disparities in catalyst
performance. The UV-vis spectroscopy and solid-state NMR techniques effectively highlighted the
differences in dealumination, extra-framework structures, Sn positioning, and absorbance
intensities, emphasizing the distinct nature of the catalysts. These findings contribute to a better
understanding of the underlying mechanisms and facilitate further optimization of the catalyst

synthesis for improved and reliable performance of the catalysts.

Despite the encountered challenges during the catalyst synthesis, the majority of the obtained
results could be reproduced. Underlying chemistry behind catalyst synthesis led to subsequent
synthesis of the optimal catalysts, labelled as K-Sn-H-Y-30-DA-3 and K-Sn-H-Y-30-DA-4 (Table

13). The loading of K, Sn, and Al in these catalysts was found to be quite similar. Concentration
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curves of fructose derived from two separate reactions using the K-Sn-H-Y-30-DA-4 catalyst are
provided. Figure 32 illustrates that the fructose concentration changes in a comparable manner
with a minimal discrepancy. The initial concentration increase can be attributed to the
isomerization of glucose to fructose, involving carbonyl group rearrangement, as outlined in the
reaction mechanism (Figure 3)!°. Subsequently, fructose itself undergoes decomposition and
further transformation reactions, yielding various intermediate products that eventually lead to

formation of methyl lactate.

6,00 0.8 wt.%K-2wt.%Sn/H-Y-30-DA

— & = Reaction 1

5,00 )
| Reaction 2
4,48

\ 4,19
= 4,00 |
o) (i
e |
= 13,51
.S 13,29
= 3,00 ||
= [
=
o i
Q
g b 207
S 2,00 ,
) ,64
8 \ t
S O 1,21
S 1,00 1,16
= Neow |

N 0,45
+ 02 - 919 -=-- - _ -
o0 b— 1 T 2 T T - - e - —0-0,00
0 200 400 600 800 1000 1200 1400

Time (min)

Figure 32: Repeatability of the glucose transformation over K-Sn-H-Y-30-DA catalyst based
on fructose concentration curves (Reaction conditions: liquid volume, 75 ml; glucose
concentration, 12 g/I; 150 °C, 30 bar)

4.6. Catalyst regeneration and reuse

Catalyst regeneration was performed for K-Sn-H-Y-30-DA-4 the best catalyst studied in this work
in terms of methyl lactate yield. The findings revealed that although complete glucose conversion
was achieved within just 30 minutes, the overall yield of methyl lactate decreased to 33%, whereas

the fresh catalyst exhibited a methyl lactate yield of 72% under identical reaction conditions, as
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indicated in Table 15. Intriguingly, a substantial rise in the yields of methyl levulinate was

observed, suggesting a decline in catalyst selectivity favouring the production of methyl levulinate.

Table 15: Reaction results for the fresh (1) and regenerated (2) K-Sn-H-Y-30-
DA-4 catalyst (Reaction conditions: (.75 g catalyst loading, 9 g/l substrate
concentration, 75 ml solvent, 150 °C, 30 bar)

Reactions | Me-lactate (%) Me-levulinate (%) MVG (%) Me-formate (%)
1 72 2 7 <1
2 33 21 4 3

Notation: MVG stands for methyl-vinyl-glycolate.
Differences in the product distribution are visualized in Figure 33, where the chromatograms are

presented for the fresh and the regenerated catalysts.
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Figure 33: GC product identification for the fresh (left) and the regenerated (right) K-
Sn-H-Y-30-DA catalyst

Overall, the regeneration and reuse of K and Sn modified H-Y zeolite catalysts have shown that
there is a need for further research and analysis as there can be many reasons for different behaviour

of regenerated catalysts'>. In any case, coking can be concluded as a reason for catalyst

deactivation according to HRTEM in addition to sintering'*’.

4.7. Coke analysis

TGA provided valuable information about the amount of coke formed and its thermal stability for
the best catalyst (K-Sn-H-Y-30-DA). Presence of carbonaceous species on the catalyst surface

suggested occurrence of coking. The amount of coke was quantified by measuring the weight loss

in the TGA experiments to be 4.6 wt.% as shown in Figure 34.
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The CHNS analysis revealed that the coke generated on K-Sn-H-Y-30-DA catalyst exhibited a
hydrogen-to-carbon (H/C) molar ratio of 2.6. Comparison of this finding with existing literature
established that the coke's composition predominantly comprised alkanes, consistent with an H/C

ratio exceeding 2'4!.

