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ABSTRACT

This study examines the significant impact of fossil fuel-derived energy on human life,
emphasizing the associated problems such as resource depletion, price uncertainties, and
environmental issues. Acknowledging the urgency to explore renewable alternatives, the
focus shifts to biomass as a carbon-based, low-cost, and environmentally friendly resource.
The conversion of biomass-derived platform molecules into valuable chemicals is
explored, with a particular emphasis on the potential of biomass-derived chemicals as
platform chemicals for industrial-scale production.

The research delves into the transformation of lignocellulosic biomass, specifically 5-
hydroxymethylfurfural (HMF), into Dbiofuel candidates, exemplified by 5-
ethoxymethylfurfural (EMF). Challenges related to EMF's molecular stability when
blended with regular diesel are discussed, prompting the exploration of alternatives such as
di-ethers and 2,5-bis(alkoxymethyl)furans (BAMFs) with superior blending properties.

The catalytic processes, including conventional hydrogenation and catalytic transfer
hydrogenation (CTH), are examined, highlighting CTH's advantages in terms of safety,
storage, and reduced unit operations. The synthesis of BAMFs from HMF through CTH,
employing various catalysts, is presented as a promising one-pot approach. The study
underscores the economic viability, catalytic activity, stability, and selectivity of the
chosen catalysts, focusing on their role in the reductive etherification of HMF.

The abstract concludes by emphasizing the importance of a one-pot process for the
catalytic conversion of 5-HMF to BAMF, highlighting economic benefits, high selectivity,
and the potential of BAMF as a biofuel candidate. Overall, the research contributes
valuable insights into sustainable energy development and the efficient utilization of

biomass resources for biofuel production.
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CHAPTER -1

INTRODUCTION

1.1 Introduction

Human life undergoes significant impacts due to the energy derived from fossil fuels. The
extensive utilization of fossil fuel resources has resulted in numerous issues such as
depletion of reserves, price uncertainties, and environmental problems(1-3). Consequently,
there is an urgent need to explore renewable resources as an alternative to fossil fuels (4—
6). Biomass, being a carbon-based renewable resource, possesses several advantages,
including low cost, environmental friendliness, and widespread availability, making it a
crucial source for the sustainable development of valuable chemicals (7-9). Therefore, the
conversion of biomass-derived platform molecules into valuable chemicals and derivatives
represents an attractive approach(10,11). Bio-refinery has emerged as a viable route to
maximize biomass utilization, with biomass-derived chemicals such as 5-
hydroxymethylfurfural (5-HMF), levulinic acid, furfurals, sugar alcohols, lactic acid,
succinic acid, and phenols considered as platform chemicals (12-14). These platform
chemicals can further be used for the industrial-scale production of various important
chemicals.

Various methods for transforming lignocellulosic biomass into platform chemicals, such as
5-hydroxymethylfurfural (HMF), have been reported recently. HMF can be converted into
polymer building blocks and potential biofuel candidates, such as 5-ethoxymethylfurfural
(EMF). EMF, produced by etherifying HMF with ethanol, is considered as a promising
bio-diesel or additive due to its high energy density compare to commercial gasoline or

diesel (15).



Gruter et al. (16) observed that the aldehyde group in EMF affects molecular stability when
blended with regular diesel, causing phase separation. Alternatively, products like di-ethers
and 2,5-bis(alkoxymethyl)furans (BAMFs) exhibit higher energy densities and better
blending properties with diesel(17) . Cao et al.(18) reported complete miscibility of 2,5-
bismethoxymethylfuran (BMMF) with diesel. The synthesis of BAMFs from HMF
involves two catalytic systems: conventional hydrogenation using H, gas and catalytic
transfer hydrogenation (CTH). CTH is preferred due to its ability to completely reduce
carbonyl compounds through the Meerwein—-Ponndorf-Verley (MPV) reaction using
formic acid and alcohols as hydrogen donors(19-22).

Researchers have combined hydrogenation and etherification to produce BAMFs from
HMF, making the process economically viable by reducing production costs and
simplifying operations. The CTH method allows selective conversion of HMF to 2,5-
bis(hydroxymethyl)furan (BHMF) through MPV reaction, followed by the conversion of
BHMF to various BAMFs. The choice of catalyst and solvent significantly influences the
yield and selectivity of the process (13,23-34).

In conclusion, the exploration of renewable resources, particularly the conversion of
biomass into valuable chemicals and biofuels, is crucial for sustainable development. The
one-pot process for synthesizing BAMF from 5-HMF using a mixed catalyst represents a
promising approach with economic advantages and high selectivity. The choice of catalysts
and solvents plays a vital role in determining the efficiency and yield of the process.

1.2 Motivation of study

Currently, the global demand for energy and chemicals relies heavily on fossil resources
such as petroleum, coal, and natural gas. However, their use is rapidly increasing in
transportation and industrial sectors, leading to the swift depletion of these sources.

Additionally, the GHG emissions from these fossil resources are contributing significantly



to global warming, posing a serious threat to society. The use of non-degradable materials
and hazardous, toxic, and polluting chemicals is also increasing with the advancement of
civilization. This has led to severe health hazards for humans and environmental threats.
Therefore, a primary challenge for researchers is to find alternative options for fuels,
chemicals, and materials. Lignocellulosic biomass is a promising sustainable and eco-
friendly alternative, as it is abundant on earth and, most importantly, a renewable source of
organic carbon.

India is having highest population in world and about 30-40 % Indian population presently
living in urban area and this leads to increase in generation of bio-waste every year (35).
So, there is huge potential in India for harnessing bioenergy from the bio-waste. India is
agriculture based country so there is various agro based sources are available in plenty.
This can able to generate biomass which has the potential to produce biofuels. Biomass,
being a carbon-based renewable resource, possesses several advantages, including low
cost, environmental friendliness, and widespread availability, making it a crucial source for
the sustainable development of valuable chemicals(7-9). Therefore, the conversion of
biomass-derived platform molecules into valuable chemicals and derivatives represents an
attractive approach(10,11). Bio-refinery has emerged as a viable route to maximize
biomass utilization, with biomass-derived chemicals such as 5-hydroxymethylfurfural (5-
HMF), levulinic acid, furfurals, sugar alcohols, lactic acid, succinic acid, and phenols
considered as platform chemical (13,36,37). These platform chemicals can further be used
for the industrial-scale production of various important chemicals.

1.3 Aims and objectives for the present study

The present work principally aims at one-pot reductive etherification of 5-HMF to value

added products. Wet impregnation and post synthesis method is used for deposition of



metals on the supports in the search of novel catalyst. The prepared catalyst is
characterized by TEM, EDS, PXRD, FTIR, NH3-TPD and Py-IR.

The objectives are:

Synthesis of BAMF via one pot reductive etherification.

To evaluate the performance of Zr over various support employed to achieve higher
conversion for HMF and higher selectivity for the desirable products 2,5 Bis propoxy
methyl furan (BPMF).

To explore the effect of Lewis and Bronsted acidity of catalyst on catalytic activity and
study the effect of process parameters like temperature, metal loading and time on
conversion and selectivity.

To study the performance of metals over HZSM-5 support employed and explores metal
support interaction to achieve higher conversion for HMF and higher selectivity for the
desirable products 2,5 Bis propoxy methyl furan (BPMF).

1.4 Outlines of thesis

Chapter 1 describes Introduction, motivation of study and aims and objectives of the
current study.

Chapter 2 discuss about the literature review on catalytic conversion of 5-HMF to value
added derivatives and brief on catalyst characterization methods.

Chapter 3 describes catalytic conversion of 5-HMF to valuable chemicals.

Chapter 4 presents One pot reductive etherification of 5-HydroxyMethylFurfural into
biofuel (2, 5-Bis (Propoxymethyl) Furan (BPMF)) using various catalyst such as ZrO(OH),
, HB, HY, HZSM-5, Zr-Mont , Zr supported on various zeolites, mixed catalyst ZrO(OH),
and Zr-Hp.

Chapter 5 explains Effect of tunable acidic properties on the selectivity of biofuel

candidate 2, 5-Bis (PropoxyMethyl) Furan (BPMF) using Sn- Hf3 and Sn-dAIHp catalysts.



Chapter 6 Study of the performance of metals over HZSM-5 support employed and
explores metal support interaction to achieve higher conversion for HMF and higher
selectivity for the desirable products 2,5 Bis propoxy methyl furan (BPMF).

Chapter 7 summarizes the research work and assesses the contribution of present study.
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CHAPTER -2
LITERATURE REVIEW AND

CHARACTERIZATION TECHNIQUES

2.1 Introduction

The main aim of current review is to compare the conversion and yield of HMF, BHMF
and fructose to EMF, MMF and 2, 5 BAMF and its reaction conditions. Besides this the
different catalyst and their activities are also discussed. It also discussed the reaction
mechanism, which will helpful to design reactor.

Human life is significantly affected by energy derived from fossil fuel. The enormous use
of fossil fuel resources led to creates many problems like depletion in reserves, uncertainty
in price and environmental issues(1-3). In this regards, exploration of renewable resources
as an alternative of fossil fuel has been become urgent needs(4—6). Biomass is a carbon
based renewable resource having many advantages like, low cost, environmental friendly
and availability, which makes them important source for sustainable development of
valuable chemicals (7-9). Hence, conversion of biomass derived platform molecules into
valuable chemical and derivatives is most attractive approach(10,11) Bio refinery is
emerged as viable route to maximize the use of biomass. Biomass-derived chemicals, such
as 5-hydroxymethylfurfural (5-HMF), levulinic acid, furfurals, sugar alcohols, lactic acid,
succinic acid, and phenols, are considered platform chemicals. These platform chemicals
can be further used for the production of a variety of important chemicals on an industrial
scale. [11-14]. Various transformation method of lignocellulosic biomass to platform
chemicals such as 5- hydroxymethylfurfural (HMF), which can be converted further to
polymer building blocks and potential biofuel candidates, have been reported recently (12).

Beside the various biomass derived liquid fuel such as 2, 5-dimethylfuran (DMF) (13-22)

10



and AMFs (MMF and 5-ethoxymethylfurfural (EMF)) (23-32) 2, 5 Bis-alkoxymethyl
furans (BAMFs) are specifically draw more attention because -of its superior properties as
biofuel. In comparison with 5- alkoxymethyl furfurals (AMFs) and bioethanol, BAMFs
hold properties such as higher energy density (more than 31 MJ/L), higher boiling point,
stronger chemical stability, lower water solubility, higher flashing point , lower cold filter
plugging point and higher cetane number to the ordinary commercial diesel (33,34). As
cetane number (80) of 2, 5 Bis-alkoxymethyl furans are higher than commercial diesel
(45), it can be mix with diesels in different propositions which enhance the combustion and
reduce the emissions. So, BAMFs are widely considered as potential biodiesel candidates
or fuel additives with great application prospects.

BAMFs like 2,5-bis-(methoxymethyl)furan (BMMF) (35), 2,5-bis-(ethoxymethyl)furan
(BEMF) (36), 2,5-bis-(propoxymethyl)furan (BPMF) (37), 2,5-bis-
(isopropoxymethyl)furan (BIPMF) (38), 2,5-bis-(butoxymethyl)furan (BBMF) (39), and
2,5-bis-(secbutoxymethyl)furan (BSBMF) (40), all derived from various biomass-based
substrates such as 2,5-bis-(hydroxymethyh)furan (BHMF), 5-hydroxymethylfurfural
(HMF), and fructose (Fig. 2.1), hold significance in their potential use as fuels or additives
for diesel fuel. Consequently, a comprehensive examination of their distinct production
aspects becomes imperative. As such, this review aims to provide a detailed overview of

recent advancements in the synthesis of EMF and BAMFs.

11
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Figure 2.1 Synthesis of various BAMFs from various 5-HMF

2.2 Synthesis of AMFs

AMF, characterized by its high energy density, serves as an exceptional fuel additive.
Similar to EMF production, 5-methoxymethylfurfural (MMF) can be synthesized via the
etherification of HMF with methanol (41). Alternatively, fructose can directly serve as a
substrate for MMF production through a tandem reaction involving fructose dehydration
and HMF etherification, using methanol. This approach not only eliminates the need for
separating HMF but also reduces MMF production costs. Regrettably, there have been
limited studies on this process to date. In 2005, Bicker et al. (42) explored one-pot MMF
production from fructose in supercritical methanol, achieving a 77.2% MMF vyield using
H,SO, as a catalyst at 240°C in 2 sec. To address issues such as corrosiveness and high
temperatures in this catalytic system, Zhu et al. (43) introduced a more moderate system in
2011, utilizing Amberlyst-15 as the catalyst in a mixture of methanol and tetrahydrofuran,

resulting in a 47.0% MMF vyield at 120 °C in 3 h. While the combination of supercritical

12



methanol and H,SO, yielded higher MMF vyields as compared to the
methanol/tetrahydrofuran and Amberlyst-15 combination, the former had a much lower
fructose concentration of 10 g L' compared to 200 g L™ in the latter catalytic system (43).
From an economic perspective, the latter catalytic system is preferable for one-pot MMF
production from fructose. Remarkably, in 2012, Kraus and Guney (31) introduced a
greener catalytic system using the acidic ionic liquid 1-methyl-3-(3-sulfopropyl)-
imidazolium chloride ([MSPIM]CI) as a bifunctional catalyst and reaction medium,
resulting in a 57.0% MMF yield under the same fructose concentration of 200 g L™ at 100
°C for 20 min. This innovative approach, leveraging [MSPIM]CI's versatility, enables
efficient MMF production from fructose in significantly shorter reaction time and at lower
temperatures, potentially revolutionizing its application in the future fuel industry. Beyond
MMF and EMF, branched or high-molecular-weight AMF is more desirable due to its
superior low-temperature flow properties(44-46). In recent years, compounds like 5-
isopoxymethylfurfural (IPMF) (47), 5-tert-butoxymethylfurfural (TBMF) (48), 5-
octyloxymethylfurfural (OMF) (49), 5-dodecyloxymethylfurfural (DDMF) (48), and 5-
hexadecyloxymethylfurfural (HDMF)(49) have been synthesized from HMF using the
corresponding alcohols. Notably, all these synthesis processes employed acidic zeolites as
catalysts (47-49). Interestingly, acidic zeolites with Bregnsted acidity were found to be
more conducive to AMF formation than those with Lewis acidity. For example, when Luo
et al.(47) used H-BEA with strong Brensted acidity as a catalyst, they achieved 97.9%
selectivity for IPMF at 140°C with a fixed feed rate of 0.2 mL min™". In contrast, when Sn-
BEA with strong Lewis acidity was used under the same conditions, IPMF selectivity
plummeted to 9.8%. Additionally, the type and Si/Al ratio of acidic zeolites significantly
affected AMF formation. For instance, in the etherification of HMF with tert-butanol,

Yang et al. (44) found that using HZSM 5 with a Si/Al ratio of 80 as a catalyst resulted in
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almost zero TBMF vyield at 60°C in 3 h. However, with the same Si/Al ratio of 80,
switching to HY as the catalyst substantially increased TBMF vyield to 42.8%.
Furthermore, when HY with a Si/Al ratio of 12 was used as a catalyst, an even higher
TBMF vyield of 55.5% was achieved under the same conditions. These trends were also
observed in the synthesis of OMF, DDMF, and HDMF by Arias et al.(49). Thus,
optimizing the acidity, type, and Si/Al ratio of acidic zeolites is crucial for achieving the
desired AMF yield in HMF etherification.

2.3. Synthesis of BAMFs

To produce Biomass-Based Alkoxymethylfurans (BAMFs), commonly used starting
materials include Biomass, Fructose, 5-hydroxymethylfurfural (HMF), and 2,5-bis-
(hydroxymethyl)furan (BHMF). Among these, HMF plays a pivotal role, as it is obtained
through the dehydration of biomass-derived carbohydrates like fructose(50-52), glucose
(53-55) sucrose (56-58) starch(59,60) and cellulose(33,61) making it a crucial compound
in the process.

BAMFs can be synthesized in two distinct ways using HMF: HMF is first converted into
BHMF via a hydrogenation reaction, and then BHMF is transformed into BAMFs through
etherification reactions. HMF is converted into Alkoxymethyl furfuryl alcohol (AMFAS)
through a reduction reaction, followed by the conversion of AMFAs into BAMFs through
etherification reactions. It's worth noting that when BAMFs are produced using reductive
etherification , the presence of the aldehyde group (C=0) in AMFs, which exhibits strong
reactivity, can lead to the formation of undesired products like 5-alkoxymethyl-2-
dialkoxymethyl furans (AMDAMFs) and alkyl levulinates (ALs)(62). Additionally, in the
presence of alcohols, HMF can undergo acetylation reactions, resulting in the formation of
5-(hydroxymethyl)-2-(dialkoxymethyl) furans (HMDAMFs), which can reduce the

selectivity and yield of BAMFs to some extent.

14



The various reactions involved in BAMFs production are highly dependent on the types of
active sites present in catalysts(38,62-65). Typically, hydrogenation reactions can be
catalyzed by metal sites, Lewis acid sites, and Lewis base sites, while etherification
reactions can be catalyzed by Lewis acid sites and Brgnsted acid sites. Acetylation
reactions, on the other hand, can be catalyzed by Lewis acid sites, Lewis base sites, and
Brgnsted acid sites (see Fig. 2.2).

Therefore, the extent of reactions, reaction rates, selectivity, and product distributions vary
across different catalytic systems and reaction conditions. Furthermore, the distribution of
products in these reactions is also influenced significantly by the content, ratio, and
strength of active sites in catalysts(62-65). In summary, BAMFs production is highly
influenced by the active sites of catalysts, and it can be selectively produced by fine-tuning

catalyst activity.
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Figure 2.2 various pathways for conversion of HMF in alcohols
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2.4, BHMF etherification to BAMFs

The most straightforward method for producing BAMFs is through the etherification of
BHMF, which is simpler compared to using HMF and fructose(35-39,66-69). In 2012,
Balakrishnan et al.(36) conducted the first study on the etherification of BHMF using
ethanol as a solvent and various acid catalysts, including sulfuric acid, Amberlyst-15, p-
toluenesulfonic acid (PTSA), Dowex DR2030, sulfonated silica (SiO2-SO3H), Dowex
50WX8, and Amberlite IR120. The results showed that Amberlyst-15, owing to its strong
Bronsted acidity, exhibited excellent catalytic activity, yielding 80% BEMF at a mild
temperature of 40°C in 16 h (36). Similarly, Han et al. (37) investigated the etherification
of BHMF using 1-propanol and 1-butanol as solvents with Amberlyst-15 as the catalyst.
Their findings indicated that BPMF and BBMF could be effectively produced using
Amberlyst-15 as the catalyst.

Sacia et al. (66) examined the use of 5-methylfurfuryl alcohol as a solvent with Amberlyst-
15 catalyst to further elucidate the reaction mechanism for the conversion of BHMF into
BAMFs. The results revealed that the oxonium ion formed in the rate-limiting step rapidly
reacted with a nearby nucleophile to produce BAMFs (Fig 2.3). The preference for BAMF
production is due to the hydrogen-bond interaction between the two hydroxyl groups and
the furan ring in BHMF. The yield of BAMFs is highly influenced by the polarity of
alcohols, with highly polar alcohols leading to the formation of more by-products and a
decrease in the yield of BAMFs. Consequently, the production of BMMF is more
challenging with methanol due to its higher polarity, as compared to BEMF and
BPMF(37,39,66).

Musolino et al. (39) reported that when using resin catalysts such as Purolite PD206,

Purolite CT275DR, and Purolite CT269DR with methanol, BMMF vyields of 76%, 75%,
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and 99%, respectively, could be achieved at 40 °C in 24 h, attributed to the strong Bronsted
acidity of the catalyst. Among the three resin catalysts, Purolite CT269DR exhibited the
highest activity for BMMF production. Additionally, Musolino et al. (39) investigated the
catalytic activity of Purolite CT269DR for the etherification of BHMF using various
alcohols, including EtOH, 1-PrOH, 1-BuOH, 2-propanol (2-PrOH), 2-methoxyethanol
(MEtOH), 2-methyl-1-propanol (MPrOH), 1-methyl-2-methoxyethanol (MMEtOH), and
allyl alcohol (AIOH), resulting in BAMF vyields ranging from 78% to 99% (Table 1). This
highlights the excellent catalytic activity of Purolite CT269DR with different alcohols for
BAMF synthesis(39).

In addition to resin catalysts, various acid catalysts were also tested for BAMF synthesis.
Cao et al.(35) utilized HZSM-5 catalyst for the etherification of BHMF into BMMF. They
used HZSM-5 with different Si/Al ratios (25, 38, and 300) and reported that the highest
yield of 70% for BMMF was achieved with Si/Al=25, as lower Si/Al ratios provide more
acidic sites and higher hydrophilicities, enhancing BMMF yield by promoting
etherification reactions and removing water molecules to inhibit side reactions (35). Fang
et al.(67) employed HP-HZSM-5 (hierarchical porous) for the etherification of BHMF into
BAMFs at 65 °C in 12 h instead of HZSM-5. They found that with HP-HZSM-5 catalyst,
a remarkable 94.5% yield of BMMF was achieved even at Si/Al ratio 43, thanks to the
mesoporous structure of HP-HZSM-5, which improves mass transfer efficiency. Catalysts
like HZSM-5, HP-HZSM-5, and Amberlyst-15 contain both Lewis acid and Bronsted acid
sites, resulting in their excellent catalytic activity due to the synergistic effect of both site
types(67).

Hu et al. (68) also examined the effect of the ratio of Bronsted acid sites to Lewis acid sites
(B/L) on BAMF production. Feng et al.(70) found that reducing the B/L ratio increased

BAMF production, suggesting that introducing additional Lewis acid sites can enhance
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BAMF production. This hypothesis was confirmed by Fang et al.(70) and Gupta and Saha

(69), who used Sn-ZSM-5 and a novel titania carbo-catalyst (a mixture of glucose (Glu), p-

toluenesulfonic acid (TsOH), and titanium isopropoxide), respectively. They reported

significantly higher BMMF yields of 95% and 89%, respectively, compared to catalysts

without added Lewis acid sites at 65°C in 8 h. Gupta and Saha (69) also found that the

titania carbo-catalyst was equally effective for producing other products, such as BEMF,

BPMF, BBMF, and 2,5-bis(iso-amyloxymethyl)furan (BIAMF), with reasonable yields

ranging from 88% to 95% in 8 h at temperatures ranging from 80°C to 120°C (Table 2.1).

Table 2.1 Etherification of BHMF to BAMFs

Catalyst Solvent Catalyst | Temperature | Time | Conversion | Yield | Reference
quantity | (°C) (h) | (%) (%)
(@)
HZSM-5 Methanol | 4 120 4 - 68 (35)
(Si/Al=25)
HZSM-5 Methanol | 4 100 3 - 68
(Si/AI=38)
HZSM-5 Methanol | 4 100 3 - 69
(Si/AlI=300)
HZSM-5 Methanol | 1 140 3 - 70
(Si/Al=25)
HZSM-5 Methanol | 4 100 3 - 68
(Si/Al=25)
Amberlyst-15 Methanol | 3.2 40 5 - 35
Amberlyst-15 Methanol | 1.6 60 5 - 35
HP-HZSM-5 Methanol | 15 65 8 100 89 (70)
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(Si/AI=50)

Sn-HZSM-5 Methanol | 15 65 8 100 95
(Si/Al=50)

Amberlyst-15 Ethanol 5 40 16 - 80 (36)
Amberlyst-15 Ethanol 5 60 5 - 74
Amberlyst-15 Ethanol 20 40 5 - 71

Dowex DR2030 | Ethanol 5 40 16 - 66

Dowex DR2030 | Butanol 5 60 5 - 56
Amberlyst-15 Methanol | 20 60 10 - 57 (37)
Amberlyst-15 Ethanol 20 60 10 - 70
Amberlyst-15 Propanol | 20 60 10 99 72
Amberlyst-15 Butanol 10 60 10 99 60
Amberlyst-15 Butanol 20 50 10 99 70
Amberlyst-15 Butanol 20 60 10 99 74
Amberlyst-15 Butanol 20 80 99 73

Purolite PD206 | Methanol | 10 40 24 - 76 (39)
Purolite Methanol | 10 40 24 - 75
CT275DR

Purolite CT269 | Methanol | 10 40 24 - 99

DR

Purolite CT269 | Ethanol 10 40 24 - 99

DR

Purolite CT269 | AIOH 10 40 24 - 95

DR
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Purolite CT269 | Propanol | 10 40 24 - 97

DR

Purolite CT269 | 2- 10 40 24 - 93

DR Propanol

Purolite CT269 | Butanol 10 40 24 - 78

DR

Purolite CT269 | MEtOH 10 40 24 - 99

DR

Purolite CT269 | MPrOH 10 40 24 - 91

DR

Purolite CT269 | MMEtOH | 10 40 24 - 83

DR

HP-HZSM-5 Methanol | 10 65 12 - 945 | (67)
(Si/Al=43)

HZSM-5 Ethanol 2 140 * 90.1 59.7 | (68)
(Si/AI=35)

HP-HZSM-5 Ethanol 2 140 * 100 76.9
(Si/AI=50)

HP-HZSM-5 Ethanol 2 140 * 100 81.2
(Si/AI=100)

HP-HZSM-5 Ethanol 2 140 * 100 83.7
(Si/AlI=150)

Glu-Ts-OH-Ti | Methanol | 0.04 70 8 - 89 (69)
Glu-Ts-OH-Ti Ethanol 0.04 80 8 - 92
Glu-Ts-OH-Ti | Propanol | 0.04 100 8 - 90
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2.5. Synthesis of BAMFs from 5-HMF

As previously discussed in the earlier section regarding the generation of BAMFs directly
from BHMF, which is synthesized beforehand from HMF through a hydrogenation
reaction employing different acid catalysts, multiple researchers have reported a strategy
involving hydrogenation followed by etherification to create BAMFs from HMF. This
approach leads to a reduction in the production costs of BAMFs and simplifies the overall
process by minimizing the number of unit operations. The synthesis of BAMFs from HMF
utilizes two types of catalytic systems: Conventional Hydrogenation: In this method, H;
gas is employed directly as the hydrogen source. Catalytic Transfer Hydrogenation (CTH):
This approach involves a catalytic system for transferring hydrogen and facilitating the
hydrogenation reaction. By utilizing these two catalytic systems, researchers aim to

optimize the production of BAMFs from HMF.
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2.5.1. Conventional Hydrogenation system

In conventional Hydrogenation system molecular hydrogen is used along with solvent and
catalyst in production of BAMFs. Balakrishnan et al. (36) were the pioneers in reporting
the etherification of DHMF with ethanol in 2012. Their findings revealed that, among
various acid catalysts, such as H,SO4, Amberlyst-15, Amberlite IR120, Dowex 50WX8,
and Dowex DR2030, Amberlyst-15 exhibited remarkable catalytic performance. It
achieved an impressive 80% yield of 2,5-bis(ethoxymethyl)furan (BEMF) at a relatively
low reaction temperature of 40°C over a 16-h period. These results aligned with the
findings of Sacia et al. (66). Moreover, Amberlyst-15 also proved effective in the efficient
production of 2,5-bis(propoxymethyl)furan (BPMF)(37) and 2,5-bis(butoxymethyl)-furan
(BBMF) (37) through the etherification of DHMF with propanol and 1-butanol,
respectively.

However, when methanol was used for the etherification of DHMF, the catalytic
performance of Amberlyst-15 was less satisfactory. The vyield of 2,5-
bis(methoxymethyl)furan (BMMF) was only 57% under the conditions of 60°C in 10 h.
This lower yield may be attributed to the high polarity of methanol, which led to the
formation of numerous by-products (37). In response to this, Cao et al.(35) turned to acidic
zeolites to achieve a better yield of BMMF. They found that among various acidic zeolites,
HZSM-5 with a Si/Al ratio of 25 was the most effective for the etherification of DHMF
with methanol. After 3 h at 100°C, they obtained a BMMF yield of 70%, surpassing that of
HZSM-5 with Si/Al ratios of 38 or 300. The lower Si/Al ratio of the zeolite provided more
acidic sites and stronger hydrophilic properties, facilitating the etherification reaction
between DHMF and methanol on the catalyst's surface (35). Wu et al. (71) explored
various combinations of catalysts, such as Cu/SiO, and HZSM-5, Ru(OH)./ZrO, and

Amberlyst-15, and Pd/Al,O3, to produce BMMF, BPMF, BIPMF, and BBMF, achieving
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yields ranging from 68% to 80% under different conditions (Table 2.2). In their quest to
enhance BAMF yields, Wei et al.(64) synthesized nano-sized copper (Cu) and copper
oxide-modified ultra-stable Y zeolite (CuO-USY).

