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ABSTRACT  

In recent years, the research on the sustainable production of energy, transportation fuels, 

and materials has been incentivized. Non-food and preferably waste biomass has been identified 

as a commercially-feasible renewable alternative to fossilized carbons for producing fuels and 

chemicals. The chemocatalytic value addition of biomass, where the oxygen-rich biopolymers 

are selectively deconstructed into functionally-rich small organic molecules, is of particular 

interest. A new generation of robust, inexpensive, and environment-friendly catalysts are crucial 

for the chemocatalytic route.    

Over the past years, heteropolyacids (HPAs) are increasingly being used as a catalyst in 

the chemistry of renewables and biomass value addition. HPAs have been used in the hydrolysis 

and dehydration of pentose and hexose sugars in biomass into furfural and 5-

(hydroxymethyl)furfural (HMF), respectively. Furfural, levulinic acid, and HMF act as 

renewable chemical building blocks that can be converted into commodity chemicals and 

materials via chemical or catalytic transformations.  

The proposed work is intended to explore the efficiency of various homogenous and 

heterogeneous HPA catalysts for the catalytic upgrading of biomass-derived chemical 

intermediates into value-added chemicals. HPA-based homogeneous and heterogeneous catalysts 

were used for the acetalization, esterification, and Baeyer-Villiger oxidation reactions of various 

biomass-derived chemical intermediates. The reaction conditions were optimized on various 

parameters such as temperature, duration, loading of reactant, and loading of catalyst. The cyclic 

acetals of biomass-derived furfural were prepared in high isolated yields in refluxing benzene in 

the presence of the phosphotungstic acid (PTA) catalyst. The PTA catalyst was successfully 

recovered and reused several times without significant loss in mass or activity. The esterification 

of saturated and unsaturated free fatty acids such as oleic acid and stearic acid were conducted in 

the presence of PTA catalyst as an efficient and recyclable catalyst. 2-Furanone was prepared by 

the selective oxidation of furfural using hydrogen peroxide as an inexpensive oxidant and PTA 

supported on ammonium zeolites as the catalyst. A scalable and high yielding preparation of 

alkyl benzoates and alkyl 2-furoates has also been reported. 

Keywords: Acetalization, Biodiesel, Biomass, Catalysis, Esterification, Heteropoly acids, 

Renewable synthesis  
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Abstract:  This chapter discusses the structural features, properties, and catalytic 

applications of polyoxometalates (POMs), with special emphasis on the Keggin structure. 

The chapter highlights heteropolyacids (HPAs), a subclass of POM, as an efficient and 

environment-friendly acid catalyst for green chemistry and biorenewable syntheses. A 

review of the current literature, the scope of research, and the objectives of the current 

work are also discussed in this chapter. 

1.1 GENERAL INTRODUCTION 

Chemical industries in the 21st century must focus on renewable feedstock, 

greener technologies, sustainable processes, and safer products (Anastas and Warner 

1998; Lancaster 2016). Catalysis is one of the tenets of green chemistry and increasingly 

being adopted by the academic community and chemical industry (Horvath and Anastas 

2007). A catalyst is a substance that accelerates the reaction rate by providing a lower 

energy alternative mechanistic pathway. However, the catalyst gets regenerated at the end 

of the pathway, commonly referred to as the ‘catalytic cycle’. Catalyst makes it possible 

to access unique products, increase the selectivity of a particular product, and allow the 

reactions to proceed under mild conditions. One or more catalytic processes produce a 

significant fraction of the inorganic and organic chemicals. The majority of the catalysts 

that have been developed, and fine-tuned are related to petrorefinery operations. 

However, new generations of more efficient and environment-friendly catalysts are being 

developed that can be used for sustainable but challenging feedstock such as terrestrial 

and algal biomass.  

HPAs based organic transformation reactions are the most affluent areas in both 

traditional and fundamental catalysis, because of their profoundly changing physical and 

chemical properties through "goal-oriented" alteration of their dynamic structure from 

atomic to nano-level. The Keggin-type of HPA has dual catalytic properties with strong 

acidity and high oxidizing efficiency, which is a unique and functional solid acid 

catalysts for industrial applications (Okuhara et al. 2001). In the field of industrial 
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chemistry and technology by catalysis, HPAs are considered to be effective solid acid 

catalysts. Japan has started using HPAs as catalysts in several petrochemical processes 

that cover the process of direct hydration of alkenes such as propene, isobutene, and n-

butenes. The HPA-based catalysts have also used to produce of methacrylic acid from 

methacrolein, and polymerize tetrahydrofuran. HPAs are therefore growing a new trend 

in material science and catalysis. 

The primary goal of this thesis was to investigate the catalytic properties of 

Keggin type HPAs as an efficient and environmentally-friendly catalyst for the synthesis 

of fuels and specialty chemicals from biomass-derived renewable chemical building 

blocks. Various homogeneous and heterogeneous HPA-based catalysts were prepared and 

their reactivities were compared. The synthesized HPA-based heterogeneous catalysts 

were characterized by analytical techniques like Fourier transform infrared spectroscopy 

(FTIR), powder X-ray diffractometry (PXRD), thermogravimetric analysis (TGA), and 

scanning electron microscopy (SEM) analysis.  

1.2 POLYOXOMETALATES 

  The first polyoxometalate (POM), ammonium 12-molybdophosphate, was 

isolated by Berzelius in 1826 by mixing ammonium molybdate and orthophosphoric acid 

(Berzelius 1826).  In 1854 Struve reported a few more other heteroatoms (Al3+, Cu+, etc.) 

containing polyoxometalates (Struve 1854). It was Marignac (Marignac 1862) who was 

accelerated the filed of polyoxometalates chemistry when he identified the two isomers of 

[SiW12O40]
4- by analytical techniques. Notably, the field of POMs were grown rapidly in 

the first decade of the twentieth century by reporting almost 700 POMs compounds by 

several scientists around the world. Almost a decade later, it was Keggin, in 1933, first 

solved the structure of 12:1 heteropoly anion of the formula [H3PW12O40].5H2O by 

powder X-ray diffraction method (Keggin 1933, 1934). 

POMs are a class of water-soluble metal-oxygen nano-clusters, composed of 

group V and VI addenda atoms in their respective highest oxidation states. The acidic 
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forms of POM's are known as heteropolyacids (HPAs). The POMs, further divided into 

two specific families based on their chemical composition, i.e. (a) isopolyoxometalates 

and (b) heteropolyoxometalates. The isopolyoxometalates involve merely the d0 metal 

ions (e.g., W6+, Mo6+, V5+, etc.) to form the metal-oxide cluster having the general 

formula as [MmOy]
n-, while the heteropolyoxometalates involves one as well as many 

other heteroatoms (e.g., P, Si, B, Mn, Co, Gd, etc.) of p/d/f-blocks, in various oxidation 

number to form metal-oxide frame with the general formula [XxMmOy]
p- with a condition 

of x < m.  