100
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95 RS

spent, 4.6 wt% of coke
90

Q (W/g)

mcat (%)

85

200 400 600 800 200 400 600 800
T(°C) T(°C)
Figure 34: Thermal stability of coke formed (left) and its amount (right) for
K-Sn-H-Y-30-DA

5. Conclusions

In this work, the synthesis, characterization, and testing of H-Y zeolites for the production of
methyl lactate from glucose have been investigated. The main objective was to explore the
influence of Sn, K and other metal modifications on the catalytic performance and selectivity

towards methyl lactate formation.

Different methods were employed to introduce Sn and K species into the H-Y zeolite framework.
The characterization techniques, such as X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy (FTIR) and nitrogen physisorption provided

valuable insights into the structural and morphological properties of the catalysts.

The catalyst testing phase involved transformations of glucose to methyl lactate under various
reaction conditions. The highest methyl lactate yield was 85 % obtained in glucose transformation
at 150 °C in methanol as a solvent over K-Sn-H-Y-30-DA catalyst with the initial glucose
concentration of 9 g/l. This catalyst exhibited no strong Lewis acid sites with highly mesoporous
(40%) structure enhancing formation of methyl lactate. TGA coke analysis revealed formation of
4.6 wt.% coke after the 24 h reaction. CHNS analysis conducted on the spent K-Sn-H-Y-30-DA

catalyst revealed the predominance of paraffins as the primary constituent of the formed coke.



Page |72

The results revealed that the presence of Sn species played a crucial role in promoting the cleavage
of the C-C bond in glucose!*, facilitating formation of intermediates and the desired product.
Additionally, K modification enhanced accessibility of the reactants to the active sites due to
creation of more mesopores with decrease in Lewis/Bronsted total acid sides, leading to an overall
improvement in the reaction rate. However, it was observed that excessive Sn loading could result
in catalyst deactivation or formation of the undesired by-products. Similarly, increasing the
catalyst-to-glucose ratio beyond a certain point led to a decrease in the yield of methyl lactate.
These findings highlight the importance of carefully optimizing the catalyst loading and reaction

conditions to achieve the desired selectivity and the yield.

Overall, the production of methyl lactate from glucose over H-Y zeolites represents a promising
avenue for the utilization of renewable resources and the development of sustainable chemical
processes. Continued research and development in this field will contribute to the advancement of
green chemistry and the transition toward a more environmentally friendly and resource-efficient

chemical industry.
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3. Appendix B: SEM images

Tpm Mag= 10.00KX EHT= 2704V  Aperture Siza = 10.00um 'o, ;ﬁ 200 v Mag= 50.00KX EHT= 270kV  Aperturs Size = 10.00 um ‘; /&_\
LEO 1630 WD= 46mm  Signal A=inLens Imege Pixel Size = 11.72 nm . LI LEO 1630 WD=45mm  SignalA=inLens image Pixel Size = 2.344 nm i

\tj,’f},-‘i‘ Pl ke are ¥ & o, K-Sn-H-Y-5.1-DA |
: 5 oA W . p = ( Ty | 7 j\p ‘. .’,_ &

- S, o 2 £
Mag= 10.00KX EHT= 2704V Aperture Size=10.00um T foonm Mag= 5000KX EHT=270Kkv  Aperture Size = 10.00 um ‘g

— ‘ —
LEO 1630 WD=44mm  SignalA=InLens Image Pixel Size =11.72 nm _ A\ LED 1530 WD=d4mm  SignalA=inLens Image Pixel Siza = 2344 nm — m

CAFOA G (hay

YN S — e | > - e e
Mag= 10.00KX EHT= 2.70kV Aperture Size =10.00 um ‘- ée\ 100 nm Mag= 5000KX EHT= 270KV Aperture Size = 10.00 um ,',—
LEO 1530 WD=36mm  SignalA=InLens Image Pixel Size=11.72 nm L)Y LEO 1530 WD=36mm  SignalA=inlens Image Pixel Size =2.344 nm



LEO 1530

—t
LEOQ 1530

‘J‘s.‘

Mag= 1000KX EHT= 270KV  Aperture Sie = 10.00um
WD=45mm  SignalA=lnLens Image Pixel Size = 11.72nm

Mag= 10.00KX EHT= 270KV Aparture Size = 10.00 ym
WD = 40mm Signal A=InLens Image Pixel Size = 11.72 nm

= &
o
ﬁe_\_ LEG 1630

Mag= 5000KX EHT=270kV  Aperture Size = 10.00 um
WD=45mm  SignalA=inlens image Pixei Size= 2344 nm

¢.