This reaction is carried out at 130°C and 20 bar H; in 3 h. Cu and CuO-USY catalyst are
used for hydrogenation and etherification reaction respectively. The results show that
catalyst system used results in 95.3 % yield of the BMMF. Higher yield of BMMF is
because of the more no. of Lewis acid sites associated with CuO-USY and its combine
action with Cu (64). He also studied the reaction Kkinetics of hydrogenation and
etherification reaction over the Cu and Cu-USY and found that etherification reaction is
fast step. So, its rate of reaction is higher as compared to hydrogenation reaction which
favours the more production of BMMF. Li et al. (72) prepared cobalt (Co) based catalyst
(Co-400) from Co30,4. Results show that the Co-400 catalyst exhibits dual activity like
higher reduction capacity and strong etherification capacity. Which leads to higher yield of
BMMF 98.5% at 140°C and 20 bar H, in 1 h. Although with use of Cu, CuO-USY and Co-
400 catalysts conventional hydrogenation shows good performance there are many
disadvantage associated with it. Conventionally, H, has been the primary choice as the
hydrogen donor in selective hydrogenation processes due to its widespread availability and
its ease of activation on many metal surfaces. However, there are several drawbacks
associated with using Hy in these processes.

Firstly, the low solubility of H, in most solvents necessitates high hydrogen pressures to
achieve the desired conversion and yield. Handling high-pressure systems introduces safety
concerns and increases infrastructure costs, which can be a significant economic barrier to
the production of DHMF.

Additionally, H, is primarily derived from non-renewable fossil resources, making its

production cost notably high. Moreover, H, is highly flammable in air, and its
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transportation can be inconvenient and risky. Furthermore, H; is challenging to disperse in
various solvents, leading to low utilization efficiency. Considering these practical and
economic factors, using H, as a hydrogen donor in selective hydrogenation processes may
not be the most cost-effective or secure approach.

To address these challenges and improve the security and economics of selective
hydrogenation, researchers have been developing novel catalytic pathways that do not
require the addition of external molecular H,. These alternative approaches aim to provide

safer, more cost-effective, and environmentally friendly methods for hydrogenation

reactions.
Table 2.2 Synthesis of different BAMFs using molecular H,

Catalyst Solvent Catalyst | H; Temp. | Time | Conv. | Yield | Reference

qunatity | Pressure | (°C) (h) (%) (%)

(9) (bar)
HZSM-5 Methanol | 4 25 120 4 100 70 (35)
(Si/Al=25)
HZSM-5 Methanol | 4 25 100 3 100 68
(Si/Al=38)
HZSM-5 Methanol | 4 25 100 3 100 69
(Si/Al=300)
HZSM-5 Methanol | 4 25 140 3 100 68
(Si/Al=25)
HZSM-5 Methanol | 4 25 100 3 100 59
(Si/Al=25)
CuSiO,, Methanol | 10,10 25 120 12 100 68
HZSM-5
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(Si/AI=25)

Pt/Al,O3, Ethanol 05,5 14 60 18 - 55 (36)
Amberlyst-15

Pt/Al,O3, Ethanol 1,5 14 60 18 - 59
Amberlyst-15

Amberlyst-15 Methanol | 20 15-30 60 10 - 57 (37)
Amberlyst-15 Ethanol 20 15-30 60 10 - 70

Ru (OH)./ZrO,. | Propanol | 20 15-30 60 10 99 74
Amberlyst-15

Ru (OH),/ZrO,. | Butanol 10 15-30 60 10 99 71
Amberlyst-15

Amberlyst-15 Butanol 20 15-30 50 10 99 70
Amberlyst-15 Butanol 20 15-30 60 10 99 74
Amberlyst-15 Butanol 20 15-30 80 10 99 73

Pd/AlO3 2-PrOH 50 30 60 1 96 80 (71)
Cu,CuO-USY Methanol | 5,50 20 90 3 100 68.1 (64)
Cu,CuO-USY Methanol | 5,50 20 100 3 100 74.3
Cu,CuO-USY Methanol | 5,50 20 110 3 100 84
Cu,CuO-USY Methanol | 5,50 20 120 3 100 92.2
Cu,CuO-USY Methanol | 5,50 20 130 3 100 95.3
Cu,CuO-USsY Ethanol 5,50 20 140 3 100 92.4
Cu,CuO-USsY 1-PrOH 5,50 20 150 3 100 80.2
Cu,CuO-USY | 2-PrOH 5,50 20 150 3 100 81.4

Co-400 Methanol | 16 20 120 1 100 62.3 | (72)
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Co-400 Methanol | 32 20 120 100 65
Co-400 Methanol | 16 20 120 100 98.2
Co-400 Methanol | 16 20 140 100 98.5

2.5.2. Catalytic Transfer Hydrogenation system

Catalytic transfer hydrogenation (CTH) presents a favorable alternative to the conventional
hydrogenation pathway using external molecular H,. Specifically, CTH offers a method to
completely reduce carbonyl compounds, including aldehydes and ketones, to their
corresponding alcohols through the Meerwein—Ponndorf—Verley (MPV) reaction, using
formic acid and alcohols as hydrogen donors (73-77).

Alcohols like ethanol and isopropanol are particularly advantageous in CTH processes.
They are typically in liquid form under ambient conditions, making them practical, safe,
and easy to store, transport, and use when compared to gaseous H,. Additionally, when
alcohols are employed as hydrogen donors, the need for additional facilities to handle H,
transport is eliminated, reducing the complexity of the overall process.

Furthermore, alcohols can serve a dual purpose as both hydrogen donors and reaction
media. This eliminates the requirement for additional reaction solvents, contributing to the
cost-effectiveness of CTH. If the chosen alcohol is inexpensive, the economic benefits of
CTH become even more pronounced.

A crucial advantage of CTH is that after the completion of the reaction, unconverted
alcohol can be separated from the reaction mixture and reused as a hydrogen donor and
reaction medium. Similarly, the converted alcohol, which is the produced aldehyde or
ketone, can be separated and integrated into other reaction steps, such as carbon chain
growth via aldol condensation. This not only enhances the sustainability of the process but

also reduces waste and increases the overall efficiency of the chemical transformations. By
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using CTH method HMF is selectively converted into BHMF through MPV reaction(78-
85) and subsequently BHMF converted to various BAMFs. As in case of CTH approach
alcohols not only used as solvent but works as etherifying agents also which leads to
formation of BAMFs without using molecular H,. So, based on above mentioned benefits
CTH approach has been used by many researchers in recent years for synthesis of BAMFs.
Jae et al. (86) has prepared Sn-beta catalyst which is used for reduction as well as
etherification reaction in presence of 2-propanol yields 79.5 % BIPMF at 180°C in 6h
reaction time. Similarly, Luo et al.(47) has also prepared same catalyst and checked its
activity with same reaction condition and media in 3 h, which leads to yield of BPMF 60.9
%. In 2014 Lewis et al.(26) has tried to prepare more effective Lewis acidic Hf-Beta
catalyst which results 81% yield of BBMF by using 1-Butanol as a solvent at 120°C in 1 h.
Preparation of Sn-Beta and Hf-Beta involves long preparation time (> 20 Days) and
corrosive and toxic compounds makes them restrictive choice from the Green Chemistry
point of view. So, in line with this aspects Shinde and Rode(87) synthesised Zirconium
doped montmorillonite clay (Zr-Mont) with Lewis and Bronsted acidic sites using easy
method such as impregnation and calcination. Zr-Mont can be used for both reduction and
etherification reactions. It was reported that because of combine effect of Zr-Mont catalyst
yield of BIPMF (95%) and BBMF (96%) increase as compared to results of Sn-Beta and
Hf-Beta catalyst at 150°C in 1 h. Rana et al.(88) achieved 91.6% selectivity of BPMF using
mixed catalyst Zr(OH), and Zr-Hp at 140°C in 4 h through one pot reductive etherification
of 5-HMF. He et al. (89) prepared sulfonic acid-functionalized zirconium-based
coordination catalyst (Zr-BDC-Sx) using solvo-thermal method with excellent synergetic
actions of Bronsted and Lewis acidic sites and reported 100% conversion and 96.9 % vyield
of BIPMF in 3 h at 120°C It is noteworthy that the types of alcohol as well as properties

of catalyst have pronounced effect on the synthesis of various types of BAMFs. Similar
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way recently in 2019 Wi et al. (40) has prepared Zirconium modified SBA-15 (Zr-SBA-
UH) using simple urea hydrolysis method. They carry out the reactions in reaction media
Ethanol and 2-propanol and reaction conditions 150°C in 4 h which leads to formation of
BEMF and BIPMF with yield of 87.9 % and 93.9% (Table 2.3). When (Zr-SBA-UH) was
used with other solvents like 1-propanol, 1-butanol, 2-butanol and MPrOH which forms
BPMF, BBMF, BSBMF and BMPMF with yield of 38.1 %, 17.1%, 4.4% and 54.1% for
same reaction conditions respectively. Here it is noteworthy that alcohols with higher
reduction potential are not conductive for the formation of BAMFs. The reduction potential
(AHf°) is defined as the difference between the standard molar enthalpies of formation of
an alcohol and its corresponding carbonyl compound, and it represents the complexity of
hydrogen abstraction (90-92). Table 2.4, exhibits the reduction potentials of various
alcohols decrease in the order methanol > ethanol > 1-butanol > isopropanol =~ 2-butanol. it
was noted that compared with primary alcohols, secondary alcohols, have lower reduction
potentials and because of that they are more appropriate as hydrogen donors in the process
of CTH, and this may be the reason that isopropanol is widely used for the selective
hydrogenation of HMF to DHMF. As isopropanol and 2-butanol have almost similar

reduction potential, 2-butanol should also be a superior hydrogen donor.

Table 2.3 Synthesis of BAMFs from HMF using CTH approach

Catalyst Solvent Catalyst | Temperature | Time | Conversion | Yield | Reference
quantity | (°C) (h) | (%) (%)
(9)
Zr-SBA 2-propanol 0.1 180 4 100 81.2 | (40)
Zr-SBA-UH ethanol 0.1 150 4 97.1 87.9
Zr-SBA-UH MPrOH 0.1 150 4 83.4 54.1
Zr-SBA-UH 1-propanol 0.1 150 4 84.5 38.1
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Zr-SBA-UH 2-propanol 0.1 150 4 98.5 93.9
Zr-SBA-UH 1-buatanol 0.1 150 4 62.3 17.1
Zr-SBA-UH 2-Butanol 0.1 150 4 82.3 4.4
Sn-Beta ethanol 1 180 6 91.8 64.3 | (85)
Sn-Beta 1-propanol 1 180 6 83.5 59.3
Sn-Beta 2-propanol 1 180 6 915 79.6
Sn-Beta 1-Butanol 1 180 6 88.9 57.8
Sn-Beta 2-Butanol 1 180 6 85.2 724
Sn-Beta 2-propanol 40 180 3 69.8 60.9 | (86)
Sn-Beta ethanol 3 120 24 69 41 47
Sn-Beta 2-Butanol 3 120 1 43 37
Hf-Beta ethanol 3 120 24 87 67
Hf-Beta 1-Butanol 3 120 1 84 22
Hf-Beta 2-Butanol 3 120 1 93 81
Zr-Mont 2-propanol 1 150 1 100 90 (87)
Zr-Mont 2-Propanol 1 150 1 100 95
Zr-Mont 1-Butanol 1 150 3 100 49
Zr-Mont 2-Butanol 1 150 1 100 96
ZrO(OH)2+Zr- HB | 2-Propanol 0.25 140 4 61.62 91 (88)
Zr-BDC-Sx 2-Propanol 120 3 100 96.9 | (89)

Table 2.4 Reduction potential of various alcohols
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Alcohols Reduction potential (AHf°),kJ/mol

Methanol 130.1

Ethanol 85.4

Propanol 87.3

Iso-propanol | 70.0

1-butanol 79.7

2-Butanol 69.3

MProOH -

2.6. Conclusions

In this review, we have explored the recent developments in the synthesis of BAMFs
(Bis(alkoxymethyl)furan) from raw materials like BHMF and HMF using various
approaches. It's evident from the review that many researchers have made significant
progress in this field over the past few years. However, it's important to note that most of
these achievements are currently limited to laboratory-scale applications. Scaling up the
production of BAMFs for industrial purposes will require further extensive research and
development.

To enable the large-scale manufacturing of BAMFs, several critical aspects need to be
addressed:

Understanding Reaction Mechanisms and Kinetics: In-depth studies on the reaction
mechanisms and kinetics involved in BAMF synthesis are essential. This knowledge will
help optimize the process for efficiency and yield.

One-Pot Hydrogenation and Etherification: Developing efficient one-pot processes for both

hydrogenation and etherification can simplify and streamline BAMF production.
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Exploring High Reduction Potential Alcohols: Investigating the use of alcohols with high
reduction potential can potentially enhance BAMF vyield, making the process more
economically viable.

Dual-Function Catalysts: Developing catalysts with dual properties that can facilitate one-
pot reactions to form BAMFs is a promising avenue for research.

Catalyst Stability: Ensuring the stability of catalysts over extended reaction times is crucial
for industrial applications, as catalyst degradation can impact the process's efficiency and
cost-effectiveness.

Additionally, some researchers have explored the direct conversion of readily available
sugars like fructose into BAMFs, which is a promising approach. Exploring other
substances such as glucose and various carbohydrates for direct conversion into BAMFs
could open up new possibilities and further expand the scope of BAMF production.

In summary, while significant progress has been made in the synthesis of BAMFs, there
are still several challenges and areas of research that need to be addressed to enable large-
scale and economically viable production of these valuable compounds. Intensive studies
and innovative approaches will be crucial in realizing the potential of BAMFs in various

applications.

2.7. Characterization methods for catalyst

Catalyst plays crucial role to increase rate of reaction and selectivity of desired product.
Physical and chemical properties of the catalyst are responsible for the performance of the
catalyst and study of these properties of heterogeneous catalyst is considered as
characterization of catalyst. Characterization methods are also useful to determine the
reasons of deactivation and minimize it. Catalyst characteristics includes properties such as

chemical composition of the surface and bulk of the solid, surface area, porosity, crystal
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size, solid structure, surface morphology, acid-base property, particle size, activity,
selectivity and stability. Here, a brief introduction to significance of various
characterization methods used in present work are discussed.

2.7.1. BET and BJH method to determine Surface area and pore size and its volume
Extent of dispersion of active metal can be studied by knowing the surface area and pore
distribution of the catalyst. Higher surface area of the support indicates the higher
dispersion of the active metals. Pore is size important to know the accessibility of reactants
to active sites and the diffusivity of product back to the bulk fluid. The size and number of
pores determine the internal surface area. In this work, The Brunauer—Emmett-Teller
(BET) surface area, pore volume, and Barrett—Joyner—Halenda (BJH) pore size distribution
of the prepared catalysts were determined by N, adsorption-desorption analysis conducted
at —196°C. Prior to analysis, the catalysts were degassed under vacuum at 200 + 2°C.
Instrument details: Quantachrome Instruments/NOVA/Quantachrome Touch Win v1.2 2.
Analysis details: sample weight: 0.132 g, duration: 220.9 min, firmware: 1.07, void
volume mode: He measure, cell type: 9 mm with rod, thermal delay: 600 sec, warm zone:
3.89899 mL, cold zone: 4.12488 mL.

Adsorbate details: nitrogen, Cross Section Area: 16.2 A2/mol, Bath Temperature:-196°C
Degas information: Time: 6.0 h, Temp: 200°C.

2.7.2. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction is generally used to study information such as crystal size, crystal
structure, chemical composition, lattice strain of the material. An X-ray instrument consists
of three primary components: an X-ray source, a sample holder, and PXRD detector.

The X-rays generated by the source illuminate the sample, which then diffracts the X-rays
toward the detector. By adjusting the position of the tube or the sample and detector to vary

the diffraction angle (20, the angle between the incident and diffracted beams), the
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intensity is measured and diffraction data are collected. Depending on the geometry of the
diffractometer and the type of sample, the angle between the incident beam and the sample
can be either fixed or variable, typically paired with the angle of the diffracted beam. The
relation between the distance between two hkl planes (d) and angle of diffraction (20) is

given by Bragg‘s equation as follows:

nl=2dSing ........(2.1)

Where, n= an integer order of reflection and A= wave length of X-rays(93,94). The
diffraction pattern provides information such as degree of crystallinity, purity of phase,
unit cell parameters and planes of materials(95). Phase can be identify by comparing the
set of reflection of sample with the pure reference phases supplied by ICDD (International
Center for Diffraction Data). In present work, Powder X-ray diffraction (PXRD) patterns
were obtained on a Bruker D8 Advance X-ray diffractometer, using LynxEye Superspeed
detector and Cu Ko radiation produced from a PW Bragg—Brentano (BB) goniometer
(0/20), operating at 40 kV and 35 mA. The diffractograms were recorded in the 20 range of
10 - 80° with a 20 step size of 0.02°.

2.7.3. NH3 Temperature Programmed Desorption (NH3; TPD)

This method measures the desorbed molecules from the catalyst sample surface. In NH3
TPD analysis catalyst is pretreated in situ in oxidative atmosphere at 100-200°C to remove
any adsorbed species on the surface. After that sample is equilibrate with an NHj3 gas
saturated with probe molecule under well-defined condition. Once the surplus gas has been
purged from the reactor, the sample undergoes heating within a continuous flow of inert
gas. A thermal conductivity detector continuously tracks the concentration of the gas
desorbing in the effluent stream. The cumulative area beneath the curve provides the total

quantity of probe molecules desorbed. TPD analysis used to study acidic sites on the

33



surface and gas adsorbed on the surface. Also it gives information about the various peaks
correspond to different types and quantities of adsorbed species and the peaks at different
temperatures correspond to varying relative bond strengths between the adsorbate and the
surface. Higher desorption temperatures indicate stronger bonds and site strength. The
quantity of acidic sites is measured by the total number of ammonia molecules adsorbed on
the surface, expressed in micromoles per gram of catalyst. The lower temperature peak
indicates weaker bond strength and thus weaker acidic sites, whereas the peak at the higher
temperature suggests stronger bonds and hence stronger acidic sites. The area under the
curve represents the quantity of weaker and stronger sites. In present work, 0.0735 g of
catalyst was taken in quartz sample tube. Before measurements, the catalyst was pre-
treated in Helium at 30 SCCM and 200°C. A mixture of NH3 in Helium was passed at rate
of 30 SCCM and at temperature 50°C for 30 min. The TPD measurements were carried out
in the range 50 to 700°C with a ramp rate of 10°C min™".

2.7.4. Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy examines the vibration of chemical bonds
within a molecule, manifesting at various frequencies contingent upon the elements and
bond types present. Upon absorption of infrared radiation, the bond's vibration frequency
elevates, prompting transitions between the ground state and multiple excited states. These
absorption frequencies denote excitations of bond vibrations and are specific to the bond
type (stretching or bending) and the atoms engaged in the vibration. The resultant infrared
absorption bands, spanning from 400 to 4000 cm™, characterize the functional groups
within the catalyst. The term Fourier Transform (FT) pertains to a mathematical process
that converts data from an interference pattern into an infrared absorption spectrum. In this

study, Fourier Transform Infrared Spectroscopy (FTIR) spectra of catalyst samples were
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collected using Model: Cary630 spectrometer. The instrument was operated in the range of
600-4000 cm .

2.7.5. Infrared spectra for pyridine adsorption (Py-IR)

Infrared spectra for pyridine adsorption, were typically referring to the spectroscopic
analysis of pyridine molecules adsorbed onto a surface, often a metal oxide or other
catalytic material. This type of analysis is crucial in understanding the interaction between
pyridine molecules and the surface, which is important in catalysis.

The IR spectra of pyridine adsorbed on a surface can reveal information about the nature of
the adsorption process, the binding sites on the surface, and the structural changes in the
pyridine molecule upon adsorption. The IR spectrum of pyridine adsorbed on a surface will
exhibit shifts and changes compared to the spectrum of free pyridine in the gas phase.
These changes are due to interactions between the pyridine molecules and the surface. The
absorption bands corresponding to different functional groups in pyridine may shift in
frequency upon adsorption. For example, the frequencies of C-H stretching, C=C
stretching, and C-N stretching vibrations may shift due to interactions with the surface. In
addition to shifts in existing absorption bands, new absorption bands may appear in the
spectrum of adsorbed pyridine. These bands can arise from interactions between pyridine
and the surface, such as chemisorption or physisorption, as well as from changes in the
molecular structure of pyridine upon adsorption. Changes in the intensities of certain
absorption bands may also be observed upon adsorption. This can indicate changes in the
orientation or conformation of the adsorbed molecules, as well as changes in the electronic
environment of specific functional groups. Depending on the nature of the surface,
additional features related to the surface structure or composition may be observed in the
spectra of adsorbed pyridine. These features can provide valuable information about the

surface properties and the nature of the interaction between the adsorbate and the surface.
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In present work, Infrared spectra for pyridine adsorption (Py-IR) were recorded using a
Cary630 FT-IR Spectrometer. The initial step involved subjecting a self-supporting sample
pellet, weighing approximately 20 mg and measuring 10 mm in diameter, to a temperature
of 500°C for duration of 2 h under a vacuum. This step was taken to eliminate any
moisture and other adsorbed gases from the sample. The subsequent phase consisted of
saturating all the acid sites on the sample by exposing it to pyridine at a temperature of
150°C for a period of 1 h. The identification of Lewis and Bronsted acid sites was achieved

by analyzing the bands located at 1445 cm™, 1638 cm™, and 1543 cm™.
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CHAPTER -3
Catalytic conversion of 5-HydroxyMethylFurfural (5-

HMF) into valuable chemicals

3.1. Introduction

Petroleum refinery and petrochemical industry is having significant role in human life as it
plays vital role to provide energy and food and affect the environment. As the population
of the world increases it is expected that demand will increase significantly by next decade
(1-4). The massive use of fossil fuel resources has resulted in a slew of issues such as
reserve depletion, price volatility, and environmental concerns (5-7). In this regard,
exploration of renewable resources as an alternative of fossil fuel has been become urgent
needs(8-10). Biomass is a renewable carbon resource obtained from plants, crop wastes,
and industrial residues. It can be converted into valuable compounds like 5-
hydroxymethylfurfural (HMF) through chemical or biocatalytic processes. HMF, derived
from various hexoses, is a key platform molecule for producing numerous high-value
derivatives used in pharmaceuticals, materials, and fuels, which makes them important
source for sustainable development of valuable chemicals(11-13). Hence, conversion of
biomass derived platform molecules into valuable chemical and derivatives is the most
attractive approach(14,15). Bio refinery is emerged as viable route to maximize the use of
biomass. Biomass-derived chemicals, such as 5-hydroxymethylfurfural (5-HMF), levulinic
acid, furfurals, sugar alcohols, lactic acid, succinic acid, and phenols, are considered
platform chemicals. These platform chemicals can be further used for the production of a
variety of important chemicals on an industrial scale(16-18). Various transformation
method of lignocellulosic biomass to platform chemicals such as 5-hydroxymethylfurfural

(HMF), which can be converted further to polymer building blocks and potential biofuel
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candidates, have been reported recently. The U.S. Department of Energy has identified 12
representative biomass platform molecules, including HMF. So, manufacturing of biofuels
from HMF is particularly gaining thrust. Biomass-derived furans, like 2-furfuraldehyde
(furfural) and 5-hydroxymethyl-2-furfural (HMF), can be produced efficiently via acid-
catalyzed dehydration of pentose and hexose, respectively. Due to the reactive side chains
(~CHO and/or —CH,0H) on the furan ring, these compounds can be further processed into
valuable chemicals, including 2,5-furandicarboxylic acid (FDCA), 2-furoic acid, levulinic
acid (LA), various ketones and diketones, 1,6-hexanediol (1,6-HDO), 1-hydroxyhexane-
2,5-dione (1-HHD), cyclopentanone (CPO), adipic acid, maleic anhydride (MA),
caprolactam, caprolactone, y-valerolactone, 2,5-dimethylfuran (DMF), and various alkanes.
These chemicals have extensive applications in pharmaceutical and polymer industries and
in fuel production. 2, 5-dihydroxymethylfuran (DHMF) is formed via hydrogenation of
aldehyde group present in 5-HMF. The catalytic transfer hydrogenation (CTH) is
favourable alternative to conventional hydrogenation pathway with external molecular H,.
Specifically, carbonyl compounds, including aldehydes and ketones can be completely
reduced to corresponding alcohols through the Meerwein—Ponndorf— Verley (MPV)
reaction by using formic acid and alcohols as hydrogen donors (19-23). Beside the various
biomass derived liquid fuel such as 2, 5-dimethylfuran (DMF) (24-33) and AMFs (MMF
and 5-ethoxymethylfurfural (EMF)) (34-43) 2, 5 Bis-alkoxymethyl furans (BAMFs) are
specifically draw more attention because of its superior properties as biofuel. In
comparison with 5- alkoxymethyl furfurals (AMFs) and bioethanol, BAMFs hold
properties such as higher energy density (more than 31 MJ/L), higher boiling point,
stronger chemical stability, lower water solubility, higher flashing point , lower cold filter
plugging point and higher cetane number to the ordinary commercial diesels (44,45). As

cetane number (80) of 2, 5 Bis-alkoxymethyl furans are higher than commercial diesel
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(45), it can be mix with diesels in different propositions which enhance the combustion and
reduce the emissions. So, BAMFs are widely considered as potential biodiesel candidates
or fuel additives with great application prospects. Since 2,5-bis(alkoxymethyl)furan
(BAMF) exhibits properties like higher energy density, higher cetane number, higher
miscibility, and stronger stability, it has been assessed as a more attractive diesel additive
than 5- alkoxymethylfurfural (AMF)(37,46-50). Similar to the preparation of AMF from
HMF(35,51-60), BAMF can be produced by the etherification of DHMF with the
corresponding alcohols in the presence of various heterogeneous catalysts for this
conversion (Table 3.1).