The application of POMs in chemical catalysis is increased day by day due to 

their (i) strong Bronsted acidity, (ii) reversible multielectron redox reactions, (iii) higher 

mobility of proton and solubility in the polar solvents, (iv) higher thermal stability, and 

(v) intriguing design. The applications of POMs have been overgrowing in recent years, 

including optics, electrical materials, magnetic materials, medicine (antiviral, anti-HIV 

activity), electronics, and catalysis, etc. (Xie 2006; Kogerler and Tsukerblat 2010)  

 1.3 CLASSIFICATION OF HETEROPOLYOXOMETALATES (HPOMs) 

 

Heteropolyoxometalates are with complex structure, which consists of metal-

oxygen octahedral as basic structure unit. We will discuss here only the Keggin type 

POMs. The important features of each type of heteropoly ions are explained briefly, 

1.3.1 Keggin heteropoly ion 

The general formula of Keggin type heteropoly anion is XnM12O40 
(8-n)-, where X 

is the typically B3+, Al3+, P5+, Si4+, As 3+/5+ and transition metals also act as heteroatom 

and M represents the addenda atoms (W6+ or Mo6+) (Figure 1.1).  The ratio found in the 

formation of Keggin-type compounds between the addenda atom and heteroatom is 12, 

(M/X = 12). The Keggin form of the HPAs has been under considerable attention due to 

its versatile properties such as relatively high thermal stability, redox, and acidic 
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properties, among which catalytic applications are most significant and applicable as an 

industrial catalyst. 

 

Figure 1.1 The ball and stick representation of Keggin polyanion.  

The primary structure of Keggin H3PMo12O40 is well-established, where a 

tetrahedral-coordinated central P atom (PO4) is surrounded by 12 octahedral metal-

oxygen (MO6) units. The three acid protons neutralize the negative charge over Keggin 

POM. There are four types of oxygen atoms (Figure 1.2) presents in the basic Keggin 

type POMs, i) four central oxygen atoms (Oa) which are attached with the central 

heteroatom, ii) 12 oxygen atoms bridging two molybdenum atoms sharing a central 

oxygen atom (edge-sharing Oc), iii) 12 oxygen atoms bridging molybdenum atoms not 

sharing a central oxygen atom (Ob), and iv) 12 terminal oxygen atoms (Od) bound to a 

single atom. 
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Figure 1.2 Polyhedra representation of Keggin-type polyoxometalate.  

Other examples of Keggin types heteropolyacid are: i) Phosphomolybdic acid 

(H3PMo12O40, PMA), ii) Phosphotungstic acid (H3PW12O40, PTA), iii) Silicomolybdic 

acid (H4SiMo12O40, SMA), iv) Silicotungstic acid (H4SiW12O40, STA). 

1.4 PRIMARY, SECONDARY, AND TERTIARY STRUCTURES OF 

HETEROPOLYACIDS  

Generally, HPAs and their salts form ionic crystals composed of heteropoly 

anions (primary structure), counter cations (H+, H3O
+, H5O2

+), hydration water, and other 

molecules. The hierarchical structure of solid HPAs is essential for the understanding of 

their catalytic activity, and the substructures were denoted as primary, secondary, and 

tertiary (Misino et al. 1980). A schematic model for heteropolyacid microstructure is 

shown in Figure 1.3. The main structure is the heteropoly anion [PW12O40]
3- i.e., the 

structure of Keggin ion. The secondary structure (e.g., Cs2.5H0.5PW12O40) is formed by 

arranging the primary structure with countercations. The secondary structure is flexible, 

depending on the amount of water for hydration, counter cation, and heteropoly anion. 

The aggregates of secondary structures in three-dimensional manners give the tertiary 

structure. It explains the formation of solid particles and relates to properties such as 
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particle size, surface area, pore structure, and distribution of protons in particles (Misono 

1992). 

 

Figure 1.3 Primary, secondary, and tertiary structures; the hierarchical structure of 

heteropolyacids in the solid-state. 

1.5 POSITION OF PROTONS IN KEGGIN HETEROPOLYACIDS 

In the solid HPAs, two types of protons have found; hydrated protons [H(H2O)n]
+ 

and non-hydrated protons. Hydrated protons are highly mobile and are responsible for 

extremely high proton conductivity of hydrates of crystalline HPA. The Non-hydrated 

protons have much less mobility, and those protons are localized on the either on M=O 

or/and bridging oxygens of M-O-M (edge-sharing and corner-sharing) (Janik et al. 2004). 

Nevertheless, both hydrated or non-hydrated protons, participate in the formation of the 

crystal structure in the solid crystalline HPAs, connecting the adjacent HPAs. The bulk 

proton of H3PW12O40.nH2O presents as a planer, quasi-symmetrical hydrogen-bonded 

diaquahydrogen ions (H5O2
+), which act as a linker to the other surrounded four units of 
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H3PW12O40.nH2O through hydrogen bonds via terminal W=O oxygen atoms (Figure 

1.4). 

 

Figure 1.4 Protonic species present in H3PW12O40.nH2O. 

1.6 ACIDIC PROPERTIES OF HETEROPOLYACIDS 

HPAs are strong acids in aqueous solution. All HPAs are stronger than 

conventional mineral acids like H2SO4, HCl, HNO3, etc., and sometimes called as 

superacids (Misono Okuhara 1993). The protons in the secondary HPAs structure are 

considered to be mobile protons. Thus, the high mobility of these protons made HPAs as 

superacids. The acid strength of HPAs varies in a wide range depending on the polyanion 

structure and its constituent elements (both hetero and addenda atoms), as well as on the 

extent of hydration and reduction. PTA (H3PW12O40.nH2O) is much stronger acid among 

the Keggin type HPAs, and acidity is similar to super acid. Crystalline HPAs strength 

decreases in the H3PW12O40 > H4SiW12O40 > H3PMo12O40 > H4SiMo12O40 series (Putluru 
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et al. 2011) because tungsten HPAs have a stronger acidity, higher thermal stability, and 

lower oxidation potential compared to molybdenum acids.  

1.7 CATALYTIC APPLICATIONS OF HETEROPOLYACIDS 

The applications of HPAs are based on their unique properties, including size, 

mass, electron and proton transfer/storage abilities, thermal stability, and mobility of 

lattice oxygen and high Bronsted acidity (Okuhara et al. 1996). HPAs have used both 

homogeneous and heterogeneous acid-catalyzed organic transformation reactions. HPAs 

have found significant contributions in different fields of science and technology after 

discovering the tremendous potential in the catalysis field. The area of HPA chemistry is 

more than two centuries old, but they are still a large and fast-growing class of 

compounds, mainly because of their wide range of applications. A block diagram shows 

the applications for HPAs (Figure 1.5). There are several patent and scientific reports 

claim to contribute to catalytic applications of HPAs (Katsoulis 1998). 

 

Figure 1.5 Block diagram showing applications of HPAs. 
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1.8  PRESENT SCENARIO AND MOTIVATION OF WORK 

1.8.1 Production of Chemicals and Fuels from Biomass 

 

Non-food, abundant biomass is a commercially-attractive source of carbon for the 

renewable production of liquid transportation fuels and value-added chemicals (Huber et 

al. 2006; Zhang et al. 2016c; Zhou et al. 2011). In a biorefinery concept, the highly 

functional and oxygen-rich biopolymers like cellulose and lignin are selectively 

converted into small organics by thermal, biotechnological, or chemocatalytic processes. 