P

&
2, 100nm

A —

A3 LEO 1530

|

E

4

'k & «

Mag= 50.00KX EHT= 270KV Aperture Sire = 16.00 um
WD = 40mm Signal A=inLens Image Pixel Size = 2.344 nm

K-Sn-H-Y-80-DA

L1

-

Mag= 5000KX EHT= 270KV Aperture Size=10.00 um
WD=40mm  SignalA=InLens Image Pixel Size = 2.3d4 nm




gy b _ N Ay X #) - = #
Mag= 10.00KX EHT=270kV ’ /*\ Mag= 50.00KX EHT= 270KV Aperture Size = 10.00 ym 5
LEO 1530 WD= 51mm Signal A=inLens Image Pixel Size = 11.72 nm — A6 LEO 1530 WD = 51mm Signal A=InLens Image Pixel Size =2.344 nm — RERN

-30-DA ', 5

- £ s = ¥ o ik e -
Wag- 1000KX EHT= 2704V  AporuroSize=1000um A Mag= 2500KX EWT= 270kV  Aperture Sire = 10.00pm
WD=52mm  SignalA=InLens Image Pixel Size=11.72 nm , R0 WD= 52mm  SignalA=inLens Image Pivel Size = 4887 im

L-H-Y-5.1-EIM [0 255 R SnCle-H-Y-5.1-EI
b 2 o " . ‘¥ ‘ -vm-;-.—w

200 nm Mag= 5000KX EHT= 270kV Aperture Size = 10,00 um * 2. 200nm u- S000KX EWT= 270KV Aperture Size = 10.00 um
—_— —_—
LEO 1630 WD=32mm  SignalA=inLens Image Pixel Size = 2.344 nm ./_?ﬁ. LEO 1530 WD=32mm  SignalA=inLens Image Pixel Size = 2.344 nm et FA0Y




Page | 89

Ll

‘, nm Mags 5000KX EHT= 2704V Aperture Size = 10.00 ym ‘ °%
g LEO 1530 WD= 42mm Signal A=InLens Image Pixel Size = 2.344 nm - Y

200 am Mag= 5000KX EHT= 270KV  Aperture Size = 10.00 um
LEO 1530 WD=34mm  SignalA=inLens Image Pixel Size =2.344 nm

SnClz-H-Y-SO-IM

LS

260 oey Mag= 5000K EHT = 270 kV Aperture Size = 10.00 um Mﬁal S000KX EHT= 270kV Aperture Size = 10.00 ym
LEO 1630 WD= 34 mm Signal A =inLens Image Pixel Size = 2.344 nm — pd LEO 1530 WD= 44 mm Signal A =inLens Image Pixel Size = 2.344 nm — ALY




Page |90

4. Appendix C: Liquid nitrogen physisorption results
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Sr-Sn-H-Y-80-DA (720 m?/g)
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5. Appendix D: The method of extraction

Methanol in 0.2 g of product sample from 24 h reaction was purged by N2> flow at 50 °C. Then 2
ml of deionized water and 1 ml of dichloromethane (DCM) was added following by shaking for 5
minutes to make sure that the chemicals are homogeneously mixed in the breaker. Furthermore,
the beaker was put in cold room for few minutes until the DCM and water phases were separated.

Thus, separating DCM phase, the sample was taken from water phase and analyzed on GC.

6. Appendix E: The method of silylation

Methanol in 0.1 ml of product sample from 24 h reaction was purged by N> flow at 50 °C followed
by further evaporation in Heraeus equipment for 20 mins. Afterwards, 100 pm of internal standard
(BSTFA), 20 pl of trimethylclorosilane (TMCS) and 20 pl of pyridine was added followed by
mixing until the chemicals are uniformly distributed within the solution. Furthermore, the solution
was kept in an oven for one hour at 70 °C, then the sample was taken and analyzed in GC and GC-

MS.