Table 3.1 Transformation of HMF to BAMF using various alcohols

Catalyst [ Alcohol Temperature [ Time |HMF BAMF Reference

(°C) h Conversion |Yield (%)

(%)

HZSM-5 Methanol | 100 3 100 70 (61)
(Si/Al=25)
HZSM-5 Methanol | 100 3 100 68
(Si/AI=38)
HZSM-5 Methanol | 100 3 100 69
(Si/AlI=300)
HZSM-5 Methanol 120 12 - 68
(Si/Al=25)
HZSM-5 | Methanol |140 8 - 59
(Si/Al=25)
Amberlyst- | Methanol |60 10 99 57 47)
15
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Amberlyst- | Methanol |60 10 - 50

15

Amberlyst- | Ethanol 40 16 - 80 (62)
15

Amberlyst- | Ethanol 60 5 - 74

15

Amberlyst- | Ethanol 60 18 - 64 47)
15

Amberlyst- | Ethanol 60 10 99 70

15

Sn-Beta Ethanol 60 10 - 70

Hf-Beta Ethanol 180 6 - 68 (50)
Amberlyst- |Propanol |120 24 - 67 (63)
15

Amberlyst- |Propanol |60 10 - 74 (47)
15

Sn-Beta Isopropanol | 60 10 - 72

Sn-Beta Isopropanol | 180 6 - 61 (50)
Zr-Mont Isopropanol | 180 3 - 82.5 (48)
Sn-Beta Isopropanol | 150 1 - 95 (49)
Amberlyst- | 1-butabol |[180 3 - 85.6 (50)
15

Amberlyst- | 1-butanol |180 6 - 79.6

15
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Zr-Mont 1-butanol |60 10 - 74 47
Sn-Beta 1-butanol |60 10 - 71

Zr-Mont 2-butanol 150 3 - 49 (49)
Sn-Beta 2-butanol 180 6 - 60.5 (50)
Hf-Beta 2-butanol 120 1 - 96 (49)

Balakrishnan et al.(62) first reported the etherification of DHMF with ethanol. The results
demonstrated that among various acid catalysts, such as H,SO4, Amberlyst-15, Amberlite
IR120, Dowex 50WX8, and Dowex DR2030, Amberlyst-15 showed an outstanding
catalytic performance with an 80% yield of 2,5- bis(ethoxymethyl)furan (BEMF) at a low
reaction temperature of 40 °C for 16 h, which was in harmony with the results of Sacia et
al.(46). More significantly, Amberlyst-15 could also be employed for the efficient
preparation of 2,5 bis- (propoxymethyl)furan (BPMF) and 2,5-bis(butoxymethyl)-furan
(BBMF) via the etherification of DHMF with propanol and 1-butanol, respectively.
However, when methanol is used for etherification of DHMF, the catalytic performance of
Amberlyst-15 was not satisfactory, and the yield of 2,5-bis(methoxymethyl)furan (BMMF)
was only 57% at 60 °C in 10 h, which might be attributed to the high polarity of methanol,
leading to the formation of many by-products (47). By this instant, Cao et al. (61) used
acidic zeolites to obtain a satisfactory yield of BMMF. It was found that amongst various
acidic zeolites, HZSM-5 with a Si/Al ratio of 25 was the most effective for the
etherification of DHMF with methanol. After 3 h at 100 °C, a BMMF vyield of 70% could
be achieved, this was higher than that over HZSM-5 with a Si/Al ratio of 38 or 300. Lower
Si/Al ratio of the zeolite means more acidic sites and stronger hydrophilicities, which
facilitated the etherification reaction between DHMF and methanol on the surface of the

catalyst (61). Above results conclude that the types of alcohol as well as properties of
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catalyst have pronounced effect on the etherification of DHMF into BAMF. In addition, it
should be particularly noted that various BAMFs could also be directly produced from
HMF in the corresponding alcohols (Table 3.1)(46-50,63) in which two successive steps
were involved in the same reactor: the selective hydrogenation of HMF into DHMF over a
hydrogenation catalyst and the subsequent etherification of DHMF into BAMF over an
acid catalyst. The yield of BAMF did not decrease, according to the results. Therefore,
from the perspective of practical manufacturing, this one-pot, two-step method was more
suitable for the preparation of BAMF.
It is clear from the research cited above that the catalytic conversion of 5-HMF into useful
compounds also depends on the supports in the catalytic system. A key factor in improving
the conversion of 5-HMF and the selectivity of the intended products is the adjustment of
acidic sites like Lewis and Bronsted.

Investigating the effects of different zeolites as a support for Zr metal particles in the
catalytic conversion of 5-HMF and the variables influencing it is the goal of the current
work. 5-HMF and 2-propanol are used in the tests, along with the impact of temperature,
reaction time, and catalyst loading.

3.2. Materials and Methods

3.2.1. Materials

The chemicals obtained were used as received. 5- (hydroxymethyl) furfural (98%), were
purchased from SRL( Sisco Research Laboratories Pvt. Ltd.) India. All the alcohols and
solvents, Ag. ammonia (30%), ZrOCl,.8H,0 and metal precursors such as Zirconyl Nitrate
Hydrate (99.5%) were purchased from Loba Chemie, Mumbai, India., HB zeolite, Hy
zeolite and ZSM-5 was purchased from the Sud-cheme India Private Limited, Vadodara,

Guijarat.
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3.2.2.Catalyst Preparation

3.2.2.1. Preparation of ZrO(OH);

The hydroxide of Zr was prepared by precipitation process as described elsewhere(64). In a
typical preparation, 10 g of metal chloride precursors were precipitated to respective
hydroxide by adding of ag. NH3 upto pH of the solution was 9-10. Mixture was aged in 24
h, filtered and washed residue with plenty of distilled water until pH of the filtrate was
neutral. Residue was subsequently dried at 110 °C in 12 h, followed by being ground to
powder in a mortar with a pestle and stored in a glass bottle.

3.2.2.2. Preparation of Zr supported on zeolite

Zirconium (IV) nitrate hydrate metals were impregnated into the structure of zeoltie using
a typical wet impregnation method(65). To prepare Zr-impregnated zeolite, 4.05 ¢
zirconium (IV) oxynitrate hydrate was dissolved into 20 mL deionised water. After all
zirconium (IV) nitrate salt dissolved, 16 g of zeolite was added to the aqueous solution.
The mixture was then kept at room temperature overnight for impregnation. After
impregnation, the dried solid particles dried at 120°C in 4 h before being calcined at 550°C
in 6h with heating rate of 10°C min™.

3.2.3. Catalyst Characterization

Powder X-ray diffraction (PXRD) patterns were obtained on a Bruker D8 Advance X-ray
diffractometer, using LynxEye Superspeed detector and Cu Ka radiation produced from a
PW Bragg-Brentano (BB) goniometer (6/20), operating at 40 kV and 35 mA. The
diffractograms were recorded in the 20 range of 10 - 80° with a 20 step size of 0.02°.

The Brunauer-Emmett-Teller (BET) surface area, pore volume, and Barrett—Joyner—
Halenda (BJH) pore size distribution of the prepared catalysts were determined by N
adsorption-desorption analysis conducted at —196°C. Prior to analysis, the catalysts were

degassed under vacuum at 200 + 2°C.
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Fourier Transform Infrared Spectroscopy (FTIR) spectra of catalyst samples were collected
using Model: Cary630 spectrometer. The instrument was operated in the range of 600-
4000 cm .

3.3. Catalytic Reaction

The experiment was conducted in 100 mL stainless steel autoclave reactor. The autoclave
was charged with 1 g HMF, 0.1- 0.25¢g catalyst, and 50 mL of 2-propanol. The autoclave
was closed then heated to the desired reaction temperature of 120-140°C under stirring
conditions in 4 h reaction time. Stirring was kept constant (550 rpm) for the reactions.
After each reaction, the autoclave was cooled. At the end of each run, the product mixture
was separated from the catalyst by centrifuge and then analyzed by GC MS (make:
Shimadzu, model: QP2020 NX) equipped using DB-1701 column (60M x 0.32mm X 1.um

film thickness).Cyanopropylphenyl (14%), Dimethylpolysiloxane (86%).

Column temperatures:

Initial temperature : 50°C

Initial hold time : 0 minute
Heating rate-1 : 10°C/minute
Temperature-I1 . 180°C

Hold time-II : 0 minute
Heating rate -11 : 20°C/ minute
Final temperature : 280°C

Final hold : 17.0 minute
Injection port temperature : 250°C

Carrier gas . Helium
Pressure programme

Initial Head pressure : 5Kpa

Initial Hold time : 11.0 minute
Pressure rate : 10Kpa/minute
Final pressure : 80Kpa/minute
Final Hold time : 16.5 minute
Split ratio :1:10

Run time : 35.0 minute
GCMS Programme:

Source : Electron lonization (EI)
Mode : Scan (TIC)
lon source temperature : 230°C
Interface temperature . 290°C
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Filament of time : 0.0minute
Filament on time : 8.5 minute
Start m/z 30

End m/z : 500
Detector gain mode : Absolute
Start time : 8.5 minute
End time : 35.0 minute

To find the performance of the catalytic systems, conversions of 5-HMF (Xs.ymr, %) and
selectivity to products (Si) are defined as follow: 5-HMF conversion (Xs.yme) was
calculated from ratio of the amount of 5-HMF converted and initial amount of 5-HMF. The
selectivities for reaction products like BHMF, HPMF, and BPMF (Si) were calculated by

dividing the amount of products formed by the amount of 5-HMF converted.

conversion (%) = % * 100

where (I.N.)i = Initial moles of 5-HMF & (I.N.)f = Final moles of 5-HMF

Selectivity (%) moles of product formed £ 100
crectivity L7 " moles of 5-HMF converted

3.4. Results and discussion

3.4.1. Physical and chemical properties of catalyst

3.4.1.1. Powder X-ray diffraction (PXRD) analysis

Figure 3.1 (a) shows PXRD patterns of ZrO(OH), . The wide and weak PXRD pattern
(diffraction angle at 20 = 21.7°, 26.69°, 27.81°, 31.26°,39.63°,41.20°,44.23°,50°) of
ZrO(OH); is indicating the amorphous nature of ZrO(OH),. From Figure 3.1 (c) , it can be
seen that the PXRD peaks for the Zr-HP catalysts were very similar to those of Hf (Figure
3.1 (b)) as indicated by the diffraction angle at 26 = 22.6°, 25.98°, 28.08°,31.26° and, 50°.
No new diffraction peak was observed which suggested that the MFI structure of Hf

catalyst was intact and no new phase was produced after the modification of Hf} catalyst
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and Zr were nicely dispersed(66). The diffractions at 31.26 and 50, due to tetragonal

zirconia phase (67,68) were clearly observed on the Zr-Hp catalyst sample.
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Figure 3.1 PXRD patterns of (a) ZrO(OH), (b) HP and (c) Zr-Hp catalysts

The PXRD patterns of Zr-Y catalysts (Figure 3.2) shows similar pattern to that of the
parent HY(69-71) as indicated by the diffraction angle at 20 = 15.8° and 23.1°. This

indicates the framework structure has been retained after Zr impregnation.
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Figure 3.2 PXRD patterns of Zr-HY catalyst

The PXRD patterns of Zr-HZSM5 catalysts (Figure 3.3) shows similar pattern to that of
the parent HZSM5(70) as indicated by the diffraction angle at 20 =
14.2°,23.94°,26.16°,27.36°,29.94°and 31.74°.This indicates the framework structure has

been retained after Zr impregnation.
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Figure 3.3 PXRD patterns of Zr-HZSM-5 catalyst

3.4.1.2. Fourier transforms infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectrum of ZrO(OH); in the range of 4004000 cm ™' is
studied and shown in Figure 3.4 (a). The very broad absorption band at 3141 cm™ is
attributed to the stretching vibrations of OH groups on the surface of the catalyst. In the

spectrum of ZrO(OH), , a sharp peak at 1441 cm™ are assignable to Zr-OH vibrations. The
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peak at 1634 cm™ is due to OH vibration of ZrO(OH),. Zr-Hp spectra (Figure 3.4 (b & ¢))
exhibit band in the region of 3735, 3641, 1625, 1229, 1083 and 562 cm™ are due to
bending of isolated terminal Si-OH groups, bending of bridging hydroxyl Si-OH-Al
bending vibration of OH groups, asymmetrical stretching vibration, symmetric and
asymmetric stretching vibrations of the Si—O-Si linkages of the zeolite framework and
double ring opening vibration of external linkages, respectively. Zr precursor, causes a
decrease in the intensity of OH bands at 3735 cm™, suggesting that Zr species could react
with silanols located in the vacant sites and thus be incorporated into the HP zeolite
framework (72). IR spectra of Zr-Y in Figure 3.5 shows Band at 1621 cm™ reveals to
bending vibration of water molecules in zeolite structure. bands around 1062 cm™ indicates
presence of Si-O and assigned to external asymmetrical stretching while the band at about
793 cm™ associated with symmetric stretching modes of external linkages(69,73). Fourier
transform infrared (FTIR) spectrum in Figure 3.6 of Zr-HZSM-5 shows IR bands around
734 and 1021 cm™ can be allocated to the symmetric and asymmetric stretching vibrations
of the Si—O-Si linkages of the zeolite framework, respectively. Vibration modes of 1021
and 734 cm™ are consigned to the internal vibration of SiO, and AlO, tetrahedra and a
small IR band near 1220 and 1632 cm™ is attributed to their asymmetric stretching

vibration and H-OH bending vibration of adsorbed water respectively .

(c) Hp
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Figure 3.4 (a) FTIR spectra of ZrO(OH), catalyst and (b) Zr-Hp catalyst (c) Hp catalyst
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Figure 3.6 FTIR spectra of Zr-HSM-5
3.4.2. Study of catalyst activity

3.4.2.1. Effect of temperature and catalyst loading

Catalytic conversion of HMF was carried out at different temperatures (120°C, 130°C, and
140°C), time (2 h & 4 h), and catalyst loading (0.1 g) over a ZrO(OH), (0.1 g) and mixture
of Zr-Hp (0.1 g, 0.15g, 0.2g, 0.25g), and the results are shown in Table 3.2. Conversion of
the 5-HMF was found to be 23.53% and selectivity of BHMF and HPMF was found to be
83.55 and 17.67%, respectively, at 120°C (entry1) in 2 h and no BPMF was observed. By
increasing the temperature to 130°C and 140°C (entry 2 and 3) and keeping all other
reaction conditions the same, it was observed that the conversion of 5-HMF was increased

t0 29.42% and 57.12% respectively and the selectivity of BHMF was decreased to 76.43%
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and 68.04%, respectively. Whereas the selectivity of HPMF increased and there was no
generation of BPMF. The higher conversion of 5-HMF was achieved by increasing
reaction time to 4 h and keeping all other parameters constant (entry 4, 5 and 6) and
reaching a maximum of 71.32 % (entry 6). At a higher reaction time (4 h), a significant
change in the selectivity of BHMF, HPMF and BPMF was observed (entry 4, 5, and 6).
BHMF selectivity decreased to 9.89% (entry 6) from 21.98% (entry 4), and HPMF
selectivity decreased to 37.60% (entry 6) from 68.57% (entry 4), while BPMF selectivity
increased and was around 20.82% at higher reaction temperature of 140°C (entry 6). This
may be due to the conversion of HPMF to BPMF at higher reaction temperature and time.
Shinde and Rode(49) reported a similar observation of higher reaction temperature for the
production of BPMF using ZrO(OH), as a catalyst. The lower yield and selectivity of
BPMF, on the other hand, may be due to ZrO(OH),, which acts as a charge transfer
hydrogenation catalyst. Further, to enhance the yield and selectivity of the desired product,
HP and Zr-Hp catalysts were tested at reaction conditions (entry 7 and 8), but the obtained
results were not encouraging. However, the presence of BPMF in the product mixture
indicated the impact of Zr-Hf} during the etherification step.

The results showed that ZrO(OH); acts as a hydrogenation catalyst, whereas Zr-Hp acts as
an etherification catalyst in the reductive etherification of 5-HMF to BPMF. Hence, it was
decided to carry out the reaction with a combined ZrO(OH), and Zr-Hp catalyst.

Alcohols can also be used as etherifying agents which leads to formation of BAMFs
without using molecular H, (23-30). In present work, 2-propanol used as both hydrogen
donors as well as substrate for the etherification. To check the effect of combined catalyst
on 5-HMF conversion and BPMF selectivity, reaction was performed with equal weight of

both catalysts (entry 9) at 120°C in 4 h. It was observed that both 5-HMF conversion and
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BPMF selectivity increased to 79.41 % and 38.50 % respectively, and this was higher than
their individual results (entry 6 and 8).

We also tested the Zr-HY and Zr-HSM-5 (entry-10 & 11) with ZrO(OH), (T=120°C in 4 h)
with catalyst loading (0.1 g each) and found conversion of 5-HMF 64.76 % and 60.88%
respectively. BPMF selectivity was measured at 35.40 % and 54.09 %respectively.

Also it was noted that using only ZrO(OH), for etherification was ineffective because
BPMF (targeted product) was not produced at all at different temperatures with a reaction
time of 2 h. upon increase in reaction time to 4 h, results show that the selectivity of BPMF
increases. In general, Lewis acid sites are mainly accountable to transfer hydrogenation
through the Meerwein—Ponndorf—Verley (MPV) reaction, although Bronsted acid sites are
responsible for the etherification step. Luo et al.(48) reported that the etherification
reaction also can be recognized to excessive Lewis acid sites. Based on the product
analysis (Table 3.2) in the reaction pathway of the one pot reductive etherification, the
carbonyl in 5-HMF is initially hydrogenated to form BHMF in the presence of Lewis acid
sites. Afterward BHMF can be etherified to HPMF and BPMF in 2-propanol over
excessive Lewis or Bronsted acid sites.

Table 3.2 Catalytic activity of different Catalyst (Reaction conditions: 5-HMF — 1g, 2-

propanol- 50 ml)

Entry | Catalyst Catalyst | Temp | Time | Conv. | Selectivity%o
quantity | (°C) | (h) % BHMF | HPMF | BPMF
(9)

1 ZrO(OH); 0.1 120 2 23.53 | 83.55 17.67 -

2 0.1 130 2 29.42 | 76.43 23.57 -

3 0.1 140 2 57.12 | 68.04 31.96 -

4 0.1 120 4 37.89 |21.98 68.57 9.45
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5 0.1 130 4 54.32 | 32.52 53.96 13.52

6 0.1 140 4 7132 19.89 37.60 20.82

7 Hp 0.1 120 2 10.00 |- 3.04 6.86

8 Zr-HpB 0.1 120 2 2539 |- - 15.55

9 ZrO(OH),+ | 0.1+0.1 120 4 79.41 | 0.46 7.25 38.50
Zr-Hp

10 ZrO(OH),+ | 0.1+0.1 120 4 64.76 |8.72 48.99 35.40
Zr-HY

11 ZrO(OH),+ | 0.1+0.1 120 4 60.88 |- 45.90 54.09
Zr-HZSM-5

3.5. Conclusions

Various catalysts Zr over different zeolite and ZrO(OH), were synthesized by wet
impregnation method and characterized by PXRD and FTIR. The characterization result
indicates that no significant change was observed in structure of HZSMS5, HY and Hp. It
remains intact after the impregnation of metal over zeolites. Presence of metal has also
been confirmed by their characteristic peaks observed in the characterization. The lower
yield and selectivity of BPMF, on the may be due to ZrO(OH),, which acts as a charge
transfer hydrogenation catalyst. Higher conversion 79.41% of 5-HMF was achieved with
Zr-Hp catalyst, while 64.76% and 60.88% conversion towards 5-HMF was observed with
Zr-HY and Zr-HSM-5 respectively.

In product distribution 2,5-bis(isopropoxymethyl)furan (BPMF) was remain main reaction
product with selectivity 38.50 % for Zr-Hp catalyst, while 35.4% and 54.09% selectivity

towards BPMF was observed and with Zr-HY and Zr-HSM-5 respectively.

64




3.6. References
1. Huber GW, Iborra S, Corma A. Synthesis of Transportation Fuels from Biomass:

Chemistry, Catalysts, and Engineering. Chem Rev. 2006 Sep 1;106(9):4044-98.

2. Alonso DM, Wettstein SG, Dumesic JA. Gamma-valerolactone, a sustainable platform

molecule derived from lignocellulosic biomass. Green Chem. 2013;15(3):584.

3. Rorrer JE, Bell AT, Toste FD. Synthesis of Biomass-Derived Ethers for Use as Fuels

and Lubricants. ChemSusChem. 2019 Jul 5;12(13):2835-58.

4. Serrano-Ruiz JC, Dumesic JA. Catalytic routes for the conversion of biomass into

liquid hydrocarbon transportation fuels. Energy Environ Sci. 2011;4(1):83-99.

5. Zhou CH, Xia X, Lin CX, Tong DS, Beltramini J. Catalytic conversion of

lignocellulosic biomass to fine chemicals and fuels. Chem Soc Rev. 2011;40(11):5588.

6. Zhang Z, Song J, Han B. Catalytic Transformation of Lignocellulose into Chemicals

and Fuel Products in lonic Liquids. Chem Rev. 2017 May 24;117(10):6834—80.

7. Hu L, Lin L, Wu Z, Zhou S, Liu S. Recent advances in catalytic transformation of
biomass-derived 5-hydroxymethylfurfural into the innovative fuels and chemicals.

Renewable and Sustainable Energy Reviews. 2017 Jul;74:230-57.

8. Tollefson J. Can the world kick its fossil-fuel addiction fast enough? Nature. 2018

Apr:556(7702):422-5.

9. Hul, Zhao G, Hao W, Tang X, Sun Y, Lin L, et al. Catalytic conversion of biomass-
derived carbohydrates into fuels and chemicals via furanic aldehydes. RSC Adv.

2012;2(30):11184.

65



10.

11.

12.

13.

14.

15.

16.

17.

18.

Xu C, Arancon RAD, Labidi J, Luque R. Lignin depolymerisation strategies: towards

valuable chemicals and fuels. Chem Soc Rev. 2014;43(22):7485-500.

Wang J, Xi J, Wang Y. Recent advances in the catalytic production of glucose from

lignocellulosic biomass. Green Chem. 2015;17(2):737-51.

Zhang Z, Deng K. Recent Advances in the Catalytic Synthesis of 2,5-

Furandicarboxylic Acid and Its Derivatives. ACS Catal. 2015 Nov 6;5(11):6529-44.

Liu B, Zhang Z. Catalytic Conversion of Biomass into Chemicals and Fuels over

Magnetic Catalysts. ACS Catal. 2016 Jan 4;6(1):326-38.

Binder JB, Raines RT. Simple Chemical Transformation of Lignocellulosic Biomass

into Furans for Fuels and Chemicals. J Am Chem Soc. 2009 Feb 11;131(5):1979-85.

Sheldon RA, Arends IWCE, Hanefeld U. Green Chemistry and Catalysis [Internet]. 1st
ed. Wiley; 2007 [cited 2024 Feb 8]. Available from:

https://onlinelibrary.wiley.com/doi/book/10.1002/9783527611003

Bozell JJ, Petersen GR. Technology development for the production of biobased
products from biorefinery carbohydrates—the US Department of Energy’s “Top 10”

revisited. Green Chem. 2010;12(4):5309.

Mika LT, Cséfalvay E, Németh A. Catalytic Conversion of Carbohydrates to Initial
Platform Chemicals: Chemistry and Sustainability. Chem Rev. 2018 Jan

24;118(2):505-613.

Mascal M, Dutta S. Chemical-Catalytic Approaches to the Production of Furfurals and
Levulinates from Biomass. In: Nicholas KM, editor. Selective Catalysis for Renewable

Feedstocks and Chemicals [Internet]. Cham: Springer International Publishing; 2014

66



19.

20.

21.

22.

23.

24,

25.

26.

[cited 2024 May 27]. p. 41-83. (Topics in Current Chemistry; vol. 353). Available

from: https://link.springer.com/10.1007/128 2014 536

Noyori R, Hashiguchi S. Asymmetric Transfer Hydrogenation Catalyzed by Chiral

Ruthenium Complexes. Acc Chem Res. 1997 Feb 1;30(2):97-102.

Ikariya T, Blacker AJ. Asymmetric Transfer Hydrogenation of Ketones with
Bifunctional Transition Metal-Based Molecular Catalysts. Acc Chem Res. 2007 Dec

1:40(12):1300-8.

Wang D, Astruc D. The Golden Age of Transfer Hydrogenation. Chem Rev. 2015 Jul

8;115(13):6621-86.

Osatiashtiani A, Lee AF, Wilson K. Recent advances in the production of y-
valerolactone from biomass-derived feedstocks via heterogeneous catalytic transfer

hydrogenation. J of Chemical Tech &amp; Biotech. 2017 Jun;92(6):1125-35.

Xue Z, Jiang J, Li G, Zhao W, Wang J, Mu T. Zirconium—cyanuric acid coordination
polymer: highly efficient catalyst for conversion of levulinic acid to y-valerolactone.

Catal Sci Technol. 2016;6(14):5374-9.

Romén-Leshkov Y, Barrett CJ, Liu ZY, Dumesic JA. Production of dimethylfuran for
liquid fuels from biomass-derived carbohydrates. Nature. 2007 Jun 21;447(7147):982—

5.

Chidambaram M, Bell AT. A two-step approach for the catalytic conversion of glucose

to 2,5-dimethylfuran in ionic liquids. Green Chem. 2010;12(7):1253.

Thananatthanachon T, Rauchfuss TB. Efficient Production of the Liquid Fuel 2,5-

Dimethylfuran from Fructose Using Formic Acid as a Reagent. Angewandte Chemie

67



217.

28.

29.

30.

31.

32.

33.

International Edition. 2010 Sep 3;49(37):6616-8.

Jae J, Zheng W, Lobo RF, Vlachos DG. Production of dimethylfuran from
hydroxymethylfurfural through catalytic transfer hydrogenation with ruthenium

supported on carbon. ChemSusChem. 2013 Jul;6(7):1158-62.

Huang YB, Chen MY, Yan L, Guo QX, Fu Y. Nickel-tungsten carbide catalysts for the
production of 2,5-dimethylfuran from biomass-derived molecules. ChemSusChem.

2014 Apr;7(4):1068-72.

Wang GH, Hilgert J, Richter FH, Wang F, Bongard HJ, Spliethoff B, et al. Platinum—
cobalt bimetallic nanoparticles in hollow carbon nanospheres for hydrogenolysis of 5-

hydroxymethylfurfural. Nature Mater. 2014 Mar;13(3):293-300.

Zu'Y, Yang P, Wang J, Liu X, Ren J, Lu G, et al. Efficient production of the liquid fuel
2,5-dimethylfuran from 5-hydroxymethylfurfural over Ru/Co304 catalyst. Applied

Catalysis B: Environmental. 2014 Mar;146:244-8.

Liu Y, Mellmer MA, Alonso DM, Dumesic JA. Effects of Water on the Copper-
Catalyzed Conversion of Hydroxymethylfurfural in Tetrahydrofuran. ChemSusChem.

2015 Dec 7;8(23):3983-6.

Shi J, Wang Y, Yu X, Du W, Hou Z. Production of 2,5-dimethylfuran from 5-
hydroxymethylfurfural over reduced graphene oxides supported Pt catalyst under mild

conditions. Fuel. 2016 Jan;163:74-9.

Hu L, Tang X, Xu J, Wu Z, Lin L, Liu S. Selective Transformation of 5-
Hydroxymethylfurfural into the Liquid Fuel 2,5-Dimethylfuran over Carbon-Supported

Ruthenium. Ind Eng Chem Res. 2014 Feb 26;53(8):3056—-64.

68



34.

35.

36.

37.

38.

39.

40.

Yuan Z, Zhang Z, Zheng J, Lin J. Efficient synthesis of promising liquid fuels 5-

ethoxymethylfurfural from carbohydrates. Fuel. 2015 Jun;150:236-42.

Yin S, Sun J, Liu B, Zhang Z. Magnetic material grafted cross-linked imidazolium
based polyionic liquids: an efficient acid catalyst for the synthesis of promising liquid

fuel 5-ethoxymethylfurfural from carbohydrates. J Mater Chem A. 2015;3(9):4992-9.

Li H, Saravanamurugan S, Yang S, Riisager A. Direct transformation of carbohydrates
to the biofuel 5-ethoxymethylfurfural by solid acid catalysts. Green Chem.

2016;18(3):726-34.

Lewis JD, Van de Vyver S, Crisci AJ, Gunther WR, Michaelis VK, Griffin RG, et al.
A Continuous Flow Strategy for the Coupled Transfer Hydrogenation and
Etherification of 5-(Hydroxymethyl)furfural using Lewis Acid Zeolites.

ChemSusChem. 2014 Aug;7(8):2255-65.

Wang S, Zhang Z, Liu B, Li J. Silica coated magnetic Fe304 nanoparticles supported
phosphotungstic acid: a novel environmentally friendly catalyst for the synthesis of 5-
ethoxymethylfurfural from 5-hydroxymethylfurfural and fructose. Catal Sci Technol.

2013;3(8):2104.

Wang H, Deng T, Wang Y, Cui X, Qi Y, Mu X, et al. Graphene oxide as a facile acid
catalyst for the one-pot conversion of carbohydrates into 5-ethoxymethylfurfural.

Green Chem. 2013;15(9):2379.

Yang Y, Abu-Omar MM, Hu C. Heteropolyacid catalyzed conversion of fructose,
sucrose, and inulin to 5-ethoxymethylfurfural, a liquid biofuel candidate. Applied

Energy. 2012 Nov;99:80-4.

69



41.

42.

43.

44,

45.

46.

47.

48.