The chemocatalytic value addition is of particular interest since they are fast, selective, 

biomass agnostic, and could potentially be integrated into the petrorefinery infrastructure. 

A handful of compounds are produced initially in a biorefinery, acting as renewable 

chemical building blocks, which are then synthetically or catalytically upgraded into fuels 

and commodity chemicals. A new generation of robust, inexpensive, selective, and 

environment-friendly catalysts are being developed for biorefinery operations. In this 

regard, HPAs have been considered as suitable candidates that can be used as catalysts 

for biomass value addition. Over the past years, HPAs are increasingly being used as a 

catalyst in the chemistry of renewables. HPAs have been used in the hydrolysis and 

dehydration of pentose and hexose sugars in biomass into furfural and 5-

(hydroxymethyl)furfural (HMF), respectively. Furfural and HMF act as renewable 

chemical building blocks that can be converted into commodity chemicals and materials 

via chemical or catalytic transformations. However, the reports on the catalytic upgrading 

of furfural and HMF using HPA-based catalysts are scarce. 
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1.9 LITERATURE SURVEY 

 

As discussed earlier, POMs are increasingly being used as the catalyst of choice 

in the chemocatalytic value addition of  biomass and green chemistry in general. Hereby, 

the recent literature reports are discussed. 

Li et al. (2018)  synthesized a series of mesoporous catalysts by supporting acidic 

ionic liquids on SBA-15 and amorphous SiO2. The characterization of the catalysts 

showed that the Brønsted ionic liquid [BSmim][HSO4] was supported over the 

mesoporous materials and used as a catalyst for the ketalization of cyclohexanone with 

ethylene glycol. The conversion of cyclohexanone reached up to 85.2% (50 °C, 2 h) 

using only 1.3 wt% of the BAIL@SBA-15 catalyst. The supported ionic liquid catalyst 

was successfully recovered and recycled for five consecutive cycles (Scheme 1.1). 

+ +

BAIL@SBA-15

1.3 wt% cat., 50 °C, 2 h

Cyclohexanone Ethylene glycol
Cyclic acetal of 
cyclohexanone

O

HO
OH

OO
H2O

 

Scheme 1.1 

Zhang et al. (2016a)  developed a HPA-based ionic liquid immobilized on 

chitosan as a catalyst for the acetalization of ethyl acetoacetate with ethylene glycol. The 

catalyst was produced by a radical addition reaction of N-vinylimidazoliumpropane 

sulfonate and chitosan, followed by acidification. The water byproduct formed in the 

acetalization reaction was removed by distillation using cyclohexane. The acetal was 

obtained in excellent (83-96%) yields within 2 h at 80 °C using only 0.23 mol% (PTA 

content) of the catalyst. The catalyst was successfully recovered and recycled for eight 

consecutive cycles without significant loss of activity (Scheme 1.2). 
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+

Ethylene glycol

HO
OH CS–VImPS–PW

0.23 mol% cat., 80 °C, 2 h,
        5 mL cyclohexaneEthyl acetoacetate Cyclic acetal 

of ethyl acetoacetate

O

O O

O O
O

O

 

Scheme 1.2 

Zhang et al. (2015) prepared mesoporous metal-organic framework MIL-100(Fe) 

by reacting ferric nitrate with trimesic acid (H3BTC) under HF-free conditions. The 

catalyst exhibited excellent catalytic activity for the preparation of cyclic acetals 

(Scheme 1.3). 

+

Ethylene glycol

HO
OH

+ H2O    HF-free, 0.2 g cat., 10mL 
cyclohexane, 

80 °C,  150 min

MIL-100 (Fe)

Benzaldehyde
Cyclic acetal

of Benzaldehyde

O

H O

O

 

Scheme 1.3 

Tropecêlo et al. (2010) examined the SBA-15 supported HPAs as catalyst for the 

preparation of methyl palmitate from palmitic acid. The reaction was performed at 60 °C 

using excess methanol. The catalytic efficiency was in the order PTA-SBA-15>STA-

SBA-15>PMA-SBA-15, where methyl palmitate was isolated in 92%, 57%, and 45% 

yield, respectively. The deactivation of the PTA-SBA-15 catalyst was attributed to the 

leaching of PTA from the SBA-15 support (Scheme 1.4). 

OH

O

7 + CH3OH OCH3

O

7
PTA-SBA-15

7.3 wt% cat., 60 °C, 48 h
Palmitic acid Methyl palmitate

 

Scheme 1.4 
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Oliveira et al. (2010) prepared PTA (5-60 wt%) supported on ZrO2 using the wet 

impregnation method. The catalytic efficiency of the synthesized catalysts was examined 

for the esterification of oleic acid in ethanol. The catalysts were characterized by FTIR, 

FT-Raman, XRD, 31P-NMR, and BET surface area measurements. The Keggin-structure 

was found to be intact even after the calcination process at 200 °C. The 20%H3PW-ZrO2 

was found to the most effective catalyst for the ethyl oleate, where a 88% conversion of 

oleic ester was achieved after 4 h at 100 °C six equivalents of ethanol and 10 wt% of the 

catalyst (Scheme 1.5).  

OH

O

OCH2CH3

O

CH3CH2OH

20 %H3PW-ZrO2 cat., 100 °C, 4 h

Oleic acid Ethyl oleate

 

Scheme 1.5 

Brahmkhatri and Patel (2011) reported that a series of  PTA supported on SBA-15 

catalysts for the biodiesel production from free fatty acids. Under optimized conditions, 

the conversion of oleic acid reached 90% within 4 h at 40 °C using a 1:40 molar ratio of 

oleic acid to alcohol, and 0.8 wt% of the catalyst. Newly synthesized mesoporous MCM-

41 and SBA-15 that were impregnated with tungustophosphoric acid (TPA) and used as 

catalysts for the same biodiesel production from oleic acid. This time, they have achieved 

98% conversion keeping the same reaction condition (Scheme 1.6).  

OH

O

OCH3

O

Oleic acid

CH3OH

0.8 wt% TPA3/SBA-15 cat., 40 °C, 4 h

Methyl oleate
 

Scheme 1.6 

Zhao et al. (2012) developed a Brønsted-Lewis-surfactant-combined HPA catalyst 

as a water-tolerant heterogeneous catalyst for esterification of free fatty acid with 95% 
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conversion and excellent 92% yield due to acidic property and catalyst structure. This 

micellar HPA catalyst was stable during the reaction time and was able to recycle through 

the simple separation process. Under optimized condition, the conversion of the fatty 

ester with methanol/acid/catalyst molar ratio about 4856:243:1, reached 95% at 65 °C 

and 6 h reaction time (Scheme 1.7).  

OH

O

7 + CH3OH OCH3

O

7

Palmitic acid Methyl palmitate
0.25 g cat., 65 °C, 6 h

(C16TA)H4PW11TiO40

 

Scheme 1.7 

D’Oca et al. (2012) reported the esterification of  FFA with ethanol and methanol 

by insoluble sulfamic acid (SA) catalyst. Under optimized conditions, the FFA 

conversion was reached up to 95% under mild reaction conditions (10% w/w catalyst, 6:1 

alcohol:FFA ratio at 100 °C, 3 h) in the presence of SA catalyst. The catalytic activity 

reduced significantly after the second cycle of the catalytic reaction (Scheme 1.8).  

OH

O

OCH3

O

Oleic acid

CH3OH

Methyl oleate

10 wt% Sulfamic acid cat., 100  °C, 3 h

 

Scheme 1.8 

Júnior et al. (2013) prepared tungstophosphoric acid supported flint kaolin 

catalyst for the synthesis of methyl, ethyl, and butyl oleates form the oleic acid. The 

reactions were performed at 130 °C, 2 h using excess alcohols and achieved 97% 

conversion oleate esters. The deactivation of the catalyst was attributed to the mass loss, 

formation of coke within the pore of catalyst, and leaching of tungstophosphoric acid 

from the flint kaolin support (Scheme 1.9). 
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OH

O

OR

O

Oleic acid

ROH

Oleate ester

5 wt% PW20 FMS cat., 130 °C, 2 h

methyl oleate (R=CH3); ethyl oleate (R=C2H5); butyl oleate (R=n-C4H9)
 

Scheme 1.9 

In the same year, Kotwal et al. (2013) developed a three-dimensional mesoporous 

Ti-SBA-12 and Ti-SBA-16 based catalyst for producing biodiesel and biolubricants from 

monohydric methyl oleate and polyhydric esters (e.g., glycerol, neopentyl glycol, 

pentaerythritol)  respectively. The conversion of  biodiesel was achieved up to 92% at 

170 °C (Scheme 1.10).  

OH

O

OCH3

O

Oleic acid

CH3OH

Methyl oleate

0.15 g Ti-SBA-12 cat., 170 °C, 1 h

 

Scheme 1.10 

Pires et al. (2014) prepared new catalysts, H3PW12O40 (HPW) supported over the 

kaolin waste, SBA-15, MCM-41, and MCM-48 zeolites for the esterification of palm oil 

waste. Those catalysts were characterized and used them in preparation of ethyl ester 

during palm oil deodorization processes (DDPO). Under optimized condition, using the 

25%HPW/MK700 catalyst achieved 83% of ester at 200 °C within 2 h of reaction, and 10 

wt% of catalyst (Scheme 1.11). 

+ CH3CH2OH
25%HPW/MK700Palm Oil

 DDPO Ester

10 wt%  cat., 200 °C, 2 h
 

Scheme 1.11 
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Sun et al. (2015) reported the catalytic efficiency of H5BW12O40 (HBW), 

H3PW12O40, and Brønsted-surfactant-combined heteropolyacid (C16TA)H4BW12O40, 

respectively. The catalysts were examined for esterification of free fatty acids (FFAs)  

using methanol under both homogeneous and heterogeneous medium. It has been 

observed that HBW showed better conversion than corresponding heterogeneous catalyst 

(C16TA)H4BW12O40 (Scheme 1.12).  

OH

O

7 + CH3OH OCH3

O

7

Palmitic acid Methyl palmitate

(C16TA)H4BW12O40

4.48 molm-3cat., 65 °C, 3 h

 

Scheme 1.12 

Han et al. (2016) reported different glycine containing phosphotunstate 

(PTA)[GlyH]xH3-xPW12O40 (x = 1.0-3.0) organic-inorganic hybrid catalysts for the 

esterification of free fatty acid. All catalysts were characterized by FTIR, TGA, PXRD, 

1H and 13C-NMR, and examined those catalysts for the production of methyl palmitate 

ester. It has been observed by the 31P-TMPO NMR that [GlyH]1.0H2.0PW12O40 gives the 

highest conversion up to 93.3% and can be reused several times without significant loss 

of its activity (Scheme 1.13).  

OH

O

7 + CH3OH OCH3

O

7

Palmitic acid Methyl palmitate

[GlyH]1.0H2.0PW12O40

6 wt% cat., 90 oC, 3 h

 

Scheme 1.13 

Wang et al. (2017) reported an active catalyst 12-phosphotungstic acid (PTA) 

modified with 1,2,3-trizaole-4,5-dicarboxylic acid (TDA) for the methyl oleate. TDA-

PTA catalyst showed high acidity and efficient catalyst and favored oleic acid 

esterification with methanol under mild conditions (Scheme 1.14). 
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OH

O

OCH3

O

Oleic acid

CH3OH

Methyl oleate

5 wt% TDA-HPW, 80 oC, 6 h

 

Scheme 1.14 

Zhang et al. (2018) reports a series of cerium (Ce4+) containing 

dodecatungstophosphates catalysts CexH3-3xPW12O40 (CexH3-3xPW, x=0.4, 0.6, 0.7, 0.8, 

0.9, and 1.0). All catalysts were characterized by FTIR, PXRD, pyridine adsorption IR 

spectra, and examined the catalytic activity biodiesel generation from waste cooking oil 

(WCO). The Ce0.7H0.9PW showed the best 98% catalytic conversion amongst the CexH3-

3xPW12O40 series due to the high Bronstead and Lewis acidity (Scheme 1.15).  

+ ROH

CexH3-3xPW12O40

Waste cooking Oil
         WCO

Mono alkyl ester
0.17 g cat., 65 oC, 12 h

 

Scheme 1.15 

 Wang et al. (2018) developed phosphotungstic acid (PTA) combined ionic 

liquids inorganic-organic hybrid materials, which were further immobilized on SBA-15. 

The catalyst was used for the esterification of palmitic acid and achieved 88.1% 

conversion with high catalyst loading (41.2%, 15 wt%) after 8 h reaction at 65 °C.  

Finally, the catalyst was used up to 5 times without losing its catalytic activity (Scheme 

1.16).  

OH

O

7 + CH3OH OCH3

O

7

Palmitic acid Methyl palmitate

15 wt% SIL-3 cat.

65 oC, 8 h

 

Scheme 1.16 
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Wang et al. (2019) reported the Poly(ionic liquid) (PIL-3) combined 

phosphotungstic acid, and its applications in the esterification of palmitic acid and 

methanol. The best conversion of ester was obtained up to 92% at 65 °C, 8 h of reaction, 

and 3 wt% of catalyst loading (Scheme 1.17).  

OH

O

7 + CH3OH OCH3

O

7

Palmitic acid Methyl palmitate
65 oC, 8 h

3 wt% PIL-3 cat.

 

Scheme 1.17 

Grunskaya et al. (1998) reported the oxidation of furfural in the presence of 

sodium molybdate and aqueous hydrogen peroxide. In this process first, the peroxo 

species of molybdenum was formed, and that oxidized the furfural to produce a mixture 

of components, e.g., 2(5H)-furanone and tartaric, maleic and succinic acid and obtained 

25% of 2(5H)-furanone (Scheme 1.18).  