Bing L, Zhang Z, Deng K. Efficient One-Pot Synthesis of 5-(Ethoxymethyl)furfural
from Fructose Catalyzed by a Novel Solid Catalyst. Ind Eng Chem Res. 2012 Nov

28:51(47):15331-6.

Kraus GA, Guney T. A direct synthesis of 5-alkoxymethylfurfural ethers from fructose

via sulfonic acid-functionalized ionic liquids. Green Chem. 2012;14(6):1593.

Che P, Lu F, Zhang J, Huang Y, Nie X, Gao J, et al. Catalytic selective etherification
of hydroxyl groups in 5-hydroxymethylfurfural over H4SiW12040/MCM-41

nanospheres for liquid fuel production. Bioresource Technology. 2012 Sep;119:433-6.

Dutta S, De S, Alam Mdl, Abu-Omar MM, Saha B. Direct conversion of cellulose and
lignocellulosic biomass into chemicals and biofuel with metal chloride catalysts.

Journal of Catalysis. 2012 Apr;288:8-15.

Liu B, Zhang Z, Zhao ZK. Microwave-assisted catalytic conversion of cellulose into 5-
hydroxymethylfurfural in ionic liquids. Chemical Engineering Journal. 2013 Jan;215-

216:517-21.

Sacia ER, Balakrishnan M, Bell AT. Biomass conversion to diesel via the
etherification of furanyl alcohols catalyzed by Amberlyst-15. Journal of Catalysis.

2014 May;313:70-9.

Han J, Kim YH, Jung B, Hwang S, Jegal J, Kim J, et al. Highly Selective Catalytic
Hydrogenation and Etherification of 5-Hydroxymethyl-2-furaldehyde to 2,5-
Bis(alkoxymethyl)furans for Potential Biodiesel Production. Synlett. 2017

Oct;28(17):2299-302.

Luo J, Yu J, Gorte RJ, Mahmoud E, Vlachos DG, Smith MA. The effect of oxide

70



49.

50.

51.

52.

53.

54.

55.

acidity on HMF etherification. Catal Sci Technol. 2014;4(9):3074-81.

Shinde S, Rode C. Cascade Reductive Etherification of Bioderived Aldehydes over Zr-

Based Catalysts. ChemSusChem. 2017 Oct 23;10(20):4090-101.

Jae J, Mahmoud E, Lobo RF, Vlachos DG. Cascade of Liquid-Phase Catalytic Transfer
Hydrogenation and Etherification of 5-Hydroxymethylfurfural to Potential Biodiesel

Components over Lewis Acid Zeolites. ChemCatChem. 2014 Feb;6(2):508-13.

Chen PX, Tang Y, Zhang B, Liu R, Marcone MF, Li X, et al. 5-Hydroxymethyl-2-
furfural and Derivatives Formed during Acid Hydrolysis of Conjugated and Bound
Phenolics in Plant Foods and the Effects on Phenolic Content and Antioxidant

Capacity. J Agric Food Chem. 2014 May 21;62(20):4754-61.

Bicker M, Kaiser D, Ott L, Vogel H. Dehydration of d-fructose to
hydroxymethylfurfural in sub- and supercritical fluids. The Journal of Supercritical

Fluids. 2005 Dec;36(2):118-26.

Zhu H, Cao Q, Li C, Mu X. Acidic resin-catalysed conversion of fructose into furan
derivatives in low boiling point solvents. Carbohydrate Research. 2011

Sep;346(13):2016-8.

Liu R, Chen J, Huang X, Chen L, Ma L, Li X. Conversion of fructose into 5-
hydroxymethylfurfural and alkyl levulinates catalyzed by sulfonic acid-functionalized

carbon materials. Green Chem. 2013;15(10):2895.

Li H, Govind KS, Kotni R, Shunmugavel S, Riisager A, Yang S. Direct catalytic
transformation of carbohydrates into 5-ethoxymethylfurfural with acid-base

bifunctional hybrid nanospheres. Energy Conversion and Management. 2014

71



56.

57,

58.

59.

60.

61.

62.

Dec;88:1245-51.

Wang Z, Chen Q. Conversion of 5-hydroxymethylfurfural into 5-ethoxymethylfurfural
and ethyl levulinate catalyzed by MOF-based heteropolyacid materials. Green Chem.

2016;18(21):5884-9.

Xiang B, Wang Y, Qi T, Yang HQ, Hu CW. Promotion catalytic role of ethanol on
Bronsted acid for the sequential dehydration-etherification of fructose to 5-

ethoxymethylfurfural. Journal of Catalysis. 2017 Aug;352:586-98.

Salminen E, Kumar N, Virtanen P, Tenho M, Mé&ki-Arvela P, Mikkola JP.
Etherification of 5-Hydroxymethylfurfural to a Biodiesel Component Over lonic

Liquid Modified Zeolites. Top Catal. 2013 Jun;56(9-10):765-9.

Arias KS, Climent MJ, Corma A, Iborra S. Biomass-Derived Chemicals: Synthesis of
Biodegradable  Surfactant Ether Molecules from  Hydroxymethylfurfural.

ChemSusChem. 2014 Jan;7(1):210-20.

Yang F, Zhang S, Zhang ZC, Mao J, Li S, Yin J, et al. A biodiesel additive:
etherification of 5-hydroxymethylfurfural with isobutene to tert-butoxymethylfurfural.

Catal Sci Technol. 2015;5(9):4602-12.

Cao Q, Liang W, Guan J, Wang L, Qu Q, Zhang X, et al. Catalytic synthesis of 2,5-bis-
methoxymethylfuran: A promising cetane number improver for diesel. Applied

Catalysis A: General. 2014 Jul;481:49-53.

Balakrishnan M, Sacia ER, Bell AT. Etherification and reductive etherification of 5-
(hydroxymethyDfurfural: 5-(alkoxymethyl)furfurals and 2,5-bis(alkoxymethyl)furans

as potential bio-diesel candidates. Green Chem. 2012;14(6):1626.

72



63.

64.

65.

66.

67.

68.

69.

Lewis JD, Van de Vyver S, Crisci AJ, Gunther WR, Michaelis VK, Griffin RG, et al.
A Continuous Flow Strategy for the Coupled Transfer Hydrogenation and
Etherification of 5-(Hydroxymethyl)furfural using Lewis Acid Zeolites.

ChemSusChem. 2014 Aug;7(8):2255-65.

Li H, Saravanamurugan S, Yang S, Riisager A. Direct transformation of carbohydrates
to the biofuel 5-ethoxymethylfurfural by solid acid catalysts. Green Chem.

2016;18(3):726-34.

Gulec F, Sher F, Karaduman A. Catalytic performance of Cu- and Zr-modified beta
zeolite catalysts in the methylation of 2-methylnaphthalene. Pet Sci. 2019

Feb:16(1):161-72.

Perez-Pariente J, A. Martens J, A. Jacobs P. Crystallization mechanism of zeolite beta
from (TEA)20, Na20 and K20 containing aluminosilicate gels. Applied Catalysis.

1987 Jan;31(1):35-64.

Cordoba LF, Sachtler WMH, Montes De Correa C. NO reduction by CH4 over Pd/Co-
sulfated zirconia catalysts. Applied Catalysis B: Environmental. 2005 Apr;56(4):269-

77.

He D, Ding Y, Luo H, Li C. Effects of zirconia phase on the synthesis of higher
alcohols over zirconia and modified zirconia. Journal of Molecular Catalysis A:

Chemical. 2004 Feb;208(1-2):267-71.

Nor Aishah,Nor Aishah Saidina Amin,Didi Dwi Anggoro. Characterization and
Activity of Cr, Cu and Ga Modified ZSM-5 for Direct Conversion of Methane to

Liquid Hydrocarbons. Journal of Natural Gas Chem. 12:123-34.

73



70. M.M.J. Treacy, J.B. Higgins. Collection of Simulated PXRD Powder Patterns for

Zeolites.

71. Shameli K, Mansor Bin Ahmad M, Mohsen Z, Yunis WZ, lbrahim NA. Fabrication of
silver nanoparticles doped in the zeolite framework and antibacterial activity. 1JN.

2011 Feb;331.

72. Shanjiao K, Yanjun G, Tao D, Ying Z, Yanying Z. Preparation and characterization of

zeolite beta with low SiO2/Al203 ratio. Pet Sci. 2007 Mar;4(1):70-4.

73. Zhang X, Ke X, Zhu H. Zeolite-Supported Gold Nanoparticles for Selective
Photooxidation of Aromatic Alcohols under Visible-Light Irradiation. Chemistry A

European J. 2012 Jun 25;18(26):8048-56.

3.7. GC-MS data of products

2, 5 bis Propoxymethyl furan

GC-MS data: 212(BPMF), 153, 139, 111, 97, 83, 69, 43, 31
170 (HPMF), 153, 139, 127, 97, 81, 69, 55, 41, 30

128 (BHMF), 111, 97, 69, 55, 41, 30
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CHAPTER -4
One pot reductive etherification of 5-
HydroxyMethylFurfural into biofuel (2, 5-Bis
(Propoxymethyl) Furan (BPMF)) using mixed catalyst

ZrO(OH), and Zr-H.
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In previous chapter 3 catalytic conversion of 5-HMF was carried out using ZrO(OH),, Zr
supported on HB, HY, HZSM-5 and mixed catalyst ZrO(OH), + Zr-Hp. Obtained results
revels that mixed catalyst have given encouraging results in terms of conversion of 5-HMF
and selectivity of BPMF. Hence it is decided to study the activity of mixed catalyst by
varying temperature, time and catalyst loading. One pot synthesis of 2,5-
bis(propoxymethyl)furan (BPMF) from 5-hydroxymethylfurfural (5-HMF) is essential and
simultaneously difficult. In this chapter, mixed heterogenous catalyst (ZrO(OH), and Zr-
HP) was used to study the conversion of 5-HMF to BPMF using 2-propanol as a hydrogen
donor in a one-pot process. The Prepared catalysts were characterized by temperature-
programmed desorption of ammonia (NH3-TPD), powder X-ray diffraction, transmission
electron microscopy, BET surface area, and Fourier transform infrared spectroscopy. The
Bronsted acid sites and Lewis acid sites of catalyst played a vital role in the selectivity of
BPMF. At the optimized reaction conditions (temperature 140°C, catalyst loading (0.25 g),
reaction time 4 h and 5-HMF concentration (1 g)), 61.6 % 5-HMF conversion and 91.23 %
BPMF selectivity was achieved.

4.1. Introduction

Human life is significantly affected by energy derived from fossil fuels. The massive use of
fossil fuel resources has resulted in a slew of issues such as reserve depletion, price
volatility, and environmental concerns (1-3). In this regards, exploration of renewable
resources as an alternative of fossil fuel has been become urgent needs(4—6). Biomass is a
carbon based renewable resource having many advantages like, low cost, environmental
friendly and availability, which makes them important source for sustainable development
of valuable chemicals(7—9). Hence, conversion of biomass derived platform molecules into
valuable chemical and derivatives is the most attractive approach(10,11). Bio refinery is

emerged as viable route to maximize the use of biomass. Biomass-derived chemicals, such
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as 5-hydroxymethylfurfural (5-HMF), levulinic acid, furfurals, sugar alcohols, lactic acid,
succinic acid, and phenols, are considered platform chemicals. These platform chemicals
can be further used for the production of a variety of important chemicals on an industrial
scale(12-14). Various transformation method of lignocellulosic biomass to platform
chemicals such as 5-hydroxymethylfurfural (HMF), which can be converted further to
polymer building blocks and potential biofuel candidates, have been reported recently. So,
manufacturing of biofuels from HMF is particularly gaining thrust. For instance, 5-
ethoxymethylfurfural (EMF) produced by the etherification of HMF with ethanol is
consider as a promising bio-diesel or additive, because of its high energy density 30.3
MJ/L, which is very near to that of commercial available gasoline (31.1 MJ/L) or diesel
(33.6 MJ/L)(15). Gruter et al.(16) reported that the aldehyde group of the EMF affects
stability of the molecules when it is blended with regular diesel as phase separation occurs.
On other hand products such as di-ethers and 2,5-bis(alkoxymethyl)furans (BAMFs)
exhibits higher energy densities and good blending properties with diesel(17). Cao et
al.(18) also reported complete miscibility of 2,5-bismethoxymethylfuran(BMMF) with
diesel. For the synthesis of BAMFs from HMF two type of catalytic system are reported in
literature (i) Using H2 gas directly as hydrogen source (Conventional Hydrogenation), and
(ii) Catalytic Transfer Hydrogenation (CTH). As compared to conventional hydrogenation
with molecular H2, the CTH is favourable alternative because carbonyl compounds,
including aldehydes and ketones can be completely reduced to corresponding alcohols
through the Meerwein—Ponndorf—Verley (MPV) reaction by using formic acid and
alcohols as hydrogen donor(19-22). Many researchers have reported the combination of
hydrogenation and subsequently its etherification to produce BAMFs from HMF. This
approach can be considered as economically viable due to reduced production cost of

BAMFs and process becomes more simple as the numbers of unit operation are reduced.
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By using CTH method HMF is selectively converted into 2,5bis (hydroxymethyl) furan
BHMF through MPV reaction(23-30) and subsequently BHMF converted to various
BAMFs. In this approach alcohols not only used as solvent but works as etherifying agents
also which leads to formation of BAMFs without using molecular H,. Jae et al.(31) used
Sn-beta catalyst for reduction as well as etherification reaction in presence of 2-propanol
and obtained 79.5 % BIPMF after 6h at 180°C. Luo et al.(32) reported a 60.9% vyield of
BPMF with same reaction condition and media in 3 h using Sn-beta catalyst. Lewis et
al.(33) tuned the Lewis acidity of Hf-Beta catalyst which resulted in a higher yield of
BBMF (81%), by using 1-Butanol as solvent at 120°C in 1 h. Shinde and Rode(34)
synthesized Zr-Mont catalyst by impregnation method and showed that prepared catalyst
effectively worked for both reduction and etherification reactions, respectively. The strong
interaction between Zr and Mont increases the Lewis acidity of Zr-Mont catalyst and
results in a higher yield of BIPMF (95%) and BBMF (96%) as compared to Sn-Beta and
Hf-Beta catalyst at 150°C. Similarly, Wi et al.(35) prepared Zr-SBA-UH and carried out
the reactions with ethanol and 2-propanol at 150°C in 4 h, which leads to formation of
BEMF and BIPMF with a yield of 87.9 % and 93.9% respectively. When Zr-SBA-UH was
used with other solvents such as 1-propanol, 1-butanol, 2-butanol and MPrOH, it formed
BPMF, BBMF, BSBMF and BMPMF with a yield of 38.1 %, 17.1%, 4.4% and 54.1% for
same reaction conditions respectively. The reason for higher selectivity of BAMF with 2-
propanol as compared to other alcohol is the effect of stearic hindrance and reduction
potential of alcohol. It was reported that a lower value of reduction potential shows easy
removal of hydrogen for alcohols which encourage the MPV reduction and 2-propnaol has
a lower value of reduction potential as compared to other alcohols.

Although the higher conversion of 5-HMF and selectivity towards desired product is

reported in the literature, but they are based on the combination of hydrogenation and
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etherification processes. Hence, It is important to develop a one-pot process for the
catalytic conversion 5-HMF to BPMF in the present scenario. As the current processes are
carried out separately, such as hydrogenation of 5-HMF to BHMF and etherification of
BHMF to BPMF, which increases the production cost, energy consumption, and number of
unit operations. Even they cannot give a high selectivity of BPMF due to the formation of
by-products. Herein, we propose a mixed heterogeneous catalyst (ZrO(OH),+Zr-Hp) for
the synthesis of BPMF from 5-HMF by using 2-propanol as a hydrogen donor in a one-pot
process. In this work mixed catalyst (ZrO(OH),+Zr-HpB) was synthesized and used as a
catalyst for the conversion of 5-HMF to BPMF. For the reductive etherification of 5-HMF
to BPMF, ZrO(OH); acts as a hydrogenation catalyst, while Zr-Hp acts as an etherification
step. Zr-HP holds plenty of strong Lewis acid sites with a sufficient number of Brensted
acid sites, which favours reductive etherification of 5-HMF to BPMF. Most previous
research focused on the synthesis of BPMF from 5-HMF via hydrogenation to form BHMF
and then BHMF etherification at high temperatures. In present study the reduction and
etherification steps were carried out together using mixed catalyst (ZrO(OH),+Zr-Hp) and
2-propanol as a hydrogen donor. The reaction mechanism for reductive etherification of 5-
HMF in 2-propanol over mixed catalyst shows that the carbonyl group in 5-HMF is
hydrogenated to form BHMF in the presence of Lewis acid sites. After that BHMF
etherified to HPMF and BPMF in 2-propanol in the presence of excessive Lewis acid sites
or Brgnsted acid sites. Here we report one pot catalytic conversion of 5-HMF to BPMF at
140°C in 4 h with > 90% selectivity using a mix catalyst (ZrO(OH),+Zr-Hp).

4.2. Materials and Methods

4.2.1. Materials

The chemicals obtained were used as received. SRL (Sisco Research Laboratories Pvt.

Ltd.) in India supplied the 5-(hydroxymethyl) furfural (98%). All the alcohols and
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solvents, agq. ammonia (30%), ZrOCl,.8H,0 and metal precursors such as Zirconyl Nitrate
Hydrate (99.5%) were purchased from LobaChemie, Mumbai, India. HB was purchased
from Sud-cheme India Private Limited, Vadodara, Gujarat.

4.2.2.Catalyst Preparation

Preparation of ZrO(OH),

The hydroxide of Zr was prepared by precipitation process as described elsewhere(36). In a
typical preparation, 10 g of metal chloride precursors were precipitated to respective
hydroxide by adding of ag. NH3 upto pH of the solution was 9-10. Mixture was aged in 24
h, filtered and washed residue with plenty of distilled water until pH of the filtrate was
neutral. Residue was subsequently dried at 110 °C in 12 h, followed by being ground to
powder in a mortar with a pestle and stored in a glass bottle.

Preparation of Zr- Hf

Zirconium (IV) nitrate hydrate metals were impregnated into the structure of HP using a
typical wet impregnation method(37). To prepare Zr-impregnated Hf, 4.05 g zirconium
(V) oxynitrate hydrate was dissolved into 20 mL deionised water. After all zirconium (1V)
nitrate salt dissolved, 16 g of HB was added to the aqueous solution. The mixture was then
kept at room temperature overnight for impregnation. After impregnation, the dried solid
particles dried at 120°C in 4 h before being calcined at 550°C in 6h.

4.2.3. Catalyst Characterization

Powder X-ray diffraction (PXRD) patterns were obtained on a Bruker D8 Advance X-ray
diffractometer, using LynxEye Superspeed detector and Cu Ka radiation produced from a
PW Bragg-Brentano (BB) goniometer (0/20), operating at 40 kV and 35 mA. The
diffractograms were recorded in the 260 range of 10 - 80° with a 20 step size of 0.02°.

The Brunauer-Emmett—Teller (BET) surface area, pore volume, and Barrett—Joyner—

Halenda (BJH) pore size distribution of the prepared catalysts were determined by
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N2adsorption-desorption analysis conducted at —196°C. Prior to analysis, the catalysts
were degassed under vacuum at 200 + 2°C.

Fourier Transform Infrared Spectroscopy (FTIR) spectra of catalyst samples were collected
using Model: Cary630 spectrometer. The instrument was operated in the range of 600-
4000 cm".

Transmissions electron microscopy (TEM) images of the catalyst were recorded on a JEOL
JEM2100 microscope.

Total acidity of H was measured by using n-butyl amine titration method(38).1 In this
method 0.25 g support/catalyst was suspended in 25mL of 0.025N n-butyl amine solution
in toluene. Keep the solution for 24 h to neutralize the surface acidic sites. Titrate it against
0.025 N tri-chloroacetic acid solutions in toluene by using neutral red indicator. This gives
the catalyst’s total acidity.

Temperature-programmed desorption of ammonia (NH3-TPD) was used to measure total
acidity, strong and weak acid site of catalyst. In a process of NH3-TPD, 0.0735 g of
catalyst was taken in quartz sample tube. Before measurements, the catalyst was pre-
treated in Helium at 30 SCCM and 200°C. A mixture of NH3 in Helium was passed at rate
of 30 SCCM and at temperature 50 °C for 30 min. The TPD measurements were carried
out in the range 50 to 700°C with a ramp rate of 10°C min™".

4.3. Catalytic Reaction

The experiment was conducted in 100 mL stainless steel autoclave reactor. The autoclave
was charged with 1 g HMF, 0.25g catalyst, and 50 mL of 2-propanol. The autoclave was
closed then heated to the desired reaction temperature of 140°C under stirring conditions
for a 4 h reaction time. Stirring was kept constant (550 rpm) for the reactions. After each
reaction, the autoclave was cooled. At the end of each run, the product mixture was

separated from the catalyst by centrifuge and then analyzed by GC MS equipped using
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DB-1701 column (60M x 0.32mm x 1.um film thickness).Cyanopropylphenyl (14%),
Dimethylpolysiloxane (86%).

To find the performance of the catalytic systems, conversions of 5-HMF (X5-HMF, %)
and selectivity to products (Si) are defined as follow: 5-HMF conversion (X5-HMF) was
calculated from ratio of the amount of 5-HMF converted and initial amount of 5-HMF. The
selectivities for reaction products like BHMF, HPMF, and BPMF (Si) were calculated by

dividing the amount of products formed by the amount of 5-HMF converted.

(LN);— (LN

N 100 ,

conversion (%) =

Where, (1.N.)i = Initial moles of 5-HMF & (I.N.)f = Final moles of 5-HMF

Selectivity (%)= moles of product formed £ 100
crectivity L7 " moles of 5-HMF converted

4.4. Results and discussion

4.4.1. Physical and chemical properties of catalyst

4.4.1.1. Transmission electron microscopy (TEM)

TEM measurements were carried out in order to obtain the particle size and morphology of
catalysts. TEM images (Figure 4.1) showed that the samples consisted of crystallites with a
size of about 30 nm. However, metal particles were not easily recognized due to
aggregation of particle during impregnation method for catalyst preparation. The average

size of metal particle and d-spacing was around 14 nm and 0.327 nm, respectively.
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Figure 4.1 TEM images of ZrHp

4.4.1.2. Powder X-ray diffraction (PXRD) analysis

Figure 4.2 (a) shows PXRD patterns of ZrO(OH)2 . The wide and weak PXRD pattern
(diffraction angle at 20 = 21.7°, 26.69°, 27.81°, 31.26°,39.63°,41.20°,44.23°,50°) of
ZrO(OH); is indicating the amorphous nature of ZrO(OH),. From Figure 4.2 (c) , it can be
seen that the PXRD peaks for the Zr-Hp catalysts were very similar to those of Hp (Figure
4.2 (b)) as indicated by the diffraction angle at 20 = 22.6°, 25.98°, 28.08°,31.26° and, 50°.
No new diffraction peak was observed which suggested that the MFI structure of Hf
catalyst was intact and no new phase was produced after the modification of Hf} catalyst
and Zr were nicely dispersed(39). The diffractions at 31.26 and 50, due to tetragonal

zirconia phase (40,41) were clearly observed on the Zr-Hp catalyst sample.
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Figure 4.2 PXRD patterns of (a) ZrO(OH); (b) Hp and (c) Zr-Hp catalysts

4.4.1.3. Fourier transforms infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectrum of ZrO(OH); in the range of 400-4000 cm ™' is
studied and shown in Figure 4.3 (a). The very broad absorption band at 3141 cm-' is
attributed to the stretching vibrations of OH groups on the surface of the catalyst. In the
spectrum of ZrO(OH), , a sharp peak at 1441 cm™ are assignable to Zr-OH vibrations. The
peak at 1634 cm™ is due to OH vibration of ZrO(OH),. Zr-Hp spectra (Figure 4.3 (b & ¢))
exhibit band in the region of 3735, 3641, 1625, 1229, 1083 and 562 cm™ are due to
bending of isolated terminal Si-OH groups, bending of bridging hydroxyl Si-OH-Al
bending vibration of OH groups, asymmetrical stretching vibration, symmetric and
asymmetric stretching vibrations of the Si—O-Si linkages of the zeolite framework and

double ring opening vibration of external linkages, respectively. Zr precursor, causes a
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decrease in the intensity of OH bands at 3735 cm™, suggesting that Zr species could react

with silanols located in the vacant sites and thus be incorporated into the HP zeolite

framework (42).

(c) HB
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Figure 4.3 (a) FTIR spectra of ZrO(OH), catalyst and (b) Zr-Hp catalyst (c) Hp catalyst

4.4.1.4. Surface area and pore volume (BET)

The results of N, adsorption of the catalysts are listed in Table 4.1. From Table 4.1, it can
be seen that no significant effect observed on the surface are and pore volume of the Zr-Hf3
catalyst. The Zr impregnation on HP did not seem to affect the specific surface area and the
pore volume to a greater extent compared to that of the HP catalyst. Whereas ZrO(OH),

has the lower surface area of 274.09m?/g and the smallest pore volume of 0.27 cm®/g.
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Table 4.1 Textures of ZrO (OH),, HB and Zr-HP catalysts

Sample Surface area, | Pore volume, cm*/g Pore size,
m%/g nm
S.A® Vpore Vimicro' Vimeso Dpore’
ZrO(OH), 274.09 0.27 0.037 0.24 3.44
Hp 415.25 0.45 0.15 0.30 -
Zr-Hp 412.71 0.44 0.15 0.29 4.37

a-S.A- BET surface area, b-Total pore volume measured at P/PO= 0.9999,c-t-plot method,
Vmeso=Vpore- Vmicro, d-Average pore width calculated by BJH method.