2(5H)-Furanone 2(3H)-Furanone

+

Furfural

Sodium molybdate cat., H2O2

60 oC, 5-10 min.

O

H

O
O O OO

 

Scheme 1.18 

Li et al. (2016) reported the selective oxidation of furfural to 2(5H)-furanone by 

performic acid, which generated in situ from formic acid and hydrogen peroxide mixture. 

In the homogeneous system, the yield of 2(5H)-furanone decreased while the yield of 

Succinic acid increased with an increasing dielectric constant of the solvent (Scheme 

1.19).  
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2(5H)-Furanone 2(3H)-Furanone

+

Furfural

O

H

O
O O OO

HCOOH cat., H2O2

10 mL DCE, 60 oC, 3 h

 

Scheme 1.19 

Leng et al. (2009) developed a series of solid organic-inorganic hybrid materials 

by the combination of propane sulfonate functionalized ILs with Keggin type heteropoly 

anion. The hybrid catalysts were examined in organic esterification reactions and reused 

those catalysts atleast seven times without losing their catalytic activities (Scheme 1.20). 

O

OH

Acetic Acid

HO

Butanol

O

O

Butyl acetate

H2O+
+

0.06 mmol cat., 110 oC, 1.5 h

[MIMPS]3PW12O40

 

Scheme 1.20 

Leng et al. (2012) synthesized SO3H-functionalized polymeric IL-cations 

combined Keggin-type heteropoly anions. The catalyst was used for various carboxylic 

esterification reactions under solvent-free condition. The SO3H functional groups in the 

hybrid catalyst account for the excellent catalytic activity, while both the polymeric 

framework of IL-cation and the large heteropoly anion are responsible for the catalyst's 

solid nature and in solubility (Scheme 1.21). 

O

OH

Acetic Acid

HO

Butanol

O

O

Butyl acetate

H2O+
+

Poly(VMPS)-PW

0.2 g cat., 110 oC, 1.5 h

 

Scheme 1.21 

 Escobar et al. (2015) reported a series of zirconia-modified PTA catalysts such as 

ZrPEGTPA30T100, ZrPEGTPA60T100, ZrTPA30PEGT100, and ZrTPA60PEGT100 via sol-

gel reactions using polyethylene glycol and zirconium isopropoxide as a template. All 
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those catalysts were characterized by various analytical techniques, e.g., FTIR, BET, 31P-

MAS, and potentiometry titration. The ZrPTA30PEGT100 catalyst was found to be the 

most efficient one for the synthesis of n-butyl-2-furoate. Under optimized conditions, 

e.g., catalyst loading, the mole ratio of 2-furoic acid to n-butanol, and the temperature, 

the conversion of ester reached to >90% under solvent-free conditions within 24 h at 125 

°C using slight excess of the alcohol. The catalysts were reused up to three consecutive 

cycles without significant loss of activity (Scheme 1.22). 

ROH, ZrPTA30PEGT100

Furoic acid alkyl-2-furoate
0.2 g cat.,125 oC, 24 h

O

OH

O

O

OR

O

 

Scheme 1.22 

1.10  SCOPE AND OBJECTIVES OF THE PRESENT WORK 

Renewable fuels and chemicals produced from biomass are commercially feasible 

and environmentally friendly alternatives that are made using cheap, abundant, renewable 

resources. HPA combines the merits of  homogeneous and heterogeneous catalysts. It act 

as an effective homogeneous catalyst during the reaction and is easily separated at the 

end of the reaction as a heterogeneous catalyst. This work aim is to synthesize HPA 

supported on novel, inexpensive support, for their use towards different organic 

transformations reactions (viz. esterification, acetalization, oxidation, and hydrogenation) 

and synthetic upgrading of furanics and levulinates. 

The objectives of the proposed work are as follows: 

1. Synthesis and characterization of heteropolyacid-based catalyst. 

2. Selective organic transformations such as oxidation, Acetalization, and 

esterification, by heteropolyacid-based catalyst. 
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3. Catalytic upgrading of biomass-derived furanic platform chemicals like furfural and 

Levulinic acid using HPAs as catalysts. 

4. Study of recyclability of supported heteropolyacid-based catalyst.  

The work was performed to complete the goals set out in the following four chapters. 

 

 

 

Chapter 2: In this chapter, Keggin-type commercial HPAs have been employed as 

efficient solid acid catalysts for the acetalization of biomass-derived furfural. A scalable 

process for the preparation of both open- and cyclic acetals of furfural was developed. 

The reaction was optimized on parameters such as the type and loading of catalyst, 

duration of reaction, and ratio of reagents.  

Chapter 3: This chapter reports a high-yielding and scalable synthesis of fatty acid esters 

starting from stearic acid and oleic acid in a closed batch reactor using commercially-

available HPA catalysts. The HPAs behaved as a homogeneous catalyst during the 
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reaction but were made heterogeneous by precipitating at the end of the reaction. The 

HPA catalyst was recovered and recycled for several cycles without significant loss in 

mass or activity. 

The chapter 3 is divided in to two part, (a) and (b) 

Chapter 3 (a): Synthesis of alkyl stearates by esterification of stearic acid. 

Chapter 3 (b): Synthesis of alkyl oleates by esterification of oleic acid. 

 

Chapter 4: In this chapter, the catalytic performances of PTA immobilized on 

ammonium zeolite was evaluated for the selective oxidation of furfural to 2-furanone. 

The process was scalable, and 2-furanone was isolated in yields up to 40%. The catalyst 

was prepared by the wet impregnation method and characterized by FTIR, PXRD, and 

SEM-ICP.  

 

Chapter 5: In this chapter, the synthesis of alkyl benzoates and alkyl-2-furoates from 

benzoic acid and furoic acid, respectively, is reported. The reactions were performed 

under solvent-free conditions using HPA catalysts, and the reaction was optimized. The 

catalysts were successfully recovered and recycled.  

The chapter 5 is divided in to two part, (a) and (b) 

Chapter 5 (a): Synthesis of alkyl benzoates by esterification of benzoic acid. 

Chapter 5 (b): Synthesis of alkyl furoates by esterification of furoic acid. 

 

Chapter 6: The summary and conclusions of the present research work are discussed in 

this chapter.  

 

 





                                                                                                                                          

 
 

 

 

 

 

 

 

CHAPTER 2 

A SCALABLE AND HIGH-YIELDING SYNTHESIS OF 2-(2-

FURYL)-1,3-DIOXOLANE FROM BIOMASS-DERIVED 

FURFURAL AND ETHYLENE GLYCOL USING 

HETEROPOLYACIDS AS GREEN CATALYST 
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Abstract: In present work, Keggin-type commercial heteropolyacids (HPAs) have been 

employed for the first time as efficient solid acid catalysts for the acetalization of 

biomass-derived furfural with ethylene glycol. The reaction was optimized on parameters 

such as the type and loading of catalyst, duration of reaction, and the relative ratio of 

reagents. The reaction was scaled up, and the cyclic acetal 2-(furan-2-yl)-1,3-dioxolane 

was isolated in 92% yield within 4 h using only 2 wt% of PTA in refluxing benzene. 

2.1 GENERAL INTRODUCTION 

Furfural is a well-known renewable chemical building block produced in the 

hemicellulose fraction of biomass by acid-catalyzed dehydration of pentose sugars 

(Lange et al. 2012). Furfural and its derivatives are well-documented and have a number 

of commercial applications as fuel and fuel additives, solvents, chemical feedstock, 

polymer monomers, agrochemicals, and pharmaceutical products (Serrano-Ruiz et al. 

2010). Several high-value commodity chemicals are derived from furfural that includes 

2-methylfuran, 2-methyltetrahydrofuran, succinic acid, maleic anhydride, and furfuryl 

alcohol (Engel et al. 2008; Serrano-Ruiz et al. 2012). The commercial feasibility of these 

products relies on the scalability of the reaction, process economics, and yield of the 

product. The processes are often catalytic, and the catalyst plays a crucial role in 

determining the efficiency of the process. The aldehyde functionality and the furan ring 

itself are the reaction centers in furfural. The highly reactive aldehyde group may have to 

be temporarily masked for selective reactions involving the furan ring. Acetalization is a 

commonly used technique to mask the aldehyde or ketone group during multi-step 

synthetic transformations.  

Cyclic acetals are resistant to nucleophilic attacks, stable in basic and oxidizing 

reagents, are routinely used in synthetic organic chemistry. Besides, acetals have many 

unique properties that are suitable for practical industrial applications such as solvents, 

intermediates, polymers, fragrances, or biofuels (Kochhar et al. 1983; Reddy et al. 2011; 

Srikrishna and Viswajanani 1995). 2-(2-Furyl)-1,3-dioxolane (2a) has been prepared by 
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reacting furfural and ethylene glycol in the presence of various acid catalysts. Synthesis 

of 2a has been attempted using photocatalyst (Yi et al. 2016), acidic ionic liquids (Zhang 

et al. 2009), metal salts (Aliyan et al. 2010; Yadav et al. 2000), and sulphonic acids (Jin 

et al. 2014).   

 Conventionally, the synthesis of acetals (or ketals) invokes homogeneous 

catalysis using mineral acid catalysts such as H2SO4, HCl, and H3PO4. However, the 

acids often lead to poor selectivity, environmental hazards, corrosion of machinery, and 

issues of catalyst disposal/recycling. The use of excess alcohol reagent and/or continuous 

removal of the water byproduct ensures a better yield of 2a. In this regard, HPAs have 

been used as an efficient and green acid catalyst for a host of organic transformations. 

HPAs are increasingly being used in the chemistry of renewables (Kozhevnikov 1998; 

Tsigdinos 1978; Wang and Yang 2015). HPA-based catalysts have desirable properties, 

including strong acidity, low toxicity, less corrosive nature, well-defined structure, high 

thermal stability, and tunable solubility (Baker and Glick 1998; Katsoulis 1998; Mizuno 

and Misono 1998; Srilakshmi et al. 2005). In this work, we report the synthesis of 2a 

from furfural and ethylene glycol using commercial HPA catalysts (Scheme 2.1). The 

reaction was optimized on the duration of reaction, type and amount of water removal 

agent, the ratio of furfural and ethylene glycol, and the loading of HPA catalyst.  

 

O

H

O

    HPA cat.,
   Benzene, Reflux

HO OH

2aFurfural

O

O

O

 

Scheme 2.1 Preparation of 2a from furfural using HPA catalysts. 
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Plausible reaction mechanism: 

Furfural

HPA, H+ HOCH2CH2OH O
OH

H OCH2CH2OH

H

O
OH

H OCH2CH2OH

H

O
OH2

H OCH2CH2OH

-H2O

O
H

HO

O
O

H

O

O

2-(furan-2-yl)-1,3-dioxolane

(2a)

O
OCH2CH2OH

H

O

H

O
O

H

O H
H

 

Scheme 2.2 Reaction mechanism for the Acetalization of furfural with ethylene glycol. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

The catalysts, namely, phosphotungstic acid (PTA), Silicotungstic acid (STA), 

phosphomolybdic acid (PMA), and silicomolybdic acid (SMA) were purchased from 

Sigma Aldrich and dried overnight in a hot-air oven at 110  °C before use. Furfural (99%) 

was purchased from Loba Chemie Pvt. Ltd. and distilled under reduced pressure before 

use. Benzene (99.5%), ethylene glycol (99%), sodium sulfate (anhydrous), and 

chloroform (99%) were purchased from Loba Chemie Pvt. Ltd. The solvents were dried 

over activated molecular sieves (4 Å) prior to use. 
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2.2.2 Reaction procedure  

In a 50 mL round-bottomed flask, furfural (0.500 g, 5.2 mmol), ethylene glycol 

(0.96 g, 15.4 mmol, 3 eq.), and PTA catalyst (0.010 g, 2 wt%) were added. In the 

mixture, 20 mL dry benzene and a magnetic stir bar were added. The flask was connected 

to a Dean-Stark apparatus and placed in a pre-heated oil bath. The reaction mixture was 

magnetically stirred during the reaction. The progress of the reaction was monitored by 

TLC and FTIR. After completion of the reaction, the mixture was cooled and filtered. 

This solid residue on the filter paper containing catalyst was washed with chloroform. 

The combined solvent was dried over anhydrous Na2SO4 and evaporated under reduced 

pressure in a rotary evaporator. The crude product was chromatographed over silica gel 

(60-120 mesh, deactivated by triethylamine) using chloroform as eluent. The solvent was 

evaporated under reduced pressure to provide 2a (0.670 g, 92%) as a light brown liquid.  

2.2.3 Instrument used for the characterization of compounds 

FTIR spectra of the samples were collected on a Bruker Alpha FTIR instrument. 

The FTIR spectrum of samples was collected in the ATR mode and the solid HPA 

catalysts were collected in the KBr matrix. The 1H-NMR spectra were recorded in a 

Bruker 400 MHz NMR instrument and the 13C-NMR spectra were recorded in the same 

instrument in a calculated frequency of 100 MHz. 

2.2.3.1 FTIR and NMR (1H and 13C) characterization of 2-(furan-2-yl)-1,3-

dioxolane 2a  
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Figure 2.1 FTIR spectrum of 2-(furan-2-yl)-1,3-dioxolane 2a. 

FTIR spectroscopy is a powerful tool that provides conclusive ideas about 

functional groups present in organic compound. The peaks at 3148 and 3123 cm-1 can be 

attributed to the =C-H stretch in the furan ring of acetal. The peak around 2956 and 2891 

cm-1 show the stretching vibrations of the sp3 (-CH) stretching frequency. The 

characteristic absorption of -C–O stretching frequency is observed in the range of 1000–

940 cm-1.  
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Figure 2.2 1H-NMR spectrum of 2-(furan-2-yl)-1,3-dioxolane 2a. 

1H-NMR of the isolated acetal shows the 1H singlet peak at 7.4 ppm, the two 1H singlets 

at 6.44 ppm and 6.3 ppm are due to the furanic proton coupling with each other. The 1H 

singlet at 5.93 ppm is due to the –C-H proton. The two 2H singlet at 4.15 ppm and 4.02 

ppm are due to the protons of CH2 group. 