4.4.1.5. Acidity of catalysts

Both Brgnsted acid and Lewis acid have significant effects on the high product selectivity
and reduction in undesired reactions. According to the literature, Lewis acid increases the
catalytic activity of MPV reduction, etherification rate increases with density of Lewis acid
sites, and undesired products decrease with decreases in Bransted acid sites(31). So, it is
necessary to prepare Lewis acid catalysts with limited Brensted acid for the etherification
of HMF to BPMF. Figure 4.4 shows the amount and strength of acid sites on ZrO(OH),
and Zr-Hp catalysts were determined by NH3-TPD. The acidity of Hp was determined by
the n-butylamine titration method. The NH3-TPD profile of ZrO(OH), and Zr-Hp catalysts
are depicted in Figure 4.4. The TPD peaks can be defined based on lower temperature
region (<250°C), middle temperature region (250°C to 500°C) and higher temperature
region (>500°C). Three typical desorption peaks for the ZrO(OH), catalyst are observed at
178°C, 497.3°C, and 594.4°C, and for the Zr-HP catalyst at around 156°C, 475.6°C, and
498.6°C, respectively, and are recognized as NH3 desorption from weak, medium, and
strong acid sites. Higher temperature region could be assigned to desorption of NH3 from

strong acidic sites. Whereas, lower temperature region peaks assigned to release of NH3
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from weak acidic sites. Results indicate the presence of both weak as well as strong acidic
sites in catalyst. The high-temperature peak was observed around 594.4°C for ZrO(OH);
and 498.6°C for Zr-HP, respectively. Higher temperature peaks represents desorption of
NH; from Lewis acid sites(43,44). From Table 4.2, it can be said that the impregnation of
Zr on HP reduced the total acidity. It can be observed that the amount of total acid sites on
Zr-HP was reduced to 1.28 mmol/g from 2.14 mmol/g. Hence, the nature of acid sites
changes with the impregnation of Zr species. The impregnation of Zr on H sharply
increased Lewis acid sites and decreased Brgnsted acid sites, which can be observed from
the values of weak, medium, and strong acid sites in Table 4.2. The change in Brgnsted
acid sites and Lewis acid sites is endorsed by the strong interaction between the intrinsic
acid sites and the Zr species due to which few Brgnsted acid sites are converted into Zr-
Lewis acid sites. As reported in the literature, Zr-Lewis acid sites have the ability to

accelerate the process of etherification(34).
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Figure 4.4 NH5-TPD profiles of Zr-Hp and ZrO(OH);
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Table 4.2 Acidity information of catalysts by NH3-TPD & Titration method

Sample Amount of acid sites, (mmol/g)

Total Weak (<250°C) | Medium Strong (>500°C)

(250-500°C)

Hp* 2.14 - - -
ZrO(OH)2** 1.27 0.42 0.43 0.42
Zr-Hp** 1.28 0.51 0.34 0.43

* n-butyl-amine titration method, ** NH3-TPD

4.4.2. Study of catalyst activity

4.4.2.1. Effect of temperature and catalyst loading

This sequential reductive etherification of HMF was carried out at different temperatures
(120°C, 130°C, and 140°C), time (2 h & 4 h), and catalyst loading (0.1 g) over a ZrO(OH);
(0.1 g) and mixture of Zr-Hp (0.1 g, 0.15g, 0.2¢g, 0.25g), and the results are shown in Table
4.3. Conversion of the 5-HMF was found to be 23.53% and selectivity of BHMF and
HPMF was found to be 83.55 and 17.67%, respectively, at 120°C (entry1) for 2 h and no
BPMF was observed. By increasing the temperature to 130°C and 140°C (entry 2 and 3)
and keeping all other reaction conditions the same, it was observed that the conversion of
5-HMF was increased to 29.42% and 57.12% and the selectivity of BHMF was decreased
to 76.43% and 68.04%, respectively. Whereas the selectivity of HPMF increased and there
was no generation of BPMF. The higher conversion of 5-HMF was achieved by increasing
reaction time to 4 h and keeping all other parameters constant (entry 4, 5 and 6) and
reaching a maximum of 71.32 % (entry 6). At a higher reaction time (4 h), a significant
change in the selectivity of BHMF, HPMF and BPMF was observed (entry 4, 5, and 6).
BHMF selectivity decreased to 9.89% (entry 6) from 21.98% (entry 4), and HPMF

selectivity decreased to 37.60% (entry 6) from 68.57% (entry 4), while BPMF selectivity
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increased and was around 20.82% at higher reaction temperature of 140°C (entry 6). This
may be due to the conversion of HPMF to BPMF at higher reaction temperature and time.
Shinde and Rode(34) reported a similar observation of higher reaction temperature for the
production of BPMF using ZrO(OH), as a catalyst. The lower yield and selectivity of
BPMF, on the other hand, may be due to ZrO(OH),, which acts as a charge transfer
hydrogenation catalyst. Further, to enhance the yield and selectivity of the desired product,
Hp and Zr-Hp catalysts were tested at reaction conditions (entry 7 and 8), but the obtained
results were not encouraging. However, the presence of BPMF in the product mixture
indicated the impact of Zr-H3 during the etherification step.

The results show that ZrO(OH); acts as a hydrogenation catalyst, whereas Zr-Hp acts as an
etherification catalyst in the reductive etherification of 5-HMF to BPMF. Hence, it was
decided to carry out the reaction with a combined ZrO(OH), and Zr-Hp catalyst.

Alcohols can also be used as etherifying agents which leads to formation of BAMFs
without using molecular H, (23-30). In present work, 2-propanol used as both hydrogen
donors as well as substrate for the etherification. To check the effect of combined catalyst
on 5-HMF conversion and BPMF selectivity, reaction was performed with equal weight of
both catalysts (entry 9) at 120°C in 4 h. It was observed that both 5-HMF conversion and
BPMF selectivity increased to 70.36 % and 50.28 % respectively, and this was higher than
their individual results (entry 6 and 8). Furthermore, a changed the loading of ZrO(OH),
from 0.25g to 0.1g resulted in a higher conversion of 5-HMF and reaching to 75.09 %
(entry 10). However, a decreased in the selectivity of BPMF (35.63 %) was observed. This
can be due to reduction in the Lewis acid sites on the catalyst which favors the ring
opening reaction and side reactions. Keeping all the parameters constant, reaction was

carried out at 130°C (entry 11) and surprisingly the conversion was reduced to 64.05 % but
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selectivity was enhanced to 73.41 % which confirms earlier assumption that high
temperature is desired for BPMF.

To better understand the role of Zr-HB in combined catalysts, the reaction was run at
various catalyst loadings while keeping ZrO(OH), (0.1g) constant at 140°C in 4 h (entry
12-15). It was observed that at lower loading of Zr-HB (entry 12 and 13), higher
conversion of 84.83 % and 85.05 %, respectively, was achieved. Selectivity, on the other
hand, was around 75.20% and 80.81%, respectively. The higher selectivity confirms the
role of the Zr-HP catalyst. This can be due to an increase in reaction temperature, which
favours the conversion of HPMF to BPMF. It was observed that on increasing the loading
of Zr-Hp (entry 14), the conversion was reduced to 61.62 % but selectivity was enhanced
to 91.23 %. This can be due to an increase in Lewis acid sites and a reduction in the
Bragnsted acid sites on the catalyst, which favours the etherification. However, further
reduction in the loading of Zr-H (entry 15) shows a similar trend as entries 12 and 13,
which confirms that the catalytic activity of etherification is enhanced with high Lewis acid
sites.

Similarly, we repeated experiments 12-15 (T=140°C in 4 h) by changing the loading of Zr-
HP only and leaving all other parameters constant, and found conversion of HMF to be
84.83%, 85.05%, 61.62%, and 79.41%, respectively. BPMF selectivity was measured at
60.02%, 80.81%, 91.23%, and 38.50%, respectively.

Figure 4.5 shows that using only ZrO(OH), for etherification was ineffective because
BPMF (targeted product) was not produced at all at different temperatures with a reaction
time of 2 h. increase in reaction time to 4 h, results show that the selectivity of BPMF
increases. Low surface area and pore volume may be reasons for ZrO(OH),'s inactivity in
the etherification reaction. Other hand, it can be seen from the results that ZrO(OH),

favours the MPV/catalytic transfer hydrogenation (34).Good results were obtained when
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ZrO(OH), was used in combination with Zr-HB in which conversion of 5-HMF was also
increased with a high selectivity of 91.2% to BPMF because of hydrogenation of 5-HMF
followed by etherification of 2-hydroxymethyl-5-isopropoxymethylfuran (HPMF) and
BPMF with 2-propanol in the same reactor. Figure 4.6 shows that an increase in
temperature also favours the increase in the conversion of 5-HMF and the selectivity of
BPMF. From Figure 4.7, it is clear that with a change in the loading of catalyst Zr-Hp, the
selectivity of BPMF changes. The Table 4.3 shows that at lower (0.1 g) catalyst loading,
selectivity of BPMF is 38.50% and it will increase to 91.2% at higher catalyst loading
(0.25g). In general, Lewis acid sites are mainly accountable to transfer hydrogenation
through the Meerwein—Ponndorf—Verley (MPV) reaction, although Bronsted acid sites are
responsible for the etherification step. Luo et al.(32) reported that the etherification
reaction also can be recognized to excessive Lewis acid sites. Based the product analysis
(Table 4.3) in the reaction pathway of the one pot reductive etherification, the carbonyl in
5-HMF is initially hydrogenated to form BHMF in the presence of Lewis acid sites.
Afterward BHMF can be etherified to HPMF and BPMF in 2-propanol over excessive
Lewis or Bronsted acid sites.
Table 4.3 Catalytic activity of different Catalyst (Reaction conditions: 5-HMF — 1g, 2-

propanol- 50 ml)

Entry | Catalyst Catalyst | Temp | Time | Conv. | Selectivity%o
quantity | (°C) | (h) % BHMF | HPMF | BPMF
(9)

1 ZrO(OH); 0.1 120 2 23.53 | 83.55 17.67 -

2 0.1 130 2 29.42 | 76.43 23.57 -

3 0.1 140 2 57.12 | 68.04 31.96 -

4 0.1 120 4 37.89 |21.98 68.57 9.45
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5 0.1 130 4 94.32 | 32.52 53.96 13.52

6 0.1 140 4 71.32 |9.89 37.60 20.82

7 Hp 0.1 120 2 10.00 |- 3.04 6.86

8 Zr-Hp 0.1 120 2 2539 |- - 15.55

9 ZrO(OH),+ | 0.25+0.25 | 120 4 70.36 | 2.40 38.30 50.28
Zr-Hp

10 ZrO(OH),+ |0.1+0.25 [120 |4 75.00 | 9.43 4292 | 3563
Zr-Hp

11 ZrO(OH),+ | 0.1+0.25 | 130 4 64.05 |1.64 16.50 73.41
Zr-Hp

12 ZrO(OH),+ | 0.1+0.15 | 140 4 84.83 | 0.7 24.79 75.20
Zr-Hp

13 ZrO(OH),+ | 0.1+0.20 | 140 4 85.05 |0.95 17.83 80.81
Zr-Hp

14 ZrO(OH),+ | 0.1+0.25 | 140 4 61.62 |0.17 7.04 91.23
Zr-Hp

15 ZrO(OH),+ | 0.1+0.1 |[140 |4 79.41 |0.46 7.25 38.50
Zr-Hp
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4.4.3. Comparison of various supported metal catalyst from literature and present
work

According to the literature, very few studies were conducted using a mix catalyst for the
conversion of 5-HMF into BPMF. Table 4.4 compares the activity of the catalyst studied in
this work with the catalytic system used in previous studies. At reaction temperatures and
times of 140°C and 4 h, respectively, the mixed catalyst system ZrO (OH), + Zr-HP can
provide 61.62% conversion and 91.2% selectivity. Shinde and Rode(34) reported high
selectivity for BPMF (95%) because of the combined effect of the Zr-Mont catalyst.
However, this high selectivity requires higher temperatures of 150°C and 160°C. Jae et
al.(31) have prepared Sn-beta and Zr-Hp catalysts which are used for reduction as well as
etherification reactions in the presence of 2-propanol and give selectivity of BPMF of 87%
and 77%, respectively, at 180°C in 6 h reaction time. When the reaction was carried out at
120°C, it required 24 h to achieve the selectivity of 66% and 67%. Lewis et al.(33) have
tried to prepare a more effective Lewis acidic Hf-Beta catalyst which results in 77%

selectivity of BBMF by using 1-Butanol as solvent at 120°C in 24 h. It was reported by Wi
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et al.(35) by using Zr-SBA-UH as a catalyst and 2-propanol as a solvent, When Zr-SBA-

UH was combined with other solvents such as 1-propanol, 1-butanol, 2-butanol, and M-

PrOH, it formed BPMF, BBMF, BSBMF, and BMPMF with yields of 38.1%, 17.1%,

4.4%, and 54.1% for the same reaction conditions. The catalyst used in this work exhibited

good catalytic activity in terms of selectivity of BPMF at a lower temperature and less

reaction time as compared to reported catalysts. In addition to this, as BPMF is produced

by one pot process which decreases the production cost, energy consumption, and number

of unit operations and exhibits promising aspects with respect to commercialization of this

process.

Table 4.4 Comparison of various supported metal catalyst from literature and present work

Catalyst Alcohol | Temperatur [ Tim | Xpve |Seam Semmre/semre/spm| Referenc
e (°C) e,h [(%) |r F e

Yield (%)
(%)

HZSM-5 Methano | 100 3 100.0 |70.00 {70.00 (18)

(Si/Al=25) I 0

HZSM-5 Methano | 100 3 100.0 |68.00 [68.00

(Si/AI=38) I 0

HZSM-5 Methano | 100 3 100.0 |69.00 [69.00

(Si/AI=300) |l 0

HZSM-5 Methano | 120 12 |- 68.00 [68.00

(Si/Al=25) I

HZSM-5 Methano | 140 8 - 59.00 [59.00

(Si/Al=25) I
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Cu-HZSM-5 | Methano |120 12 100.0 |68.00 [68.00 (18)
I 0

Hf-HpB Ethanol [120 24 |87.00 77.00 (31)

Zr-Hp 2- 180 6 100.0 |77.00 (77.00 (33)
Propanol 0

Sn- HB 2- 180 6 91.50 87.00
Propanol

Zr-Hp Ethanol |120 24 |81.00 66.00 (31)

Sn- HB Ethanol |120 24 169.00 67.00

ZrO(OH),+Zr | 2- 160 1 100.0 |94.00 [94.00 (34)

-Mont Propanol 0

ZrO(OH),+Zr | 2- 150 1 100.0 |95.00 [95.00

-Mont Propanol 0

Zr-SBA-UH | 2- 150 4 98.50 03.90 (45)
Propanol

iUSY@ZrCP | 2- 120 3 78.90 86.90
Propanol

ZrO(OH)+Zr | 2- 140 4 61.62 91.00 This work

- HB Propanol

4.5. Conclusions

We discussed the catalytic conversion of 5-HMF into 2,5-bis(isopropoxymethyl)furan
(BPMF) in a single reactor using a mixed catalysts such as ZrO(OH), and Zr-Hf in this
work. It was found that the catalyst is capable of converting 5-HMF to BPMF with good

selectivity. BHMF and HPMF were mainly produced, with HPMF selectivity much higher
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than BHMF selectivity. The high selectivity of HPMF may be due to hydrogen transfer
promoted by the combined effect of Brgnsted and Lewis acidic sties found on ZrO(OH)s.
By using a mixed catalytic system, the number of Lewis acid sites is increased and the
Brgnsted acid sites are reduced, which results in an increase in the selectivity of BPMF.
The Zr-Lewis acid sites are found to promote etherification more strongly than hydrogen
transfer. The reaction is carried out in a single pot because of the combination of catalytic
transfer hydrogenation and subsequently its etherification to produce BPMF from HMF.
This reduces the production cost of BPMF and also the process becomes more simpler as
the numbers of unit operations are reduced.
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CHAPTER -5
Effect of tunable acidic properties on the selectivity of
biofuel candidate 2, 5-Bis (PropoxyMethyl) Furan

(BPMF) using Sn- HB and Sn-dAIHp catalysts

® ponsted acid site
@

BPAF

Selectivity
HPMF-96.90% © Lewis acid site

BPMF- 1.86 %

BPME
~ Selectivity
. _‘JTM - HPMF-1.46%
o BPMF-98.54%

5-HMF
Results obtained from the work discussed in the Chapter 4 shows that, the Zr-Lewis acid

sites are found to promote etherification more strongly than hydrogen transfer. By using a
mixed catalytic system, the number of Lewis acid sites is increased and the Brgnsted acid
sites are reduced, which results in an increase in the selectivity of BPMF. Which conclude
that that the Lewis acidic sites and Bronsted acidic sites of the catalyst play a key role in
the selectivity of BPMF.  Sn metal based is also Lewis acid and shows higher Lewis
acidity than Zr metal based catalyst. With aim to achieve higher selectivity of 2,5-
bis(propoxymethyl) furan (BPMF) which is a potential biofuel candidate, In the present
work, the effect of tunable acidic properties such as Lewis and Bronsted acidity of Sn- H
and Sn-dAIB (Sn in dealuminated HP) catalysts on the selectivity of 2,5-
bis(propoxymethyhfuran (BPMF) was studied by carrying out one-pot reductive

etherification of 5-hydroxymethylfurfural (5-HMF) using 2-propanol as a hydrogen donor.
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The catalysts that were readied underwent analysis using techniques such as temperature-
programmed desorption of ammonia (NH3-TPD), powder X-ray diffraction, transmission
electron microscopy, Pyridine-IR spectroscopy, BET surface area measurement, and
Fourier transform infrared spectroscopy. Under the optimized reaction conditions, which
included a temperature of 150°C, a catalyst loading of 0.25 g, a reaction time of 4 h, and a
concentration of 1 g of 5-HMF, impressive results were obtained: a 93.57% conversion of
5-HMF and a 98.54% selectivity towards BPMF.

It was observed the catalysts remains active up to 5 cycles and slight/moderate change was
observed in the conversion of 5-HMF, while selectivity of BPMF remains intact.

5.1. Introduction

The exhaustive usage of petroleum products and petrochemicals resulted into deterioration
of environment, depletion of fossil fuels resources(1-6). In this regards, transformation of
sustainable lignocellulosic biomass, which is abundantly available renewable carbon
resources on the earth as an alternative of fossil fuel has been become needs of today(7—
12). Biomass represents an unconventional energy reservoir that offers numerous
advantages, including reduced environmental impact, renewability, cost-effectiveness, and
widespread availability. These attributes establish biomass as a significant contributor to
the sustainable advancement of valuable chemical production(13-15). Hence,
transformation of bio-derived platform molecules into valuable chemical and derivatives
has drawn the more attention nowadays(16-19). Numerous bio-derived compounds,
including 5-hydroxymethylfurfural (5-HMF), levulinic acid, furfurals, sugar alcohols,
lactic acid, succinic acid, and phenols, are categorized as foundational chemicals. These
substances serve as a cornerstone for the industrial-scale synthesis of various essential
compounds(20—22). Over the recent years, there has been a notable surge in the popularity

and promise of 5-hydroxymethylfurfural (5-HMF) as a biomass-derived molecule. This
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compound holds the potential for conversion into a diverse array of valuable chemicals,
including key components for polymers and promising candidates for biofuels.
Consequently, the focus on developing methods to manufacture biofuels from 5-HMF has
been on the rise. For instance, 2,5-bis (hydroxymethyl) furan (BHMF) reductive derivative
of 5-HMF, which can be transformed into the di ethers which are considered as potential
biofuel compounds(23) and so, previous studies have reported the etherification of
BHMF(24-27). For instance 5-ethoxymethylfurfural (EMF) is considered as a promising
bio-diesel or additive, because of its similar energy density (30.3 MJ/L) to that of
commercial available gasoline (31.1 MJ/L) or diesel (33.6 MJ/L)(28). Recent findings
indicate(29) that the presence of the aldehyde group in the context of 5-
ethoxymethylfurfural (EMF) has a discernible impact on the stability of the molecules.
Specifically, when EMF is combined with conventional diesel fuel, issues of phase
separation arise. In contrast, di ethers and 2,5-bis(alkoxymethyl)furans (BAMFs)
demonstrate superior energy densities and exhibit favorable compatibility with diesel fuel
during blending processes(30). Jong et al.(30), reported that when 2,5-
bisethoxymethylfuran (BEMF) was blended with diesel in different blending ratios there
was no significant change in engine operation and also exhibits reduction in emissions of
polluting gases. Cao et al.(31), also documented the complete compatibility between 2,5-
bismethoxymethylfuran (BMMF) and diesel fuel. Typically, the direct use of H, gas serves
as the hydrogen source for converting HMF into BAMFs. However, due to the cost and
safety considerations associated with producing and handling H; gas, it is preferable to
minimize its usage to ensure economic viability and safety. In this context, catalytic
transfer hydrogenation (CTH) presents an attractive alternative. This approach is
advantageous as it allows for the thorough reduction of carbonyl compounds, including

aldehydes and  ketones, to their corresponding alcohols through the
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Meerwein—Ponndorf—Verley (MPV) reaction. This transformation employs formic acid
and alcohols as hydrogen donors and is being explored as a more efficient and safer
method compared to conventional hydrogenation using molecular hydrogen(32-35).
Numerous researchers have documented the sequential process of hydrogenation followed
by etherification as a means to generate BAMFs from HMF. This strategy proves
economically advantageous, as it lowers the overall production costs of BAMFs and
streamlines the process by reducing the number of required unit operations. Consequently,
a wide array of catalysts and reaction conditions(36-43) have been investigated to achieve
the reductive etherification of 5-HMF. These studies have been unveiled varying levels of
selectivity in BAMF formation. A notable feature of this approach is the dual role played
by alcohol- they not only serve as a solvent but also function as etherifying agents. This
multifunctional role obviates the need for molecular hydrogen, leading to formation of
BAMFs. For example, Cao et al.(31), employed an HZSM-5 catalyst with a Si/Al ratio of
25 for hydrogenation using H, gas and the etherification of BHMF with methanol to
synthesize BMMF, resulting in a maximum yield of 70%. Another investigation by
Balakrishnan et al.(44) detailed a one-pot reductive etherification process converting 5-
HMF to BAMFs. This was achieved using various catalysts, including Amberlyst-15 and
Dowex DR-2030, along with alcohols like ethanol and butanol, yielding up to 80%
product. Similarly, Han et al.(45) utilized an Amberlyst-15 catalyst for the etherification of
BHMF into BAMFs using different solvents (methanol, ethanol, propanol, and butanol),
leading to yields of 50%, 70%, 74%, and 71% for BMMF, BEMF, BPMF, and BBMF,
respectively. Likewise, Wi et al.(46) synthesized Zr-SBA-UH, conducting reactions with
ethanol and 2-propanol at 150°C in 4 h, resulting in the formation of BEMF and BIPMF
with yields of 87.9% and 93.9%, respectively. When Zr-SBA-UH was combined with

alternative solvents such as 1-propanol, 1-butanol, 2-butanol, and MPrOH, it generated
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BPMF, BBMF, BSBMF, and BMPMF with corresponding yields of 38.1%, 17.1%, 4.4%,
and 54.1%, under the same reaction conditions. The reason for higher selectivity of BAMF
with 2-propanol as compared to other alcohol is the effect of stearic hindrance and
reduction potential of alcohol. It was reported that a lower value of reduction potential
shows easy removal of hydrogen for alcohols which encourage the MPV reduction and 2-
propnaol has a lower value of reduction potential as compared to other alcohols. Wei et
al.(47) prepared Zr-SBA to synthesized BPMF by reductive etherification of 5-HMF and
obtained 81.2% selectivity of BPMF after 4 h at 180°C. Jae et al.(48) employed a Sn-beta
catalyst to carry out reduction and etherification reactions in the presence of 2-propanol,
leading to a 79.5% yield of BIPMF after a 6-hour period at 180°C. In a similar vein, Luo et
al.(49) achieved a 60.9% BPMF vyield using the same reaction conditions and catalyst (Sn-
beta) in 3 h duration. Lewis et al.(50) manipulated the Lewis acidity of an Hf-Beta catalyst,
resulting in an elevated 81% yield of BBMF. This was accomplished by utilizing 1-butanol
as a solvent and conducting the reaction at 120°C in 1 h. Shinde and Rode(51) synthesized
a Zr-Mont catalyst through an impregnation method, demonstrating its efficacy in both
reduction and etherification reactions. The robust interaction between Zr and Mont imbued
the Zr-Mont catalyst with enhanced Lewis acidity, culminating in superior yields of 95%
BIPMF and 96% BBMF at 150°C, surpassing the performance of Sn-Beta and Hf-Beta
catalysts. Rana et al.(52) synthesized BPMF by one-pot reductive etherification using
mixed catalyst Zr-HB + ZrO(OH), and obtained 91.23 % selectivity of BPMF. It was
noted that competitive reactions reduces the selectivity of BAMFs. So, highly selective and
efficient catalysts are necessary to achieve high selectivity of BAMFs. As indicated in
recent literature, the presence of Lewis and Brgnsted acidic sites has been highlighted for
their significant influence on achieving heightened product selectivity and minimizing

undesirable secondary reactions. Certain studies have suggested that the process of
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etherifying 5-HMF with alcohol is primarily governed by the presence of Lewis acid, while
concurrent competitive reactions are primarily regulated by the presence of Bregnsted
acid(23). Lanzafam et al.(53) showed that strong Bronsted acidity was responsible for the
furan ring opening reaction, whereas Lewis acidity led to formation of EMF. On other
hand, Barbera at el.(54) used sulphated zirconia and reported that formation of EMF was
suppressed due to increased Bronsted acidity and decreased Lewis acidity. However, Luo
et at.(49) concluded that both Lewis and Bronsted acid were necessary for the
etherification of 5-HMF.

In this study, Sn-HpB and Sn-dAIHp catalysts were synthesized through wet impregnation
and post-synthesis methods, respectively. These catalysts were then employed to facilitate
the conversion of 5-HMF to 2,5-bis(isopropoxymethyl)furan (BPMF) using 2-propanol.
The aim was to investigate the impacts of acidity and preparation techniques on the
etherification of 5-HMF. A comprehensive examination of the pore structures and acidity
of Sn-HB and Sn-dAIHP was conducted. It was observed that Sn-dAIHP exhibited a
substantial quantity of potent Lewis acid sites alongside an ample number of Brgnsted acid
sites, setting the stage for the reductive etherification of 5-HMF into BPMF. While
previous studies primarily concentrated on synthesizing BPMF from 5-HMF under
elevated temperatures, the current research delved into the mechanism of the reductive
etherification process using a catalyst in the presence of 2-propanol. This revealed that 5-
HMF underwent etherification into both HPMF and BPMF in the presence of an excess of
Lewis acid sites and a sufficient amount of Bronsted acid sites. Notably, the study
presented herein showcases the accomplishment of one-pot reductive etherification of 5-
HMF into BPMF at 150°C over a 4h timeframe, achieving an impressive selectivity of

98.54% using the Sn-dAITHP catalyst.
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5.2. Materials and methods

5.2.1. Materials

The chemicals acquired were utilized without further modification. In India, 5-
(hydroxymethyl) furfural (98% purity) was provided by SRL (Sisco Research Laboratories
Pvt. Ltd.). All alcohols, solvents, aqueous ammonia (30%), and metal precursors including
Tin Chloride pentahydrate (SnCl4.5H,0) were procured from Sigma-Aldrich, India. HP
was bought from Sud-cheme India Private Limited, located in Vadodara, Gujarat.

5.2.2. Catalyst Preparation

5.2.2.1 Preparation of Sn-Hp

The modification of HP with Sn was carried out using the conventional wet
impregnation(55) method as outlined below: Initially, a specific quantity of SnCl4;*5H,0
was dissolved in 100 mL of deionized water, yielding solutions of 0.3 M and 0.05 M.
Subsequently, 10 g of HB was introduced into the solution. The mixture underwent
treatment at 353 K in 4 h under atmospheric pressure. Afterward, it was filtered and
subjected to rinsing with deionized water until the wash water no longer contained chloride
ions. The resulting filter cake was then dried at 373 K in duration of 2 h. Following the
drying process, the modified zeolite was subjected to calcination in a muffle furnace at 823
Kin6 h.

5.2.2.2. Preparation of Sn-dAl Hf

Sn-HP catalysts were prepared using a two-Step post-synthesis procedure(56), involving
the de-alumination of the initial HP catalyst and subsequent integration of Sn species into
the framework of the de-aluminated Si-Beta using dry impregnation and calcination. To
elaborate, commercial HP with a nominal nSi/nAl ratio of 2.6 was stirred in a 13 mol L™
nitric acid aqueous solution (20 mL per gram of zeolite) at 373 K for an overnight period,

resulting in the formation of a de-aluminated Beta (Si-Beta). The resultant powder was
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filtered, meticulously washed with deionized water, and then dried at 353 K overnight.
Prior to the incorporation of Sn, the sample underwent a pre-treatment phase at 473 K
overnight under vacuum conditions to eliminate physisorbed water. The resulting solid
mixture was introduced into a reactor, sealed, and gradually heated to 823 K over a span of
6 h (with a heating rate of 5 K/min) under a vacuum. Following this, the material was

subjected to calcination under a stream of flowing air at 823 K in 6 h.

5.3. Catalyst Characterization

5.3.1. Powder X-ray diffraction measurements

Powder X-ray diffraction (PXRD) profiles were acquired utilizing a Bruker D8 Advance
X-ray diffractometer. The LynxEye Superspeed detector and Cu Ko radiation sourced from
a PW Bragg—Brentano (BB) goniometer (6/20) were employed for this purpose, with
operational settings at 40 kV and 35 mA. The recorded diffractograms spanned the 20
range of 5° to 90°, employing a 20 step increment of 0.02°.

5.3.2. BET measurements

The surface areas according to the Brunauer—Emmett-Teller (BET) method, along with
pore volume and pore size distribution using Barrett—Joyner—Halenda (BJH) analysis, were
evaluated for the catalysts under investigation. This assessment involved N, adsorption-
desorption analysis performed at a temperature of -196°C. Prior to the analysis, the
catalysts were subjected to vacuum degassing at a temperature of 200 + 2°C.