 

Figure 2.3 13C-NMR spectrum of 2-(furan-2-yl)-1,3-dioxolane 2a. 

13C-NMR of the isolated cyclic acetal, show the four peaks at 151.1, 143.1, 110.1, and 

108.7 ppm are due to the furonic carbon and the peaks at 97.7 ppm is due to acetal carbon 

attached to the furonic ring. The peak at 65.1 ppm is due to methylene carbon. 
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2.3 RESULTS AND DISCUSSIONS 

The acetalization of furfural with ethylene glycol was performed using HPA 

catalysts under conventional heating and magnetic stirring. The reaction flask was 

connected to a Dean-Stark apparatus for azeotropic removal of water byproduct using 

benzene. Four commercial HPAs, namely, PTA, STA, PMA, and SMA, were examined 

for their efficiency in producing 2a. The reaction was monitored by TLC and FTIR 

spectroscopy, where aliquots were withdrawn at regular intervals and examined for 

complete conversion of furfural. Conversion of furfural remained low even after 

overnight reaction using three equivalents of ethylene glycol and 10 wt% of PTA catalyst 

when the reaction was conducted at room temperature. On the other hand, the reaction 

completed within 4 h in refluxing benzene using only three equivalents of ethylene glycol 

and 2 wt% of HPA catalysts. At a shorter reaction time, the conversion of furfural did not 

reach 100%. The formation of 2a was not observed in the control reaction without using 

HPA catalyst. Among the HPAs examined, PTA showed the best catalytic activity 

providing 92% isolated yield of 2a, whereas the other three HPA catalysts (i.e., STA, 

PMA, and SMA) gave only around 70% (Figure 2.4). The decomposition of furfural into 

insoluble humin was observed in all cases but significantly less in the case of PTA, which 

indirectly supports the observed high yield of 2a. High yield in PTA may be explained by 

the relatively stronger acidity of PTA compared to other HPAs examined (Timofeeva 

2003). Since the PTA catalyst exhibited the best catalytic performance, it was chosen for 

further optimizations. 
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Figure 2.4 Effects of various HPAs catalysts on the yield of 2-(furan-2-yl)-1,3-

dioxolane 2a.  

Reaction conditions: Furfural (0.5 g, 5.2 mmol), ethylene glycol (0.96 g, 15.4 mmol, 3 

eq.), reflux, 4 h, HPA (0.01 g, 2 wt%), benzene (20 mL). 

 

The loading of PTA catalyst was varied between 1-6 wt% of furfural to study its 

effect on the yield of 2a (Figure 2.5). Although the reaction completed within 4 h using 

as little as 1 wt% loading of PTA catalyst, the yield of 2a was only 85%. Increasing the 

loading of PTA to 2 wt% increased the yield of 2a to 92%. However, increasing the 

loading of PTA further had little effect on the yield of 2a. The improvement in yield of 

2a between 1-2 wt% loading of PTA catalyst is due to the increase in the number of 

acidic sites available. 
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Figure 2.5 Effect of catalyst loading of PTA catalyst on the yield of 2-(furan-2-yl)-1,3-

dioxolane 2a. 

Reaction conditions: Furfural (0.5 g, 5.2 mmol), ethylene glycol (0.96 g, 15.4 mmol, 3 

eq.), reflux, 4 h, benzene (20 mL). 

However, when higher loading of the catalyst was used, the yield of 2a decreased 

to 82 and 75% at 5 wt% and 6 wt% of PTA, respectively. This decrease in the yield of 2a 

may be due to acid-catalyzed side reactions such as the resinification of furfural. The 

effect of the molar ratio of furfural and ethylene glycol on the yield of 2a was also 

studied. Due to the reversible nature of the acetalization reaction, better yields of acetal 

are generally obtained in the presence of excess alcohol. However, the use of excess 

alcohol introduces additional steps of product purification and recovery of unreacted 

alcohol. Therefore, the effects of the various molar ratios of ethylene glycol over furfural 

were studied using 2 wt% PTA catalyst in refluxing benzene (Figure 2.5). The mole of 

ethylene glycol was varied between two to five per mole of furfural (Figure 2.6). The 

conversion of furfural was not complete even after 6 h under refluxing benzene when less 

than two equivalent of ethylene glycol was used. Increasing the ratio from 2:1 to 3:1 

increased the yield of 2a from 79 to 92%. However, a further increase in the equivalent of 
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ethylene glycol lowered the yield of 2a. The lowering of the yield of 2a at more than 

three equivalent of ethylene glycol may be explained by the dilution of the reactant i.e. 

there is competitive adsorption on the catalytic sites between furfural and ethylene glycol 

molecules, and more of ethylene glycol has been adsorbed. 

 

Figure 2.6 Effect of the molar ratio between ethylene glycol and furfural on the isolated 

yield of 2-(furan-2-yl)-1,3-dioxolane 2a. 

Reaction conditions: Furfural (0.5 g, 5.2 mmol), reflux, 4 h, HPA (0.01 g, 2 wt%), 

benzene (20 mL). 

The efficiency of benzene in removing water from the reaction mixture by 

azeotropic distillation was compared with other commonly used solvents like 

cyclohexane and toluene (Figure 2.7). Under identical conditions, benzene was found 

most efficient for the synthesis of 2a. Whereas toluene behaved better than cyclohexane, 

it provided a considerably lower yield of 2a than benzene. Interestingly, without the 

azeotropic removal of water, the reaction did not complete even after several hours and 

led to increasing humin formation over time. 
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Figure 2.7 Effect of solvent on the yield of 2-(furan-2-yl)-1,3-dioxolane 2a. 

Reaction conditions: Furfural (0.5 g, 5.2 mmol), ethylene glycol (0.96 g, 15.4 mmol, 3 

eq.), PTA (0.01 g, 2 wt%), reflux, 4 h, solvent (20 mL) 

The amount of benzene was varied to observe its effect on the yield of 2a (Figure 

2.8). Whereas less amount of benzene (<15 mL) led to incomplete reaction and poor 

yields of 2a, the use of 20 mL benzene provided the best yield. Any higher amounts of 

benzene dropped the yield of 2a again due to the dilution effect. The reaction was scaled 

up to 5 g of furfural. The reaction completed within 4 h in refluxing benzene and 

provided 2a in 90% isolated yield. 
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Figure 2.8 Effect of varying quantity of benzene on the yield of 2-(furan-2-yl)-1,3-

dioxolane 2a. 

Reaction conditions: Furfural (0.5 g, 5.2 mmol), ethylene glycol (0.96 g, 15.4 mmol, 3 

eq.), PTA (0.01 g, 2 wt%), reflux, 4 h. 

2.4 CONCLUSION  

HPAs have been used as an efficient acid catalyst for the synthesis of 2-(furan-2-

yl)-1,3-dioxolane from biomass-derived furfural and ethylene glycol. The cyclic acetal 

was isolated in 92% yield using a 1:3 molar ratio of furfural and ethylene glycol and only 

2 wt% of PTA catalyst. The catalyst was conveniently separated from the reaction 

mixture by exploiting the differential solubility of HPA catalysts. 