533. TEM

Images of the catalyst were captured using a JEOL JEM2100 transmission electron

microscope (TEM).
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5.3.4. Temperature Programmed Desorption of NH3; (NH3-TPD)

The acidity strength and quantity of acid sites located on the catalyst's surface were
ascertained via Temperature Programmed Desorption (TPD), utilizing the Belcat-II
instrument from BEL Japan. In a standard protocol, a 75 mg catalyst sample underwent
pretreatment at 300°C with a continuous flow of helium in 2 h within a quartz U-tube,
preceding the chemisorption step. Subsequently, the temperature was lowered to 50°C, and
a mixture of 10% NHj3 in helium was directed through the catalyst in duration of 30 min.
Following this, any physically adsorbed NH3 gas was purged out by flowing helium for 15
min at 50°C. Subsequent to this, the TPD analysis of NH3 adsorbed onto the acidic sites
was conducted. The temperature was raised at a rate of 10°C per min, elevating the
samples up to 800°C within a helium environment, while utilizing a Thermal Conductivity
Detector (TCD) to quantify the quantity of desorbed gas.

5.3.5. Acidity measurement by titration method pyridine FTIR

Total acidity of Hp was determined employing the n-butyl amine titration technique(57). In
this approach, 0.25 g of support/catalyst was suspended within 25 mL of a 0.025N n-butyl
amine solution in toluene. The mixture was allowed to stand in 24 h to neutralize the acidic
sites present on the surface. Following this, titration was performed using 0.025N tri-
chloroacetic acid solutions in toluene, utilizing neutral red indicator. The outcome of this
process yields the total acidity measurement for the catalyst.

Infrared spectra for pyridine adsorption (Py-IR) were recorded using a Cary630 FT-IR
Spectrometer. The initial step involved degassing of a self-supporting sample pellet,
weighing approximately 20 mg and measuring 10 mm in diameter, to a temperature of
500°C in duration of 2 h under a vacuum. This step was taken to eliminate any moisture
and other adsorbed gases from the sample. The subsequent phase consisted of saturating all

the acid sites on the sample by exposing it to pyridine at a temperature of 150°C for a
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period of 1 h. The identification of Lewis and Bronsted acid sites was achieved by
analyzing the bands located at 1445 cm™, 1638 cm™, and 1543 cm™.

5.4. Catalytic Activity

The experiment was executed within a 100 mL stainless steel autoclave reactor. The
autoclave was loaded with 1 g of hydroxymethylfurfural (HMF), 0.2 and 0.25 g of the
catalyst, and 50 mL of 2-propanol. After sealing the autoclave, it was heated to the desired
reaction temperature of 140°C-170°C under continuous stirring at 550 rpm for reaction
duration of 4 h. Following each reaction, the autoclave was cooled. At the conclusion of
each run, the mixture of products was separated from the catalyst through centrifugation
and subsequently subjected to analysis using Gas Chromatography-Mass Spectrometry
(GC-MS). The GC-MS was equipped with a DB-1701 column (60M x 0.32mm x 1pm film
thickness), consisting of a 14% cyanopropylphenyl phase and an 86%
dimethylpolysiloxane phase.

To assess the performance of the catalytic systems, two metrics were defined: conversion
of 5-HMF (Xs.uvr, %) and selectivity to products (Si). The calculation of 5-HMF
conversion (Xs.pme) involved determining the ratio of the amount of 5-HMF converted to
the initial amount of 5-HMF. Selectivity values for reaction products such as BHMF,
HPMF, and BPMF (Si) were calculated by dividing the quantity of formed products by the
amount of 5-HMF that underwent conversion. The reaction for the reductive etherification

of 5-HMF to BPMF is as shown in Figure 5.1.

(LN.);— (IN.)¢

0N, * 100

conversion (%) =
Where, (I.N.)i = Initial moles of 5-HMF & (I.N.)f = Final moles of 5-HMF
moles of product formed

etivite (%) x
selectivity (%) moles of 5-HMF converted "
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O MPV reduction Lewis acid sites Lewis acid sites Lewis and Bronstead
acid sites \ /
\ / \ / CaH?OH \ / ClHTOH
C3HOH Etherification Etherification

5HMF BHMF HPMF BPMF
R=C,H,

Figure 5.1 Reductive etherification of 5-HMF to BPMF

5.5. Results and discussions

5.5.1. Physical and chemical properties of catalysts

5.5.1.1. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) analysis was performed to acquire information
about the particle size and morphology of the catalysts. The TEM images, displayed in
Figure 5.2 (a & b), revealed that the samples contained crystallites with dimensions of
approximately 31 nm and 24 nm for Sn-HP} and Sn-dAl Hp, respectively. However, the
identification of metal particles proved challenging due to their tendency to aggregate
during the ion exchange method used for catalyst preparation. The mean size of the metal
particles and the d-spacing were estimated at around 13 nm (Figure 5.2 (c)) and 0.327 nm,

respectively.
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Figure 5.2 TEM Images and particle size (a) Sn-Hp (b) Sn-dAIHp (c) particle size
distribution
5.5.1.2. Powder X-ray diffraction (PXRD) analysis
In Figure 5.3(a), the PXRD patterns of the HP catalysts exhibit distinctive peaks at
diffraction angles of 20 = 7.61° and 22.45°. Moving on to Figure 5.3(b & c), the PXRD
patterns of the Sn-Hp and Sn-dAIHp catalysts display a pattern that closely resembles that
of the parent HB, with evident peaks at 20 = 22.7°, 26.94°, 34.07°, 38.17°, and 52.04°.

Following the incorporation of Sn, the zeolite sample's spacing becomes larger, indicating
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an expansion of the BEA framework. This expansion serves as clear evidence of the
successful integration of Sn species into the HB framework (Hp, 26=22.45° / Sn-Hp and
Sn-dAIHB = 26=22.70°).

Notably, no novel diffraction peaks emerged, underscoring the preservation of the MFI
structure of the Hp catalyst and the absence of new phases post-modification. This
demonstrates that the introduction of Sn was well-dispersed and did not induce the
formation of new phases. The presence of distinct diffraction peaks at 34.07°, attributed to

Sn (JCPDS file No.-00-004-0673)(58,59) was distinctly observed in the Sn-HB and Sn-

dAIH catalyst samples.
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Figure 5.3 PXRD patterns of (a)Hp and (b) 1 Sn-Hp (c) Sn-dAl HP catalysts.

5.5.1.3. Surface areas, external surface area and pore volumes
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The N, adsorption results for the catalysts are outlined in Table 5.1. Observing Table 5.1,
it's apparent that the specific surface area has decreased for the Sn-HB and Sn-dAIHp
catalysts. The introduction of Sn to HP doesn't appear to significantly impact the specific
surface area and micro pore volume when compared to the HP catalyst. An increase in
mesopore volume has been noted, potentially attributed to the extraction of Al atoms from
the zeolites. The Sn-dAIHP sample exhibits a notably larger external surface area and
mesopore volume in contrast to the Sn-HP prepared via the wet impregnation method. The
greater mesopore volume in the Sn-dAIHPB sample aids in enhancing mass transfer during
heterogeneous catalytic reactions, consequently leading to heightened intrinsic site activity.

Table 5.5. Textures of HB, Sn-HP and Sn-dAl Hp catalyst

Sample Surface area, | Pore volume, cm®/g External
m?/g surface
area, m?/g
S.A® Voore,” Vimicro' Vimeso Smeso’
Hp 622 0.45 0.15 0.30 -
Sn-Hp 429 0.28 0.18 0.10 110
Sn-dAl HB 580 0.62 0.16 0.46 156

a-S.A- BET surface area, b-Total pore volume measured at P/PO= 0.9999,c-t-plot method,
Vmeso= Vpore- Vmicro, EXternal surface area.

5.5.1.4. Acidity of catalysts

The NH3-TPD analysis was utilized to determine the quantity and strength of acidic sites in
the Sn-HP and Sn-dAIHP catalysts. The efficacy of product selectivity and the rate of
undesired reactions are significantly influenced by both Bronsted and Lewis acids.
Literature suggests that Lewis acid sites enhance the catalytic activity for MPV reduction,

and increased Lewis acid sites correspond to higher etherification, while reduced Bronsted
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acid sites lead to decreased production of undesired byproducts(48). Consequently, the
preparation of catalysts with limited Bronsted acid and ample Lewis acid is crucial for
efficient HMF to BPMF etherification. The NH3-TPD results for Sn-HB and Sn-dAIHP
catalysts are presented in Figure 5.4, and the acidity of HP was determined via the n-
butylamine titration technique. The NH3-TPD profiles of Sn-HB and Sn-dAIHp catalysts,
shown in Figure 5.4, display distinct peaks in the lower temperature region (<250°C),
middle temperature range (250°C to 550°C), and higher temperature range (>550°C). The
Sn-HP catalyst exhibits three characteristic desorption peaks at 130.7°C, 488.3°C, and
548.7°C, while the Sn-dAIHP catalyst presents peaks at approximately 173°C, 484.5°C,
and 549.4°C. These peaks are identified as NH3 desorption from weak, medium, and strong
acid sites. The middle and higher temperature peaks correspond to desorption from strong
acidic sites, while the lower temperature peaks are attributed to the release of NH3; from
weak acidic sites.

The data indicates the presence of both weak and strong acidic sites in the catalyst. The
middle and high-temperature peaks around 488.3°C and 548.7°C for Sn-Hp, and 484.5°C
and 549.4°C for Sn-dAIH, respectively, are representative of desorption from Lewis acid
sites(60,61). Table 5.2 reveals that the impregnation of Sn onto Hp resulted in a reduction
in total acidity. Specifically, the total acid sites on Sn-Hp and Sn-dAIHP decreased to 1.34
and 2.77 mmol/g from 2.85 mmol/g. This alteration in acidity nature is linked to the
introduction of Sn species. The Sn impregnation led to a significant increase in Lewis acid
sites and a decrease in Bronsted acid sites, as evidenced by the values of weak, medium,
and strong acid sites in Table 5.2. Notably, the Sn-dAIH catalyst displayed a higher value
of medium acidic sites (1.86 mmol/g) compared to Sn-HB (0.42 mmol/g). This shift in
Bronsted and Lewis acid sites is attributed to the robust interaction between intrinsic acid

sites and Sn species, which resulted in the conversion of some Bronsted acid sites into Sn-
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Lewis acid sites. These Sn-Lewis acid sites, known from literature, have the capacity to
accelerate the etherification process(49). To support this conclusion, Py-IR analysis was
conducted to differentiate between Lewis and Bronsted acid sites. Pyridine, acting as a
Lewis base, can interact with Bronsted acid sites to form pyridinium ions, evident from the
FTIR bands between 1512 and 1567 cm™. It can also adsorb on the surface of Lewis acid
sites, indicated by FTIR bands at 1445 and 1638 cm™. Figure 5.5 displays the Pyridine
spectra of Sn-HB and Sn-dAIHp catalysts, showing the presence of both Lewis and
Bronsted acid sites. The quantities of these acid sites are detailed in Table 5.3.
Remarkably, the impregnation of Sn onto HP increased the Lewis acid sites while reducing
Bronsted acid sites. Table 5.3 provides a quantitative analysis of Bronsted and Lewis acid
sites for both catalysts, demonstrating that Sn-dAIHP possesses a higher quantity of Lewis

acid sites compared to Sn-Hp, possibly attributed to variations in their preparation methods

and the quality of Sn impregnation on Hp} and dAIHp.
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Figure 5.4 NHs-TPD profiles of (a) Sn-Hf (b) Sn-DAI1 H.
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Figure 5.5 Py-FTIR of Sn-dAl HP and Sn-Hp.

Table 5. 6. Acidity information of catalysts by NH;-TPD & Titration method

Sample Amount of acid sites, (mmol/g)
Total Weak Medium Strong
(<250°C) (250-550°C) | (>550°C)
Hp* 2.85 - - -
Sn-Hp ** 1.34 0.62 0.42 0.30
Sn-DAI HB** | 2.77 0.60 1.86 0.31

* n-butyl-amine titration method, ** NH3-TPD

Table 5.3. Acidity information of catalysts by Py-IR method

Catalyst Amount of Acidic Sites (mmol/g)

Lewis acid sites® Bronsted acid sites?

Sn-Hp 0.31 -
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Sn-DATHp | 0.93 0.33

®Determined by Py-IR

5.5.1.5. Study of catalyst activity

Effect of temperature and catalyst loading

The sequential reductive etherification of HMF was conducted under various conditions,
including temperatures of 140 °C, 150 °C, 160 °C, and 170 °C; reaction timesof 1 h, 2 h, 3
h, and 4 h; and catalyst loadings of 0.15g, 0.2g, and 0.25g. Two different catalysts, Sn-Hf
(with Sn loadings of 0.05M, 0.1M, 0.15M, and 0.3M) and Sn-dAl Hp (with a Sn loading of
0.15M), were employed. The outcomes are presented in Table 5.4.

The initial experiment employed the Sn-Hp catalyst (0.3M Sn loading) with a reaction
condition of 140°C, and varying times (1 h, 2 h, 3 h, and 4 h) and catalyst loadings (0.15g,
0.2g, and 0.25g). The results indicated a 4% conversion of 5-HMF, with HPMF and BPMF
selectivities of 2.27% and 2.04%, respectively, at 140°C, 0.15g catalyst, and 1 h reaction
time (entry 1).

Increasing the catalyst loading to 0.2g and 0.25g (entries 2 and 3) while maintaining the
other reaction conditions led to increased conversion rates of 5% and 7%, along with
enhanced HPMF selectivities of 2.88% and 2.12%, and BPMF selectivities of 2.12% and
2.69%, respectively. Similar trends were observed when experiments were performed with
varying reaction times (2 h, 3 h, and 4 h) (entries 4-12). Notably, extended reaction times
(4 h) at specific catalyst loadings (entries 10, 11, and 12) achieved the highest 5-HMF
conversion of 72% (entry 12). This extended reaction time also brought significant changes
in HPMF and BPMF selectivities. HPMF selectivity increased from 50.48% (entry 10) to
60.67% (entry 12), while BPMF selectivity reached around 10.9% with a higher catalyst
loading of 0.25¢g (entry 12). The lower BPMF yield and selectivity could be attributed to

inadequate dispersion and agglomeration of Sn on the Hf3 catalyst.
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Furthermore, to improve product yield and selectivity, Sn-Hp catalysts with varying metal
loadings (0.05 M, 0.1 M, and 0.15 M) were evaluated under reaction conditions of 140°C,
150°C, and 170°C in 4 h (entries 13-21). The outcomes demonstrated that higher
temperatures, combined with catalyst loadings of 0.2g and 0.25g, led to increased 5-HMF
conversion. Maximum conversion was achieved with a Sn loading of 0.15 M at 170°C and
a catalyst loading of 0.2g (entry 21). Interestingly, HPMF selectivity significantly
increased to 98.63% with a Sn loading of 0.05 M at 150°C and a catalyst loading of 0.25g
(entry 17). However, BPMF selectivities were less promising, with the highest selectivity
of 59.10% achieved with a Sn loading of 0.1 M at 150°C and a catalyst loading of 0.2g
(entry 19). This discrepancy might stem from inadequate Lewis and Bronsted acid sites on
the catalyst responsible for the etherification of 5-HMF to BPMF. The mechanism
involved in the reductive etherification of 5-HMF in 2-propanol using a mixed catalyst can
be outlined as follows: Initially, the carbonyl group within 5-HMF undergoes
hydrogenation through interaction with Lewis acid sites, resulting in the formation of
BHMF. Subsequently, BHMF is subject to etherification to yield HPMF, a step that is
followed by the further etherification of HPMF into BPMF within the context of 2-
propanol. This subsequent etherification process occurs in the presence of an excess of
either Lewis acid sites or Bronsted acid sites. Rana et al.(52) documented analogous
findings in their investigation of reaction mechanisms concerning the one-pot catalytic
transformation of 5-HMF into HPMF and BPMF. Nevertheless, the detection of BPMF
within the resultant mixture pointed towards the influence exerted by Sn-Hp during the
etherification stage.

The results show that Sn-Hf acts as an etherification catalyst in the reductive etherification
of 5-HMF to HPMF and BPMF, but the selectivity of BPMF is low as compared to HPMF.

Hence, it was decided to change the preparation method (two-step post-synthesis method)
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of the Sn-Hp catalyst to improve the concentration of Lewis and Bronsted acid sites on the
catalyst, which is responsible for the conversion of HPMF into BPMF and enhancement of
the selectivity of BPMF. Sn-dAl HpB (Sn loading 0.15 M) was prepared by two step post-
synthesis method, which consisted of the de-alumination of parent HP and then
incorporation of Sn species into the framework of de-aluminated Si-Beta via dry
impregnation and calcination to get proper dispersion of Sn into HB which will results in
sufficient concentration of Lewis acid site and Bronsted acid sites on the surface of the
catalyst. Also, from the results of experiments (entry 1 to entry 20) it was decided to carry
out reaction with catalyst loading (0.2 g, & 0.25 g), reaction temperature (140°C, 150°C,
160°C, & 170°C) in 4 h with Sn-dAl Hp catalyst.

Alcohols can also serve as etherifying agents, leading to the creation of BAMFs without
necessitating the use of molecular hydrogen (H.)(36—46). In this current study, 2-propanol
was employed as both a source of hydrogen and a substrate for the etherification process.
To assess the catalyst's impact on 5-HMF conversion and BPMF selectivity, a reaction was
conducted using a 0.2 g catalyst weight (entry 23) at 140°C for 4 h. Notably, both 5-HMF
conversion and BPMF selectivity increased to 67.76% and 51.54%, respectively,
surpassing the outcomes achieved with Sn-Hp (entries 2 and 14). Moreover, as depicted in
Figure 5.6, altering the temperature resulted in higher 5-HMF conversion and BPMF
selectivity, reaching 92.55% and 97.28%, respectively, under reaction conditions of
T=170°C and catalyst loading=0.2 g (entry 26). This finding confirms the earlier
hypothesis that elevated temperatures favor the formation of BPMF.

To gain deeper insights into the function of the Sn-dAl Hp catalyst and the impact of
temperature, the experiment was carried out across different temperature settings, all with a
catalyst loading of 0.25 g and a reaction duration of 4 h (entries 27-30). As shown in

Figure 5.7, at lower reaction temperatures (entries 27 and 28), notably higher conversions
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of 88.24% and 93.57%, respectively, were achieved. Concurrently, selectivity levels of
approximately 97.92% and 98.54% were observed. This phenomenon can likely be
attributed to the effective integration of Sn within the zeolite framework, resulting in an
ample presence of both Lewis and Bronsted acid sites. The rise in reaction temperature also
appears to favor the conversion of HPMF into BPMF.

The heightened selectivity further validates that, in contrast to the wet impregnation
method, the two-step post-synthesis process facilitated the creation of superior Lewis and
Bronsted acid sites. Moreover, proper incorporation of Sn into H3 was evidenced by the
NH3-TPD (Table 5.2), Py-IR (Table 5.3), and TEM (Figure 5.2) outcomes. Upon further
temperature elevation (entry 29), the conversion rate slightly decreased to 92.78%,
although the selectivity experienced a marginal reduction to 96.59%. Similarly, for the
experiment conducted with a 0.25 g catalyst over 4 h (entry 30) at 170°C, the HMF
conversion remained around 96.25%, yet BPMF selectivity was further diminished to
95.56%. This trend emphasizes that the catalytic efficiency of etherification thrives due to
the synergistic effects of elevated Lewis acid sites and ample Bronsted acid sites.

Figure 5.8 depicts the influence of both temperature and catalyst (Sn-dAl Hp) loading on
the conversion and selectivity of 5-HMF and BPMF. The graph indicates that an elevated
temperature corresponds to increased conversion of 5-HMF and higher selectivity towards
BPMF, particularly when employing catalyst loadings of 0.2g and 0.25g. However, the
utmost selectivity for BPMF (98.54%) was attained at a catalyst loading of 0.25g and a
temperature of 150°C in 4h period. This observation underscores that alterations in the

catalyst loading of Sn-dAl Hp induce shifts in the selectivity of BPMF.

Table 5.4. Catalytic activity of different Catalyst (Reaction conditions: 5-HMF —1g, 2-

propanol- 50 ml)
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Entry | Catalyst Catalyst Temp | Time Conv. | Selectivity%

& quantity (°C) (h) % BHMF | HPMF BPMF

Sn loading (9)
1 Sn-Hp 0.15 140 1 4 - 2.27 2.04
2 (0.3 M) 0.20 140 1 5 - 2.88 2.12
3 0.25 140 1 7 - 3.39 2.69
4 0.15 140 2 5 - 2.32 2.64
5 0.20 140 2 5 - 1.63 3.33
6 0.25 140 2 8 - 3.42 3.62
7 0.15 140 3 16 - 5.57 9.50
8 0.20 140 3 8 - 2.31 5.33
9 0.25 140 3 9 - 3.69 5.30
10 0.15 140 4 58 - 50.48 7.17
11 0.20 140 4 60 - 52.22 7.47
12 0.25 140 4 72 - 60.67 10.9
13 Sn-Hp 0.15 140 4 61.96 - 61.34 0.62
14 (0.05 M) 0.20 140 4 85.18 - 84.74 0.19
15 0.25 140 4 85.98 - 85.55 0.14
16 0.20 150 4 15.81 - 67.55 32.45
17 0.25 150 4 45.97 - 98.63 1.37
18 0.2 170 4 80.50 |- 95.95 2.80
19 Sn-Hp 0.2 150 4 27.63 - 40.89 59.10
20 (0.1 M) 0.2 170 4 86.88 | - 83.46 -
21 Sn-Hp 0.2 170 4 90.4 - 80.65 3.98
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22 (0.15 M) 0.25 150 4 72.50 - 96.90 1.85

23 Sn-dAIHPB 0.2 140 4 67.76 - 48.4 51.54
24 (0.15 M) 0.2 150 4 79.48 - 4.56 95.44
25 0.2 160 4 87.76 - 44.47 55.21
26 0.2 170 4 92.55 - 2.1 97.28
27 0.25 140 4 88.24 - 2.07 97.92
28 0.25 150 4 93.57 - 1.46 98.54
29 0.25 160 4 92.78 - 3.41 96.59
30 0.25 170 4 96.25 - 441 95.56
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Figure 5.6 Effect of temperature on BHMF, HPMF & BPMF selectivity (Catalyst: Sn
dAIHB loading 0.2g).
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Figure 5.8 Effect of Catalyst (Sn-dAIHP) loading and Temperature on conversion of 5-
HMF and BPMF selectivity

5.5.1.6. Effect of dealumination on the catalyst properties and catalytic behavior

In this work, Sn-HB and Sn-dAIHP was synthesized by wet impregnation and post
synthesis method respectively and used as a catalyst for the conversion of 5-HMF to 2,5-
bis(isopropoxymethyl)furan (BPMF) with 2-propanol in order to explore the roles of
acidity and preparation methods in the etherification of 5-HMF. Sn-Hp and Sn-dAIHp with
their pore structure and acidity were studied. It was observed that catalyst (Sn-Hp)
prepared by wet impregnation method shows the fair enough etherification activity to give
HPMF but the selectivity of BPMF was surprisingly very low (Table 5.4, entry 13-22).

Upon incorporation of Sn into dealuminated zeolite the etherification activity rises
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significantly in terms of higher selectivity of BPMF (Table 5.4, entry 23-30), shows
successful and proper incorporation of catalytically active Sn metal in to dealuminated
zeolite (dAIHP). As depicted in Figure 5.9, Sn-dAIHP exhibits a notable increase in the
concentration of robust Lewis acid sites, coupled with an ample presence of Bronsted acid
sites. This distinctive acid site distribution significantly promotes the reductive
etherification process, facilitating the conversion of 5-HMF into BPMF. This contrasts
with Sn-Hp, emphasizing the advantageous impact of the unique acid site composition in
Sn-dAIHP on the desired reaction pathway. Along with that TEM results and textural
properties of catalysts shows that Sn-HP having big crystal size and small mesopore
volume (Table 5.1) which might restrict the mass transfer of reactants towards active sites,
leads to the reduction in the selectivity of BPMF. On other hand smaller crystal size and

bigger mesopore volume reduces the diffusion issues and providing very high selectivity of

BPMF.
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Figure 5.9 Comparison of effect of catalysts (Sn-Hf} and Sn-dAIHf) on BHMF, HPMF &
BPMF
selectivity
5.5.1.7. Effect of acidity of catalyst on product distribution and selectivity

The analysis of adjusting the acidic site characteristics, such as enhancing Lewis acid sites

while reducing Bronsted acid sites, was conducted to assess its impact on product
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distribution and selectivity. This evaluation was performed through NH3-TPD and pyridine
adsorption studies, which offer deeper insights into the acidic site nature.

As indicated in Table 5.5, Sn-Hp (0.15M) exhibited only Lewis acidic sites (0.31 mmol/g).
Considering that Lewis acidic sites promote the reductive etherification of 5-HMF to yield
ethers, the observed product distribution aligned with this trend. Specifically, Sn-Hp
(0.15M) produced both HPMF and BPMF, but HPMF displayed a higher selectivity
(96.90%) compared to BPMF (1.85%).

On the other hand, Sn-dAl Hp (0.15M) demonstrated notably elevated selectivity towards
BPMF (98.54%). Figure 5.10 illustrates that Sn-dAl HB possessed a higher concentration
of Lewis acid sites (0.93 mmol/g) along with an adequate amount of Bronsted acid sites
(0.33 mmol/g). The dealumination enabled the effective integration of catalytically active
Sn metal into the dealuminated zeolite. This leads to significant increase in Lewis acid sites
and reduction in Bronsted acid site. Due to interaction between intrinsic acid sites and Sn
species some Bronsted acid sites convert into Lewis acid sites and these Sn-Lewis acid
sites have capacity to enhance the etherification process which affects the product
distribution. This emphasizes that the successful one-pot reductive etherification of 5-HMF
into BPMF necessitates a synergistic interplay between Lewis acid sites and Bronsted acid
sites.

Similar findings were also noted in the studies conducted by Luo et al.(49) and Barbera et
al.(54) These studies revealed that the carbonyl group within HMF could undergo an initial
reduction to generate BHMF through MPV ( Meerwein-Ponndorf-Verley) reduction
facilitated by the Lewis acid sites present on the catalyst. Subsequently, the produced
BHMF could undergo consecutive etherification reactions with isopropanol to yield 2-
hydroxymethyl-5-isopropoxymethylfuran (HPMF) and 2,5-bis(isopropoxymethyl)furan

(BPMF). This sequence of reactions is promoted when the catalyst possesses an abundance
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of Bronsted acid sites or an excessive presence of Lewis acid sites. The collective presence

of these acid sites facilitates the efficient transformation of HMF into its etherified

derivatives.
Table 5.5. Product distribution and acid site distribution
Catalyst Amount of Acidic Sites [% Selectivity
(mmol/g)
Lewis acid | Bronsted acid BHMF HPMF BPMF
sites sites
Sn-HP (0.15M) 0.31 - - 96.90 1.85
Sn-dA1 HB (0.15M) 0.93 0.33 - 1.46 98.54
[ Lewis acid sites (mmol/g)
10 [=] Bronsted acid sites (mmol/g)
-§- 0.8
g 06
g 04
§ 00 Sn-HR Sn-dAIHR

Catalyst

Figure 5.10 Concentration of LAS and BAS on catalyst (mmol/g).
5.5.1.8 Catalyst reusability study
The reusability of Sn-dAIHp catalyst is investigated in five consecutive reactions run.
When the reaction completed, the catalyst was separated by centrifugation and washed

with acetone to reuse it in next run. The results of reusability study are as shown in the
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Figure 5.11. Reduction in the conversion of 5-HMF was observed after 4th run while

selectivity of BPMF was intact after 5 run cycle.
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Figure 5.11 Reusability study of Sn-dAIH catalyst (Reaction conditions: 5-HMF-1g, 2-

propanol- 50 ml, and catalyst loading-0.25 g).

5.5.1.9 Comparison of various supported metal catalyst from literature and present
work

The comparison between various supported metal catalysts reported in the literature and
the present work reveals distinct trends and performances in different reaction pathways
and conditions. Below is a summary of the comparisons:

Researchers have explored a range of supported metal catalysts for various reactions,
including the reductive etherification of HMF. Different metals and supports have been
investigated, each with their own catalytic properties. These studies have focused on
optimizing reaction conditions, catalyst loading, and selectivity.

The present study centers on the reductive etherification of 5-HMF using Sn-dAl Hp as the
catalyst. This work highlights the significance of specific acid site distributions, including
Lewis and Bronsted acid sites, in achieving the desired product distribution and selectivity.

The synergistic effect of these acid sites is crucial for the conversion of 5-HMF into
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BPMF. The study also underscores the impact of temperature and catalyst loading on the
conversion and selectivity, with particular emphasis on the role of Sn-dAl Hp in facilitating
the reaction pathway.

In general, the comparison between supported metal catalysts from the literature and the
present work underscores the importance of catalyst design, acid site distribution, and
reaction conditions in determining product distribution and selectivity in reductive
etherification reactions. The use of Sn-dAl Hp as a catalyst introduces a new avenue for
achieving high selectivity towards BPMF through a tailored acid site composition.

In the context of the existing literature, a limited number of studies have explored the use
of Sn-dAIHB catalyst specifically for the conversion of 5-HMF into 2,5-
bis(isopropoxymethyl) furan (BPMF). Table 5.6 presents a comparison of the catalytic
performance between the catalyst studied in this work and those employed in prior research
for the synthesis of BPMF from 5-HMF. Under reaction conditions of 150°C temperature
and 4 h duration, Sn-dATHp exhibited remarkable performance with 93.57% conversion of
5-HMF and 98.54% selectivity towards BPMF.

Jae et al.(48) synthesized Sn-Hp and Zr-Hp catalysts, which were employed in reduction
and etherification reactions using 2-propanol. They reported BPMF selectivities of 87%
and 77% at 180°C in 6 h, while at 120°C, the selectivities were achieved after 24 h,
reaching 66% and 67%, respectively.

Lewis et al.(50) developed a more efficient Lewis acidic Hf-Beta catalyst with 77%
selectivity towards BBMF, utilizing 1-butanol as a solvent at 120°C in 24 h. Shinde and
Rode(51) achieved high BPMF selectivity (95%) through the combined effect of Zr-Mont
catalyst, requiring elevated temperatures of 150°C and 160°C.

Rana et al.(52) reported 91% selectivity of BPMF by combining Zr(OH), and Zr-Hp

catalyst at 140°C in 4 h. It was reported by Wei et al.(46) used Zr-SBA-UH as a catalyst
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and 2-propanol as a solvent, resulting in BPMF formation. When combined with solvents

like 1-propanol, 1-butanol, 2-butanol, and M-PrOH, the reaction yielded BPMF, BBMF,

BSBMF, and BMPMF with yields of 38.1%, 17.1%, 4.4%, and 54.1% respectively.

Comparing these studies, it becomes evident that a catalyst like Sn-dAIHB, with tuned

Lewis and Bronsted acid sites and their synergistic effect, leads to superior BPMF

selectivity. This is achieved through efficient etherification at lower temperatures and

shorter reaction times. The careful modulation of acid sites and their interplay emerges as a

key factor in achieving enhanced selectivity for BPMF in the reductive etherification of 5-

HMF.

Table 5.6. Comparison of various supported metal catalyst from literature and present

work

Catalyst Alcohol Temperature | Time | Xumre | Seamre  [Semmre/seme/spve | Reference

(°C) h (%) |Yield |(%)

(%)

HZSM-5 Methanol |100 3 100 |70 70 (31)
(Si/Al=25)
HZSM-5 Methanol |100 3 100 |68 68
(Si/AI=38)
HZSM-5 Methanol 100 3 100 |69 69
(Si/AlI=300)
HZSM-5 Methanol |120 12 - 68 68
(Si/Al=25)
HZSM-5 Methanol | 140 8 - 59 59
(Si/Al=25)
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Cu-HZSM-5 | Methanol {120 12 100 |68 68 (31)
Hf-Hp Ethanol 120 24 |87 77 (48)
Zr-Hp 2-Propanol |180 6 100 |77 77 (50)
Sn- HB 2-Propanol |180 6 91.5 87

Zr-Hp Ethanol 120 24 81 66 (48)
Sn- HB Ethanol 120 24 69 67

ZrO(OH),+ | 2-Propanol |160 1 100 |94 94 (51)
Zr-Mont

ZrO(OH),+ | 2-Propanol |150 1 100 |95 95

Zr-Mont

Zr-SBA-UH | 2-Propanol |150 4 98.5 93.9 47)
IUSY@ZrCP |2-Propanol |120 3 78.9 86.9 (62)
ZrO(OH),+ | 2-Propanol |140 4 61.62 01 (52)
Zr- HP

HB 120 4 10 6.86 (52)
Zr-BDC-Sx | 2-Propanol {120 3 100 96.9 (63)
Cu/Al,O3 Isopropano | 100 3 100 82.6 (64)
+HP-ZSM-5* |1

Sn-dAIHPB 2-Propanol | 150 4 93.57 08.54 This work

* using H, gas at 2.5MPa

5.6 Conclusions
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The efficient catalytic transformation of 5-HMF to 2,5-bis(isopropoxymethyl)furan
(BPMF) within a single reactor was accomplished using Sn-Hf} and Sn-dAIHp catalysts.
These catalysts were prepared through two distinct methods: wet impregnation and post-
synthesis approaches. The findings indicated that while both catalysts exhibited
commendable etherification activity, the Sn-dAIHB catalyst outperformed the Sn-Hf
catalyst in terms of converting 5-HMF to BPMF with superior selectivity.
Employing the post-synthesis method to create the Sn-dAIH catalyst enabled the effective
integration of catalytically active Sn metal into the dealuminated zeolite. As a result, not
only were the Lewis acid sites increased, but the catalyst also showcased a larger mesopore
volume. This catalyst variant also possessed ample Bronsted acid sites, leading to an
enhanced BPMF selectivity. This improvement was attributed to the combined effect of
abundant Lewis acid sites, sufficient Bronsted acid sites, and improved reactant diffusion
due to the larger mesopore volume.
On the other hand, the Sn-Hp catalyst exhibited a lower concentration of Lewis acid sites,
lacked Bronsted acid sites, and had larger crystal sizes along with reduced mesopore
volume. Consequently, these characteristics resulted into a reduced BPMF selectivity.
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CHAPTER -6
Highly selective one-pot reductive etherification of bio-
derived platform molecule 5-HMF using Zr-HZSM-5
and Sn-HZSM-5 catalysts into potential biofuel/fuel

additives 2, 5- Bis Propoxy Methyl furan (BPMF)

As reported in previous chapter 4 and 5 that catalysts Zr-HB and Sn- HB demonstrated
good performance for the reductive etherification of 5-HMF into 2,5-bis(propoxymethyl)
furan (BPMF). So, with the aim to achieve furthermore selectivity, decided to explore
HZSM-5 as a support. Reductive etherification is very favorable pathway to catalytically
convert the bio-platform molecule 5-HMF to 2,5-bis(propoxymethyl) furan (BPMF).
BPMF is a potential biofuel/fuel additive candidate, but it is challenging to produce it
selectively as MPV (Meerwein—Ponndorf—Verley) and etherification reaction occurs at a
time. Sufficient Bronsted acidic sites (BAS) and plenty of Lewis acidic sites (LAS) can
favor the etherification reaction, whereas MPV reaction is favored by Lewis acidic sites
only. So, LAS and BAS of the catalyst play a key role in the selectivity of BPMF. Hence,

developing highly selective catalyst is very important. In this work highly selective
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reductive etherification of 5- hydroxymethylfurfural (5-HMF) to 2, 5-bis (propoxymethyl)
furan (BPMF) was attained through one-pot pathway using 2-propanol as a hydrogen
donor, which was conducted by Zr-HZSM-5 and Sn-HZSM-5 catalysts. Because of
excellent synergistic action of BAS and LAS, Sn-HZSM-5 shows high selectivity of
BPMF. The catalysts were characterize using techniques such as transmission electron
microscopy, BET surface area measurement, powder X-ray diffraction, temperature-
programmed desorption of ammonia (NH3-TPD), Pyridine-IR spectroscopy and Fourier
transform infrared spectroscopy. Under the optimized reaction conditions, which included
a temperature of 160°C, a catalyst loading of 0.20 grams, a reaction time of 4 h, and a
concentration of 1 gram of 5-HMF, impressive results were obtained: a 95.97% conversion
of 5-HMF and a 98.63% selectivity towards BPMF.

6.1. Introduction

Conventional energy sources like coal, oil, and natural gas are crucial to modern human
life. However, their excessive and uncontrolled usage led to rise critical issues i.e.
environmental degradation, global warming, and the availability of fossil fuels for future
generations(1-6). Renewable resources like lignocellulosic biomass can be used to produce
valuable chemicals and biofuels to address these issues (7-12). Abundant availability,
renewability and cost-effectiveness of biomass making it a prominent contributor for
sustainable chemical production (13-15). Therefore, converting bio-derived platform
molecules into valuable chemicals is both a lucrative and imperative approach in the
present scenario(16-19). Various bio-platform molecules such as 5-hydroxymethylfurfural
(5-HMF), levulinic acid, furfurals, sugar alcohols, lactic acid, succinic acid, and phenols,
are considered as building block chemicals. Among them in recent years, 5-HMF has
gained significant attention as HMF derived ethers and its derivatives can be used as fuel

additive, paint remover, pharmaceuticals, food additives, polymers, surfactants and
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pesticides (20). Consequently, methods to manufacture biofuels from 5-HMF are being
increasingly developed. For example, the reductive derivative of 5-HMF, 2,5-
bis(hydroxymethyl)furan (BHMF), can be transformed into diethers, which are potential
biofuels(21) and previous studies have reported the etherification of BHMF(22-25). 5-
Alkoxymethylfurfural (AMF’s) is considered a promising biodiesel or additive due to its
energy density (30.3 MJ/L) being similar to that of commercially available gasoline (31.1
MJ/L) or diesel (33.6 MJ/L)(26). However, recent findings indicate(27) that the aldehyde
group in EMF affects its stability, causing phase separation issues when blended with
conventional diesel fuel. In contrast, diethers and 2,5-bis(alkoxymethyl)furans (BAMFs)
exhibit superior energy densities and better compatibility with diesel fuel(28). Research
has shown that blending 2,5-bisethoxymethylfuran (BEMF) with diesel results in no
significant change in engine performance and reduces emissions. Additionally, 2,5-
bismethoxymethylfuran (BMMF) has demonstrated full compatibility with diesel
fuel(30,31). Catalytic conversion of 5-HMF to BAMF is two steps process which includes
hydrogenation of 5-HMF to BHMF followed by the etherification of BHMF to BAMF in
presence of alcohol using solid acid catalyst. Literature shows that different type of
catalysts such as Bronsted acids, Lewis acids and transition metal ions were used for the
etherification reaction. Cao et al. reported synthesis of (BAMFs) using methanol as solvent
and HZSM-5 catalyst with a Si/Al ratio of 25 from BHMF with 70% yield in the presence
of external hydrogen gas(29). Balakrishnan et al. demonstrated a one-pot reductive
etherification process converting 5-HMF to BAMFs by using various catalysts, such as
Amberlyst-15 and Dowex DR-2030, along with solvent such as ethanol and butanol,
yielding up to 80% product in the presence of external H;, gas. (30) Similarly, Han et al.
reported an Amberlyst-15 catalyst for the etherification of BHMF into BAMFs using

different solvents (methanol, ethanol, propanol, and butanol), leading to yields of 50%,
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70%, 74%, and 71% for BMMF, BEMF, BPMF, and BBMF, respectively using H; gas as
hydrogen donor(31). Li et al. utilized Co-400 catalyst for the reduction etherification of
HMF to (BMMF) at 140°C under 2 MPa pressure of external hydrogen and achieved
98.5% vyield (32).There are two approaches generally reported in literature for the synthesis
of BAMF (i) direct use of H, gas and (ii) catalytic transfer hydrogenation in which alcohol
is act as hydrogen donor. Second approach is more attractive looking at the cost and safety
considerations associated with producing and handling H, gas(33-36). Many researchers
have documented the sequential process of hydrogenation followed by etherification to
generate BAMFs from HMF. This strategy lowers production costs and streamlines the
process by reducing the number of required unit operations. Various catalysts and reaction
conditions(37—44) have been investigated to achieve the reductive etherification of 5-HMF.
However, selectivity of di ethers from the bio-platform molecule 5-HMF is a bigger
challenge in its manufacturing. Wi et al. performed reductive etherification of 5-HMF to
BEMF and BIPMF using Zr-SBA-UH catalyst with solvent such as ethanol and 2-propanol
at 150°C for 4 h and achieved 88% and 94% vyields respectively(45). Wei et al.(46)
prepared Zr-SBA to synthesized BPMF via reductive etherification of 5-HMF and obtained
81.% selectivity of BPMF after 4 h at 180°C. Jae et al.(47) employed Sn-beta catalyst to
carry out reduction and etherification reactions with 2-propanol and reported 79.5% yield
of BIPMF after 6 h at 180°C. In a similar vein, Luo et al.(48) achieved a 61% BPMF yield
using the same reaction conditions and catalyst (Sn-beta) for a 3 h duration. Lewis et
al.(49) manipulated the Lewis acidity of an Hf-Beta catalyst which led to elevated yield of
BBMF (81%). This was accomplished by utilizing 1-butanol as a solvent and conducting
the reaction at 120°C for 1 h. Shinde and Rode(50) synthesized Zr-Mont catalyst through
wet-impregnation method, demonstrating its efficacy in both reduction and etherification

reactions. Robust interaction between Zr and Mont imbued the Zr-Mont catalyst with
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enhanced Lewis acidity, culminating in superior yields of 95% BIPMF and 96% BBMF at
150°C, surpassing the performance of Sn-Beta and Hf-Beta catalysts. Rana et al.(51)
prepared BPMF by one-pot reductive etherification using mixed catalyst Zr-HB +
ZrO(OH), and obtained 91 % selectivity of BPMF. It was noted that competitive reactions
reduce selectivity of BAMFs. So, highly selective and efficient catalysts are required to
achieve high selectivity of BAMFs. As indicated in recent literature, the presence of Lewis
and Bronsted acidic sites has been highlighted for their significant influence on achieving
heightened product selectivity and minimizing undesirable secondary reactions. Certain
studies have suggested that the process of etherifying 5-HMF with alcohol is primarily
governed by the presence of Lewis acid, while concurrent competitive reactions are
primarily regulated by the presence of Bronsted acid(21). Lanzafam et al.(52)) showed that
strong Bronsted acidity was responsible for the furan ring opening reaction, whereas Lewis
acidity led to formation of EMF. On other hand, Barbera at el.(53) used sulphated zirconia
and reported that formation of EMF was suppressed due to increased Bronsted acidity and
decreased Lewis acidity. However, Luo et at.(48) concluded that both Lewis and Bronsted
acid were essential for the etherification of 5-HMF.

In this study, Zr-HZSM-5 and Sn-HZSM-5catalysts were synthesized through wet
impregnation and post-synthesis methods, respectively. These catalysts were then
employed to facilitate selectively convert 5-HMF to 2,5-bis(isopropoxymethyl)furan
(BPMF) using 2-propanol. The aim was to synthesize highly selective BPMF; study the
effect of Zr and Sn supported HZSM-5 catalyst on 5-HMF conversion and to understand
role of acidic sites on the selectivity of the BPMF. A detailed study of textural properties
and acidity of Zr-HZSM-5 and Sn-HZSM-5 was conducted. It was observed that Sn-
HZSM-5 showed higher activity and selectivity as compared to Zr-HZSM-5. Results of

NH3-TPD and Py-IR revealed that Sn-HZSM-5 possesses large amount of Lewis acid sites
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(LAS) along with sufficient number of Bronsted acid sites (BAS), whereas Zr-HZSM-5
has high no of LAS with a few BAS. This study showed that 5-HMF converted into both
HPMF and BPMF via one pot reductive etherification using different Lewis acid catalyst
such as Zr and Sn supported on HZSM-5. It also exhibits the role of different Lewis acidic
metal ions to achieve higher selectivity of BPMF by tuning LAS and BAS. Remarkably,
the current study showcases the completion of one-pot reductive etherification of 5-HMF
into BPMF at optimize reaction conditions of 160°C in 4h, achieving an impressive
selectivity of 99% using the Sn-HZSM-5 catalyst whereas Zr-HZSM-5 afford 83%
selectivity at similar reaction conditions.

6.2. Materials and methods

6.2.1. Materials

The chemicals acquired were utilized without further modification. In India, 5-
(hydroxymethyl) furfural (98% purity) was provided by SSRL (Sisco Research
Laboratories Pvt. Ltd.). All the alcohols and solvents, ag. ammonia (30%), ZrO, and metal
precursors such as Zirconyl Nitrate Hydrate (99.5%) were purchased from LobaChemie,
Mumbai, India and metal precursors including Tin Chloride pentahydrate (SnCls.5H,0)
were procured from Sigma-Aldrich, India. HZSM-5 was bought from Sud-cheme India
Private Limited, located in Vadodara, Gujarat.

6.2.2. Catalyst Preparation

6.2.2.1. Preparation of Zr-HZSM-5

The ammonium form of ZSM-5 catalyst was calcined at 550 °C in 4 h to get proton form
ZSM-5 catalysts. Next, zirconium (IV) nitrate hydrate metal ions were impregnated into
the structure of ZSM-5 using a typical wet impregnation method (54). To prepare Zr-
impregnated ZSM-5 catalyst, 4.05 gm zirconium (IV) oxynitrate hydrate was dissolved

into 20 ml deionized water. After all zirconium (IV) nitrate salt dissolved, 16 gm of ZSM-5
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was added to the aqueous solution. The mixture was then kept at room temperature
overnight for impregnation. After impregnation, sample was dried at 120 °C in 4 h and
then, calcined at 550 °C in 6 h.

6.2.2.2. Preparation of Sn-HZSM-5

Sn-HZSH-5 catalysts were prepared using a two-step post-synthesis procedure(55), which
consisted of the de-alumination of parent HZSM-5 and then incorporation of Sn species
into the framework of de-aluminated Si-ZSM-5 via dry impregnation and calcination.
Briefly, commercial HZSM-5 with nominal nSi/nAl ratio of 3.5 was stirred in a 13 mol L™
nitric acid aqueous solution (20 mL gzeolite™') at 100°C overnight to obtain a de-
aluminated HZSM-5 (Si-HZSM-5). The powder was filtered, washed thoroughly with
deionized water, and dried at 180°C overnight. Before the incorporation of Sn, the sample
was pre-treated at 200°C overnight under vacuum to remove physisorbed water. The solid
mixture was put into a reactor, then sealed and heated to 600 °C in 6 h (heating rate at 5 °C
/min) under vacuum. After that, it was calcined under flowing air at 600 °C in 6 h.

6.3. Catalyst Characterization

6.3.1. Powder X-ray diffraction measurements

Powder X-ray diffraction (PXRD) profiles were acquired utilizing a Bruker D8 Advance
X-ray diffractometer. The LynxEye Superspeed detector and Cu Ko radiation sourced from
a PW Bragg—Brentano (BB) goniometer (6/20) were employed for this purpose, with
operational settings at 40 kV and 35 mA. The recorded diffractograms spanned the 20
range of 5° to 90°, employing a 20 step increment of 0.02°.

6.3.2. BET measurements

The surface areas according to the Brunauer—-Emmett-Teller (BET) method, along with
pore volume and pore size distribution using Barrett—Joyner—Halenda (BJH) analysis, were

evaluated for the catalysts under investigation. This assessment involved N, adsorption-
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desorption analysis performed at a temperature of -196°C. Prior to the analysis, the
catalysts were subjected to vacuum degassing at a temperature of 200 £ 2°C.

6.3.3. TEM

Images of the catalyst were captured using a JEOL JEM2100 transmission electron
microscope (TEM).

6.3.4. Temperature Programmed Desorption of NH3; (NH3-TPD)

The acidity strength and quantity of acid sites located on the catalyst's surface were
ascertained via Temperature Programmed Desorption (TPD), utilizing the Belcat-II
instrument from BEL Japan. In a standard protocol, a 75 mg catalyst sample underwent
pretreatment at 300°C with a continuous flow of helium for 2 h within a quartz U-tube,
preceding the chemisorption step. Subsequently, the temperature was lowered to 50°C, and
a mixture of 10% NHj3 in helium was directed through the catalyst for duration of 30 min.
Following this, any physically adsorbed NH3; gas was purged out by flowing helium for 15
min at 50°C. Subsequent to this, the TPD analysis of NH3 adsorbed onto the acidic sites
was conducted. Temperature was raised at a rate of 10°C per min, elevating the samples up
to 800°C within a helium environment, while utilizing a Thermal Conductivity Detector
(TCD) to quantify the quantity of desorbed gas.

6.3.5. Pyridine FTIR

Infrared spectra for pyridine adsorption (Py-IR) were recorded using a Cary630 FT-IR
Spectrometer. The initial step involved subjecting a self-supporting sample pellet,
weighing approximately 20 mg and measuring 10 mm in diameter, to a temperature of
500°C for a duration of 2 h under a vacuum. This step was taken to eliminate any moisture
and other adsorbed gases from the sample. The subsequent phase consisted of saturating all

the acid sites on the sample by exposing it to pyridine at a temperature of 150°C for a
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period of 1 h. The identification of Lewis and Bronsted acid sites was achieved by
analyzing the bands located at 1445 cm™ and 1543 cm™.

6.4. Catalytic Activity
Experiment was carried out in a 100 mL stainless steel autoclave reactor. Autoclave was

loaded with 1 g of hydroxymethylfurfural (HMF), catalyst (0.2g and 0.25 g), and 50 mL of
2-propanol. After sealing the autoclave, it was heated to the desired reaction temperature of
140°C, 150°C, 160°C, and 170°C under continuous stirring at 550 rpm for reaction
duration of 4 h. Following each reaction, the autoclave was cooled. At the conclusion of
each run, the mixture of products was separated from the catalyst through centrifugation
and subsequently subjected to analysis using Gas Chromatography-Mass Spectrometry
(GC-MS). The GC-MS was equipped with a DB-1701 column (60M x 0.32mm x 1um film
thickness), consisting of a 14% cyanopropylphenyl phase and an 86%
dimethylpolysiloxane phase.

To assess the performance of the catalytic systems, two metrics were defined: conversion
of 5-HMF (Xs.umr, %) and selectivity to products (Si). The calculation of 5-HMF
conversion (Xs.yme) involved determining the ratio of the amount of 5-HMF converted to
the initial amount of 5-HMF. Selectivity values for reaction products such as BHMF,
HPMF, and BPMF (Si) were calculated by dividing the quantity of formed products by the
amount of 5-HMF that underwent conversion. The reaction for the reductive etherification
of 5-HMF to BPMF is as shown in Figure 6.1.

conversion (%) = )
N)j

Where, (I.N.)i = Initial moles of 5-HMF & (I.N.)f = Final moles of 5-HMF
moles of product formed

lectivity (%)= ol
selectivity (%) moles of 5-HMF converted 00
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Figure 6.1 Reductive etherification of 5-HMF to BPMF
6.5. Results and discussions
6.5.1. Physical and chemical properties of catalysts
6.5.1.1. Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) analysis was performed to acquire information
about the particle size and morphology of the catalysts. The TEM images, displayed in
Figure 6.2 ((a) and (b)), revealed that average Zr particle size are in the range of 8-10 nm
and that of Sn particle size are in the range of 10-12 nm. However, the identification of
metal particles proved challenging due to their tendency to aggregate during the synthesis

method for the Zr-HZSM-5.

Figure 6.2 TEM Images and particle size (a) Zr-HZSM-5 (b) Sn-HZSM-5
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6.5.1.2. Powder X-ray diffraction (PXRD) analysis

In Figure 6.3(a), the PXRD patterns of the Zr-HZSM-5 catalysts exhibit distinctive peaks
at diffraction angles of 20 = 14°, 20°, 24°, 26.75°, 30°, 32°, 34.55° and 54.34°. Moving on
to Figure 6.3(b ,c and d), the PXRD patterns of the HZSM-5, dAI-HZSM-5 and Sn-HZSM-
Scatalysts displayed a pattern that closely resembles to HZSM-5, with evident peaks at 20
=14°, 20°, 24°, 24.57°, 26.02°, 27.05°, 29.22°, 29.9°, 30.10°,34.3° and 45.44°. The PXRD
pattern of the Zr and Sn impregnated HZSM-5 completely matched with that of the parent
HZSM-5, which indicates that the impregnation has no obvious effect on the parent zeolite
structure and its structure remains intact after loading metal over the HZSM-5 catalyst.
Presence of distinct diffraction peaks at 34.3°, attributed to Sn (JCPDS file No.-00-004-
0673)(56,57) was distinctly observed in the Sn-HZSM-5catalyst samples. The diffractions
at 34.55° and 54.34°, due to tetragonal zirconia phase (57,58) were clearly observed on the

Zr-HZSM-5 catalyst sample.
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Figure 6.3 PXRD patterns of (a) Zr-HZSM-5 (b) HZSM-5 (c) DAI-HZSM-5 and (d) Sn-
HZSM-5 catalysts.

6.5.1.3. Surface areas, external surface area and pore volumes

The N, adsorption results for the catalysts are summarized in Table 6.1. It is evident from
Table 6.1 that the surface area has decreased for both Zr-HZSM-5 and Sn-HZSM-5.
Introduction of Zr and Sn metal to HZSM-5 does not significantly impact the specific
surface area and micro pore volume and a slight reduction in surface area and micropore
was observed. However, an increase in mesopore volume has been noted which is
attributed to the extraction of Al atoms from the zeolites(59). Sn-HZSM-5 catalyst exhibits
a notably larger external surface area and mesopore volume as compared to the Zr-HZSM-
5. Higher mesopore volume in the catalyst sample aids in enhancing mass transfer during
heterogeneous catalytic reactions, consequently leading to heightened intrinsic site

activity(60).
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Table 6.7 Textures of HZSM-5, Sn- HZSM-5 and Zr-HZSM-5 catalyst

Sample Surface Pore volume, cm®/g External
area, m*g surface area,
m?/g
S.A® Vporer® | Vimicro® | Vimeso | Smeso”
HZSM-5 553.19 0.30 0.22 0.08 34.35
Sn-HZSM-5 436.50 0.55 0.12 0.42 141.75
Zr-HZSM-5 393.157 0.28 0.13 0.15 79.69

a-S.A- BET surface area, b-Total pore volume measured at P/PO= 0.9999,c-t-plot
method, Vmeso= Vpore- Vmicro, EXternal surface area.
6.5.1.4. Acidity of catalysts
The NH3-TPD analysis was conducted to assess the quantity and strength of acidic sites in
HZSM-5, Zr-HZSM-5, and Sn-HZSM-5 catalysts. The distribution of products, their
selectivity, and the rates of desired and undesired reactions are significantly influenced by
both BAS and LAS. The MPV reduction reaction is favored by LAS which also enhance
the etherification step. Whereas, the rate of undesired product formation decreases with a
reduction in BAS. Therefore, the rate of etherification is enhanced by the synergistic effect
of LAS and BAS(47).
Distinct peaks of Sn-HZSM-5 and Zr-HZSM-5 catalysts shown in lower temperature
region (<300°C), middle temperature range (301°C to 550°C), and higher temperature
range (>550°C) in Figure 6.4 (a) and (b). Three characteristic desorption peaks of Sn-
HZSM-5 are observed at 136 °C, 434 °C, and 550 °C and that for Zr-HZSM-5 peaks at
164°C, 300 °C, and 550 °C. These peaks are identified as NH3 desorption from weak,

moderate, and strong acid sites. The middle and higher temperature peaks correspond to
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desorption from strong acidic sites, while lower temperature peaks are attributed to release

of NH3 from weak acidic sites(61).

NH3-TPD results indicate that catalysts possess both strong and weak acidic sites. Middle
and high-temperature peaks around 434 °C and 550 °C for Sn-HZSM-5, and at 550 °C for
Zr-HZSM-5 are due to desorption from LAS. Table 6.2 shows that impregnation of Sn and
Zr onto HZSM-5 led to change in its total acidity. This alteration in acidity is linked
to introduction of metal (Zr and Sn) species. Sn and Zr impregnation induce a significant
improvement in LAS and a reduction in BAS as evidenced by the values of weak,
moderate, and strong acid sites in Table 6.2. Notably, total acidity of Sn-HZSM-5 and Zr-
HZSM-5 reduced to 1.58 mmol/g and 1.62 mmol/g, respectively. Sn-HZSM-5 exhibited a
higher value of moderate acidic sites (0.72 mmol/g) compared to Zr-HZSM-5 (0.52
mmol/g). This change in Bronsted and Lewis acid sites is attributed to the strong
interaction between intrinsic acid sites and Sn species. This strong interaction ultimately
resulted in conversion of some Bronsted acid sites into Sn-Lewis acid sites(48). These Sn-
Lewis acid sites are capable of fastening the etherification process. Lewis et al. have also
observed a similar trend of higher etherification rate with Sn-Lewis acid sites for
conversion of 5-HMF to 2,5 BBMF (2,5 bis butoxymethyl furan)(48,49).

Furthermore, Py-IR analysis was conducted to quantify concentration of Lewis and
Bronsted acid sites for confirmation. The LAS, Lewis + Bronsted acidic sites, and BAS are
observed around 1445, 1490, and 1542 cm-, respectively depicted in Figure 6.5 for all
three catalysts. Pyridine, acting as a Lewis base which interacts with BAS to form
pyridinium ions. The formed pyridinium ions can be seen between 1525 and 1542 cm-
‘(Figure 6.5)(62). It can also adsorb on the surface of LAS, indicated by FTIR bands at

1445 cm-.
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Table 6.3 provides a quantitative analysis of Bronsted and Lewis acid sites for both Sn-
HZSM-5 and Zr-HZSM-5. As seen in table 6.3, Sn-HZSM-5 exhibits a higher quantity of
both Lewis and Bronsted acid sites compared to Zr-HZSM-5. This may be due to higher
Lewis acidity of Sn than to Zr. Higher value of LAS with Sn compared to Zr was also

reported by Corma et al(63,64).
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Figure 6.4 NH3-TPD profiles of (a) Sn- HZSM-5 (b) Zr-HZSM-5
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Table 6.8 Acidity information of catalysts by NH3-TPD & Titration method

Sample Amount of acid sites, (mmol/g)
Total Weak Moderate Strong
(<300°C) (301-550°C) | (>550°C)
HZSM-5 2.060 0.814 0.762 0.431
Sn-HZSM-5 1.58 0.56 0.72 0.30
Zr-HZSM-5 1.62 0.85 0.52 0.25
Table 6.3 Acidity information of catalysts by Py-IR method
Catalyst Amount of Acidic Sites (mmol/g)
Lewis acid sites® Bronsted acid sites®
HZSM-5 2.18 27.78
Sn-HZSM-5 27.30 16.28
Zr-HZSM-5 24.58 5.45

®Determined by Py-IR

6.5.1.5. Study of catalyst activity

Effect of temperature and catalyst loading

The sequential reductive etherification of HMF was conducted in temperature range of 140
- 170 °C, catalyst loading of 0.1 - 0.25 g with three different catalyst namely HZSM-5, Zr-
HZSM-5, and Sn-HZSM-5 (with metal loadings of 0.15 M) in 4 h reaction time. Obtained
results are demonstrated in Table 6.4.

Initial experiment employed HZSM-5 with a reaction condition of 140°C in 4 h and 0.1g
catalyst loadings. About 12% conversion of 5-HMF with 5% and 8% selectivity of HPMF

and BPMF, respectively were obtained (entry 1).
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Upon increasing catalyst loading to 0.2g, a marginal increase in conversion and selectivity
of HPMF and BPMF was observed (entry 2). Lower selectivity of BPMF was due to few
LAS and more BAS of HZSM-5. Yang et al also concluded that LAS and BAS played a
vital role in selectivity of BPMF(65). Therefore, to enhance BPMF selectivity, Zr-HZSM-
5 was tested for a reaction condition of 140°C in 4 h (entries 3-6). Incorporation of Zr to
HZSM-5 led to increased 5-HMF conversion and HPMF and BPMF selectivities.
Maximum 99 % conversion with 35 % and 65 % selectivity of HPMF and BPMF,
respectively, were attained with catalyst loading of 0.2 g (entry 5). However, further
increase in catalyst loading to 0.25 g did not impact positively on 5-HMF conversion and it
reduced to 61 %.Whereas, selectivity of both HPMF and BPMF remains intact. This can be
due to an increase in Lewis acid sites and a reduction in the Bragnsted acid sites on the
catalyst, which favours the etherification. To check the effect of temperature on conversion
and selectivity, experiments were carried out at 150°C and 160°C with 0.2 g and 0.25 g
catalyst ( entry 7- 10). Selectivity of BPMF increases with increase in temperature and
reaches 83 % maximum at 160°C and catalyst loading 0.25g (entry10).

Process of reductive etherification of 5-HMF in 2-propanol using a catalyst can be
described as follows: Initially, the carbonyl group in 5-HMF undergoes hydrogenation
through interaction with LAS to produce BHMF. Produced BHMF then undergoes
etherification to form HPMF which is subsequently converted to BPMF via etherification
in the presence of 2-propanol. This second etherification step occurs with an excess of
either LAS or BAS. Similar findings reported by S. Rana and P. Rana(51,66) in study of
one-pot catalytic transformation of 5-HMF into HPMF and BPMF.

Obtained results reveal that Zr-HZSM-5 acts as an etherification catalyst in reductive
etherification of 5-HMF to HPMF and BPMF. However, analysis of the product mixture

indicates that HPMF was not efficiently converted into BPMF which reflects in selectivity
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of BPMF. Reaction mechanism for above reaction involves following steps, in which first
carbonyl group of 5-HMF endures hydrogenation reaction via in contact with LAS, which
led to formation of BHMF and then, BHMF is etherified to produce HPMF in the presence
of 2-Propanol. This etherification requires ample of LAS and sufficient BAS to convert
BHMF to HPMF followed by production of BPMF.

Therefore, it was further decided to replace Zirconia (Zr) with Tin (Sn) since Sn exhibits
higher Lewis acidity compared to Zr(47,49). Consequently, Sn-HZSM-5 was synthesized
to improve concentration of Lewis and Bronsted acid sites on the catalyst and employed at
reaction conditions to examine its effect on conversion of HPMF into BPMF and BPMF
selectivity. Higher conversion and selectivity was achieved with 0.2 g and 0.25 g of
catalyst (entries 5 to 10). Hence, subsequent reactions with Sn-HZSM-5 were performed
with 0.2 g and 0.25 g of catalyst in a temperature range of 140 - 170 °C in 4 h (entries 11 to
18).

Alcohols can also act as etherifying agents which enable formation of BAMFs without the
need for molecular hydrogen (H2)(30,31,37-45). At 140°C in 4 h (entry 11), 95 %
conversion of 5-HMF was attained. However, the selectivity of HPMF and BPMF was
around 49% and 51 %, respectively. With increased catalyst loading to 0.25 g (entry 12), a
slight increase in BPMF selectivity was noticed and it was around 54%. As illustrated in
Figure 6.6, higher temperatures augmented both 5-HMF conversion and BPMF selectivity
and reached 92% and 97% respectively. Whereas, selectivity of HPMF significantly
reduced to 1% under reaction conditions of 150°C and a catalyst loading of 0.2 g (entry
13). This observation confirms the effective integration of Sn within the zeolite framework
which provides abundant Lewis and Bronsted acid sites. Elevated temperatures also seem
to favor conversion of HPMF into BPMF. To further investigate temperature effects,

experiments were performed at higher temperatures (160°C, 170°C) in 4 h with 0.2 g
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catalyst (entries 14 and 15). These resulted in higher 5-HMF conversions (93%) and a
slight decrease in BPMF selectivity to 96%.

Similarly, experiments were conducted with a 0.25 g catalyst loading in 4 h (entries 16-18)
at temperature ranges of 150°C-170°C. Figure 6.7 indicates that at 160°C, 5-HMF
conversion reached approximately 96%, with HPMF and BPMF selectivity at 1% and
99%, respectively. Increased selectivity further confirms that Sn demonstrates superior
catalytic activity due to its proper incorporation into HZSM-5 and the presence of abundant
LAS alongside sufficient BAS, as evidenced by the NH3;-TPD (Table 6.2) and Py-IR
(Table 6.3) results. This trend highlights that the catalytic efficiency of etherification
benefits from the synergistic effects of elevated LAS and ample BAS.

Table 6.4. Catalytic activity of different Catalyst (Reaction conditions: 5-HMF — 1g, 2-

propanol- 50 ml)

Entry | Catalyst Catalyst Temp | Time Conv. Selectivity%o

& loading (g) | (°C) (h) % BHMF | HPMF BPMF

Sn loading
1 HZSM-5 0.1 140 4 12.50 - 4.50 8.00
2 0.2 140 4 14.36 - 5.45 8.91
3 Zr-HZSM-5 0.1 140 4 60.88 - 45.90 54.09
4 (0.15 M) 0.15 140 4 96.16 0.21 52.25 45.17
5 0.2 140 4 99.00 0.24 34.43 65.01
6 0.25 140 4 61.37 0.21 34.54 65.16
7 0.20 150 4 80.50 - 24.05 75.95
8 0.25 150 4 85.97 - 21.37 78.63
9 0.20 160 4 90.4 - 19.35 80.65
10 0.25 160 4 84.86 | - 17.00 83.00
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11 Sn-HZSM-5 0.2 140 4 95.00 - 49.00 51.00
12 (0.15 M) 0.25 140 4 93.79 - 46.00 54.00
13 0.20 150 4 92.00 - 1.34 97.00
14 0.20 160 4 85.98 - 0.15 85.54
15 0.20 170 4 93.00 - 4.00 96.00
16 0.25 150 4 85.18 - 0.19 84.74
17 0.25 160 4 96.00 - 1.00 99.00
18 0.25 170 4 86.88 - - 83.46

% Conversion/ Selectivity

Figure 6.6 Effect of temperature on BHMF, HPMF & BPMF selectivity (Catalyst: Sn

HZSM-5 loading 0.29)
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Figure 6.7 Effect of temperature on BHMF, HPMF & BPMF selectivity (Catalyst: Sn
HZSM-5 loading 0.259)

6.5.1.6. Effect of impregnation of Zr and Sn on the catalyst properties and catalytic
behavior

In this study, Zr-HZSM-5 and Sn-HZSM-5 were synthesized and employed as catalysts for
the conversion of 5-hydroxymethylfurfural (5-HMF) to 2, 5-bis (isopropoxymethyl)furan
(BPMF) using 2-propanol. The aim was to investigate the roles of acidity and the
interaction of Zr and Sn with the HZSM-5 support in the etherification of 5-HMF. The
textural properties and acidity of Zr-HZSM-5 and Sn-HZSM-5 were examined.

It was observed that the Zr-HZSM-5 catalyst demonstrated adequate etherification activity,
yielding both HPMF and BPMF; however, the selectivity towards BPMF was not upto the
mark (Table 6.4, entries 3-10). In contrast to this, Sn-HZSM-5 catalyst exhibited
significantly enhanced etherification activity, with higher selectivity for BPMF (Table 6.4,
entries 13-18). This indicates the successful and proper incorporation of the catalytically
active Sn metal into the zeolite (HZSM-5), leading to the effective conversion of BAS into

LAS.
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Figure 6.8 compares the catalytic performance of Sn-HZSM-5 and Zr-HZSM-5. The Sn-
HZSM-5 catalyst exhibits outstanding performance of 5-HMF and the selectivity of
BPMF. This can be due to the presence of robust LAS along with sufficient BAS.
Distribution of this distinct acid site significantly enhances the reductive etherification
process and facilitates conversion of 5-HMF into BPMF.

In addition to these results of NH3-TPD, Py-IR results, and the textural properties of
catalysts represent that Zr-HZSM-5 possesses reasonably good LAS but very poor BAS
and a small mesopore volume (Table 6.1). These factors may limit the conversion of
HPMF to BPMF and hinder the mass transfer of reactants to active sites and thereby
reduce BPMF selectivity in case of Zr-HZSM-5. On the other hand, Sn-HZSM-5, with its
ample LAS, sufficient BAS, and larger mesopore volume, mitigates diffusion issues and
achieves exorbitant selectivity for BPMF through the proper synergistic effect of the acid

sites.
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Figure 6.8 Comparison of effect of catalysts (Zr-HZSM-5 and Sn-HZSM-5) on BHMF,

HPMF & BPMF selectivity
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6.5.1.7. Effect of acidity on catalyst performance

Our goal was to modify the acidic sites of HZSM-5 by increasing LAS and reducing the
BAS through the incorporation of Sn and Zr. More emphasis was given to detailed analysis
of pyridine adsorption data that provides more detailed information on the nature of acidic
sites compared to NH3-TPD.

As shown in Table 6.3, HZSM-5 had a smaller quantity of LAS (2.18 mmol/g) and a larger
quantity of BAS (27.78 mmol/g). Since LAS promote the Meerwein-Ponndorf-Verley
(MPV) reaction and the synergistic effect of LAS and BAS facilitates the reductive
etherification of 5-HMF to yield ethers, the observed product distribution aligned with this
trend (Table 6.4). Impregnation of Sn and Zr metal ions altered the
quantities/concentrations of Lewis and Bronsted acidic sites which led to changes in
product distribution.

Figure 6.9 express that Sn-HZSM-5 had a substantial amount of LAS (27.30 mmol/g) and
a reasonable amount of BAS (16.28 mmol/g), while Zr-HZSM-5 had a large amount of
LAS (24.58 mmol/g) and very few BAS (5.45 mmol/g). Using the Zr-HZSM-5 catalyst, 5-
HMF could convert into HPMF and BPMF, but the selectivity for BPMF was not high
(83%). In contrast, Sn-HZSM-5 demonstrated remarkably high selectivity towards BPMF
(99 %).

High Lewis acidity Sn metal ion and the effective integration of catalytically active Sn
metal into the zeolite significantly increased the LAS and reduced the BAS. Due to the
interaction between intrinsic acid sites and Sn species, some BAS converted into LAS.
These Sn-Lewis acid sites have the capacity to enhance the etherification process which
ultimately affects the product distribution. This emphasizes that the successful one-pot
reductive etherification of 5-HMF into BPMF requires a synergistic interplay between

LAS and BAS.
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Similar findings were also noted in the studies conducted by Luo et al.(48) and Barbera et
al.(53) These studies revealed that the carbonyl group within HMF could undergo an initial
reduction to generate BHMF through MPV ( Meerwein-Ponndorf-Verley) reduction which
facilitated by the LAS present on the catalyst. Subsequently, the produced BHMF could
undergo consecutive etherification reactions with isopropanol to yield 2-hydroxymethyl-5-
isopropoxymethylfuran (HPMF) and 2,5-bis(isopropoxymethyl)furan (BPMF). This
sequence of reactions is promoted when the catalyst possesses an abundance of BAS or an
excessive presence of LAS. The collective presence of these acid sites facilitates the
efficient transformation of HMF into its etherified derivatives.

Table 6.5 Product distribution and acid site distribution

Catalyst Amount of Acidic Sites (mmol/g) % Selectivity
Lewis acid | Bronsted acid BHMF HPMF BPMF
sites sites
Zr-HZSM-5 24.58 5.45 - 17.00 83.00
Sn-HZSM-5 27.30 16.28 - 1.00 99.00
/i Lewis acid sites (mmol/g)
[ Bronsted acid sites (mmol/g)
@ 25
- 20
g 15
g 10
S
HZSM-5 Sn-HZSM-5 Zr-HZSM-5

Catalyst

Figure 6.9 Concentration of LAS and BAS on catalyst (mmol/g)
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6.5.1.8. Catalyst reusability study

The reusability of Sn-HZSM-5 catalyst is investigated in five consecutive reactions run.
When the reaction completed, the catalyst was separated by centrifugation and washed
with acetone to reuse it in next run. The results of reusability study are as shown in the
Figure 6.10. Reduction in the conversion of 5-HMF was observed after 4th run while

selectivity of BPMF was intact after 5 run cycle.
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Figure 6.10 Reusability study of Sn-HZSM-5 catalyst (Reaction conditions: 5-HMF-1g, 2-
propanol- 50 ml, and catalyst loading-0.25 g).

6.6 Conclusions

This study demonstrated that Sn-HZSM-5 is a more effective catalyst than Zr-HZSM-5 for
the etherification of 5-HMF to BPMF using 2-propanol. Lewis acid sites are generated
through the incorporation of metal ions, resulting in observable Lewis acidity is Sn-
HZSM-5 > Zr-HZSM-5. Superior performance of Sn-HZSM-5 is attributed to its higher
selectivity for BPMF, which results from the successful incorporation of Sn. This enhances
the conversion of Bronsted acid sites to Lewis acid sites that led to a robust concentration

of Lewis acid sites and sufficient Bronsted acid sites which subsequently promote
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reductive etherification process. In contrast, Zr-HZSM-5, with its limited Bronsted acid

sites and smaller mesopore volume, exhibited lower BPMF selectivity. The study

highlights the importance of acid site distribution and textural properties in catalyst

performance for etherification reactions.
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6.8. GC-MS data of the synthesized product
2, 5 bis Propoxymethyl furan (BPMF)

GC-MS data: 212(BPMF), 169, 153, 139, 111, 97, 83, 69, 43, 41, 30
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CHAPTER -7

Conclusions and Future scope

7.1 Conclusion

In conclusion, transitioning from fossil fuels to renewable resources is crucial for
addressing the issues of resource depletion, price instability, and environmental impact.
Biomass, a carbon-based renewable resource, offers numerous benefits, including low cost,
environmental friendliness, and wide availability. Converting biomass-derived platform
molecules into valuable chemicals and biofuels is a promising approach for sustainable
development. The synthesis of platform chemicals like 5-hydroxymethylfurfural (HMF)
and its derivatives, such as 2,5-bis(alkoxymethyl)furans (BAMFs), shows significant
potential for industrial applications. Processes combining hydrogenation and etherification,
especially catalytic transfer hydrogenation (CTH), are economically viable and efficient
methods for producing these chemicals. Optimizing yield and selectivity depends on the
choice of catalysts and solvents. Overall, advancing biomass conversion into valuable
chemicals and biofuels through innovative processes and mixed catalyst systems is

essential for achieving sustainable energy solutions and reducing reliance on fossil fuels.

This thesis describes the catalytic conversion of 5-HMF into 2,5-bis(Propoxymethyl)furan
using different catalysts. Zirconium (Zr) and tin (Sn) were impregnated on various
supports (HB and HZSM-5) using wet impregnation and post-synthesis methods. The
catalysts were characterized using various techniques. The thesis includes a study of the
roles of Lewis acidic sites, Bronsted acidic sites, and supports, as well as the effect of
metal ions on the reductive etherification of 5-HMF. This chapter concludes and

summarizes the work presented in the previous chapters and discusses the future scope
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based on this thesis.

Chapter 1 discussed the significance of biomass derive platform chemicals, its conversion

into valuable chemicals and motivation of study.

Chapter 2 gives detail about the literature review of catalytic conversion of bio-derived 5-
HMF into valuable chemicals using different catalyst, effect of temperature, reaction time,
types of solvent, pressure etc. it summarizes that conversion of 5-HMF depends on the
various affected parameters, metal ions and supports. It also provides details about the

various characterization methods used to characterize catalyst.

Chapter 3 describes Various catalysts, including Zr over different zeolites (HZSM-5, HY,
HPB) and ZrO(OH);, were synthesized using the wet impregnation method and
characterized using PXRD and FTIR. The characterization showed that the structures of
HZSM-5, HY, and Hp remained intact after metal impregnation, with the presence of Zr
confirmed by characteristic peaks. The ZrO(OH), catalyst had a lower yield and selectivity
for BPMF, likely due to its role as a charge transfer hydrogenation catalyst. The Zr-Hp
catalyst achieved the highest conversion of 5-HMF at 79.41%, followed by Zr-HY at
64.76% and Zr-HZSM-5 at 60.88%. In terms of product distribution, 2,5-
bis(isopropoxymethylh)furan (BPMF) was the main reaction product. The selectivity

towards BPMF was 38.50% for Zr-Hp, 35.4% for Zr-HY, and 54.09% for Zr-HZSM-5.

Chapter 4 explored the catalytic conversion of 5-HMF into 25-
bis(isopropoxymethyl)furan (BPMF) using a mixed catalyst system of ZrO(OH), and Zr-
Hp in a single reactor. The catalyst demonstrated good selectivity in converting 5-HMF to
BPMF, primarily producing BHMF and HPMF, with HPMF selectivity being significantly

higher. This higher selectivity is attributed to hydrogen transfer facilitated by the combined
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Bronsted and Lewis acidic sites on ZrO(OH),. The mixed catalytic system increased Lewis
acid sites and reduced Brensted acid sites, enhancing BPMF selectivity. Zr-Lewis acid
sites were found to strongly promote etherification over hydrogen transfer. The single-pot
reaction, combining catalytic transfer hydrogenation and etherification, simplifies the

process and reduces production costs by minimizing unit operations.

Chapter 5 shows the efficient -catalytic transformation of 5-HMF to 2,5-
bis(isopropoxymethyl)furan (BPMF) was achieved using Sn-Hf and Sn-dAIHp catalysts,
prepared through wet impregnation and post-synthesis methods. Both catalysts showed
good etherification activity, but the Sn-dATHp catalyst had superior selectivity for BPMF.
The post-synthesis method for Sn-dAIHp effectively integrated catalytically active Sn into
the dealuminated zeolite, resulting in increased Lewis acid sites, a larger mesopore volume,
and sufficient Bronsted acid sites. This combination enhanced BPMF selectivity due to
better reactant diffusion. In contrast, the Sn-H catalyst had fewer Lewis acid sites, no
Bronsted acid sites, larger crystal sizes, and reduced mesopore volume, leading to lower

BPMF selectivity.

Chapter 6 reported that Sn-HZSM-5 is a more effective catalyst than Zr-HZSM-5 for the
etherification of 5-HMF to BPMF using 2-propanol. This is due to the higher Lewis acidity
of Sn-HZSM-5, which results from the incorporation of tin ions. Sn-HZSM-5 demonstrates
superior performance because it has a higher selectivity for BPMF, driven by a successful
conversion of Bronsted acid sites to Lewis acid sites. This balance of acid sites promotes
the reductive etherification process more efficiently. In comparison, Zr-HZSM-5, with
fewer Bronsted acid sites and smaller mesopore volume, showed lower selectivity for
BPMF. The study underscores the significance of acid site distribution and textural

properties in the performance of catalysts for etherification reactions.
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7.2 Future scope

Further exploration of different metal ion incorporations in Hf and HZSM-5 to

enhance etherification efficiency.

Detailed investigation of the mechanistic pathways involved in the etherification

process.
Kinetic study of reductive etherification of 5-HMF to 2,5 Bis Propoxymethyl furan.

Modeling the catalytic processes to better understand and design improved

catalysts.

Instead of batch process continuous system can be explored.
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One pot synthesis of 2,5-bis(propoxymethyl)furan (BPMF) from 5-hydroxymethylfurfural (5-HMF) is
essential and simultaneously difficult. In the present work, a mixed heterogenous catalyst (ZrO(OH), and
Zr-Hp) was used to study the conversion of 5-HMF to BPMF using 2-propanol as the hydrogen donor in
a one-pot process. The prepared catalysts were characterized via temperature-programmed desorption
of ammonia (NH3-TPD), powder X-ray diffraction, transmission electron microscopy, BET surface area,
and Fourier transform infrared spectroscopy. The Brgnsted acid sites and Lewis acid sites of the catalyst
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played a vital role in the selectivity for BPMF. Under the optimized reaction conditions (temperature of
140 °C, catalyst loading of 0.25 g, reaction time of 4 h and 5-HMF concentration of 1 g), 61.6% 5-HMF
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Introduction

Human life is significantly affected by energy derived from
fossil fuels. The massive use of fossil fuel resources has resulted
in numerous issues including depletion of reserves, price
volatility, and environmental concerns.'” In this regard, the
exploration of renewable resources as an alternative of fossil
fuel has become urgent.*® Biomass is a carbon-based renew-
able resource with many advantages including low cost, envir-
onmental friendly nature and availability, making it an
important source for the sustainable development of valuable
chemicals.”® Hence, the conversion of biomass-derived plat-
form molecules into valuable chemical and derivatives is a very
attractive approach to alleviate the above-mentioned issues.'®**
Bio refineries have emerged as a viable route to maximize the
use of biomass. Biomass-derived chemicals, such as 5-
hydroxymethylfurfural (5-HMF), levulinic acid, furfurals, sugar
alcohols, lactic acid, succinic acid, and phenols, are considered
platform chemicals. These platform chemicals can be further
used for the production of a variety of important chemicals on
an industrial scale."*™* Accordingly, various methods for the
transformation of lignocellulosic biomass to platform chemi-
cals such as 5-hydroxymethylfurfural (HMF), which can be
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conversion and 91.23% BPMF selectivity were achieved.

further converted to polymer building blocks and potential
biofuel candidates, have been reported recently. Thus, the
manufacturing of biofuels from HMF is gaining momentum.
For instance, 5-ethoxymethylfurfural (EMF) produced by the
etherification of HMF with ethanol is considered a promising
bio-diesel or additive because of its high energy density of
30.3 MJ L', which is very close to that of commercially
available gasoline (31.1 MJ L") and diesel (33.6 MJ L™ ")."?
Gruter et al.'® reported that the aldehyde group of EMF affects
the stability of the molecules when it is blended with regular
diesel as phase separation occurs. Alternatively, products such
as di-ethers and 2,5-bis(alkoxymethyl)furans (BAMFSs) exhibit
higher energy densities and good blending properties with
diesel.”” Cao et al.'® reported the complete miscibility of 2,5-
bismethoxymethylfuran (BMMF) with diesel. For the synthesis
of BAMFs from HMF, two types of catalytic systems have been
reported in literature: (i) using H, gas directly as a hydrogen
source (conventional hydrogenation) and (ii) catalytic transfer
hydrogenation (CTH). Compared to conventional hydrogena-
tion with molecular H,, CTH is a favourable alternative because
carbonyl compounds, including aldehydes and ketones, can be
completely reduced to corresponding alcohols through the
Meerwein-Ponndorf-Verley (MPV) reaction using formic acid
and alcohols as hydrogen donors.'®**> Many researchers have
reported the combination of hydrogenation and subsequently
etherification to produce BAMFs from HMF. This approach can
be considered economically viable due to the reduced produc-
tion cost of BAMFs, and the process becomes simple as the
number of operations is reduced.
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Abstract: 2,5-Bis(propoxymethyl)furan (BPMF) is a potential biofuel candidate but it is difficult to
synthesize it selectively. The Lewis acid sites and Bronsted acid sites of the catalyst play a key role
BPMF’s selectivity. In the present work, the effect of tunable acidic properties such as the Lewis and
Bronsted acidity of Sn-Hg and Sn-dAlg (Sn in dealuminated Hp) catalysts on the selectivity of BPMF
was studied by carrying out one-pot reductive etherification of 5-hydroxymethylfurfural (5-HMF) using
2-propanol as a hydrogen donor. The catalysts that were prepared underwent analysis using techniques
such as temperature-programmed desorption of ammonia (NH5;-TPD), powder X-ray diffraction,
transmission electron microscopy, pyridine-IR spectroscopy, Brunauer—Emmett—Teller (BET) surface area
measurement, and Fourier transform infrared spectroscopy. Under the optimized reaction conditions,
which included a temperature of 150°C, a catalyst loading of 0.25¢, a reaction time of 4h, and a
concentration of 1g of 5-HMF, impressive results were obtained: 93.57% conversion of 5-HMF and
98.54% selectivity towards BPMF. It was observed that the catalysts remained active for up to fivecycles
and slight/moderate change was observed in the conversion of 5-HMF, while the selectivity of BPMF
remained intact. © 2024 Society of Industrial Chemistry and John Wiley & Sons Ltd.

Key words: 5-HMF; 2,5-bis(isopropoxymethyl)furan (BPMF); catalytic transfer hydrogenation; reductive
etherification; Sn-Hg; Sn-dAIHg; Lewis acid site; Bronsted acid site
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