 



                                 

 
   

 

 

 

 

 

 

CHAPTER 3 

SOLVENT-FREE AND SCALABLE PREPARATION OF 

ALKYL STEARATES AND ALKYL OLEATES FROM 

FREE FATTY ACIDS USING HETEROPOLYACIDS AS 

EFFICIENT AND RECYCLABLE CATALYST 
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Abstract: This study reports a high-yielding and scalable synthesis of fatty acid esters 

from stearic acid and oleic acid within a closed batch reactor using commercially-

available heteropolyacid catalysts. The reaction was optimized on temperature, molar 

ratio of fatty acid and alkyl alcohol, and the loading of catalyst. The solvent-free, gram-

scale reactions afforded >95% yield of alkyl stearates and >85% yield of alkyl oleates 

under the optimized conditions (1 mol% phosphotungstic acid (PTA) catalyst, 110 °C, 4 h 

for alkyl stearates and 0.2 mol% PTA catalyst, 120 °C, 4 h for alkyl oleates) by using 

only slight excess of the alcohol reagent. The PTA catalyst was successfully recovered 

and reused for five consecutive cycles without significant loss in mass and activity. 

 

3.1 INTRODUCTION 

Acid-catalyzed esterification of carboxylic acids is one of the most versatile 

chemical transformation in  synthetic organic chemistry (Otera and Nishikido 2009). 

Fatty acid esters are an important class of compound with significant commercial markets 

as fuels and fuel additives, plasticizers, surfactants, solvents, lubricants, and 

pharmaceuticals (Aoshima et al. 2005; Baker et al. 2000; Cavalcanti et al. 2018; 

Greenspan and Gall 1953; Knothe and Steidley 2011; Meffert 1984). Biodiesel, a bio-

renewable substitute for petro-diesel, is a cleaner fuel that consists of methyl- or ethyl 

esters of fatty acids resulting from either the transesterification of triglycerides or the 

esterification of free fatty acids (FFA) (Leung et al. 2010; Lin and Lin 2012; Meher et al. 

2006; Thiruvengadaravi et al. 2012). In recent years, the use of abundant, inexpensive, 

and preferably waste oils and fats are being preferred as feedstock for biodiesel 

production (Sadaf et al. 2018; Talebian-Kiakalaieh et al. 2013). However, inexpensive 

oily feedstock and waste oils such as used cooking oils have a significant proportion of 

FAA that lead to soap formation during the base-catalyzed trans-esterification reaction 

(Canakci 2007; Srilatha et al. 2010). Therefore, acid-catalyzed esterification could be a 

viable alternative for biodiesel production from FFA-rich feedstock (Lotero et al. 2005). 

Fatty acid esters have also been used as renewable feedstock for the production of diesel-

range hydrocarbon fuels by catalytic decarboxylation or hydrodeoxygenation (Mäki-
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Arvela et al. 2007; Santillan-Jimenez et al. 2013). The fatty acid esters are also used as 

crucial chemical intermediates for the synthesis of several high-value products such as 

amides, sulphonates, fatty alcohols and novel waxes with applications as solvent, 

softening agents in polymers, textile, cosmetic, and rubber industries (Miyake et al. 2009; 

Rieke et al. 1997; Xie et al. 2013; Zhang et al. 2014). The acid catalysts examined for the 

esterification of fatty acids include Brönsted acids, Lewis acids, and various solid acid 

catalysts (D’Oca et al. 2012b; Hanif et al. 2017; He et al. 2013; Marchetti and Errazu 

2008; Park et al. 2010; Rezende and Pinto 2016; Vieira et al. 2013). However, some 

major issues associated to acid-catalyzed esterification include corrosive nature of the 

acid catalysts, high volatility and toxicity, and difficulty in recycling. In this regard, 

heteropolyacids (HPAs) are well-structured metal-oxide clusters with strong Brönsted 

acidity, low volatility, less corrosiveness, and tunable solubility (Herrmann et al. 2015; 

Srilatha et al. 2011). HPAs have been used over the past several years as efficient and 

environment-friendly catalysts for various synthetic organic transformations including 

esterification, acylation, alkylation, oxidation, etherification, condensation, hydrolysis, 

and dehydration reactions (Heravi et al. 2013; Kozhevnikov 1998; Ren et al. 2010).  

However, homogeneous HPAs have limitations to be used as catalyst including 

poor thermal stability, high solubility in polar solvents, and low surface area. Therefore, 

HPAs may be made heterogeneous by anchoring them on various heterogeneous supports 

such as silica, alumina, clay, and zeolite (Lee et al. 2014). The thermal stability and 

surface area of the catalysts increase substantially in the supported catalysts. HPAs are 

increasingly being used in the chemocatalytic valorization of biomass and sustainable 

chemistry in general (Onkarappa et al. 2019; Ren et al. 2015; Zhang et al. 2016b). 

Interestingly, the use of HPA catalysts have also been reported for the preparation of fatty 

acid esters (Caetano et al. 2008; Cardoso et al. 2008; Castanheiro et al. 2017; de Godói 

Silva et al. 2010). The esterification reactions are routinely carried out using the Fischer 

esterification protocol where carboxylic acid is refluxed with a large excess of the alcohol 

reagent in the presence of HPA catalyst. The esterification of oleic acid (OA) with 

methanol was attempted over a PTA catalyst supported on SBA-15 where 90% 
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conversion of oleic acid was achieved after 4 h at 40 °C (Brahmkhatri and Patel 2011). 

Ethyl stearate was prepared in 84% yield by refluxing stearic acid in excess ethanol (50 

equivalents) for 10 h in the presence of 11 mol% of PTA catalyst (Cardoso et al. 2008). 

Excess alcohol favors the reaction equilibrium towards ester formation and compensate 

for the evaporative loss during refluxing. However, the use of excess alcohol introduces 

additional steps in the purification of product and recovery of the catalyst. Moreover, 

long reaction time and higher loading of the acid-catalyst are often required when using 

large excess of alochol. We envisaged that using a closed pressure vessel for the reaction 

would stop the evaporative loss of the alcohol reagent and allow achieving temperatures 

higher the boiling point of alcohol ensuring faster kinetics. The use of near equivalent 

amount of the alcohol reagent would also help lower the catalyst loading, the product 

separation, and the catalyst recovery.  

This chapter discusses the high-yielding preparation of fatty acid esters from 

stearic acid (a saturated fatty acid) and oleic acid (an unsaturated fatty acid) over 

commercially-available HPA catalysts (Scheme 3.1). The reactions were carried out in 

batch-type glass pressure reactor to avoid evaporative loss of alcohol during the course of 

reaction. 

OH

O

H3C
8

ROH

OR

O

H3C
8

1-4

methyl stearate (3a, R=CH3); ethyl stearate (3b, R=C2H5); propyl 
stearate (3c, R=n-C3H7); butyl stearate (3d, R=n-C4H9)

OH

O

OR

O
ROH

methyl oleate (3e, R=CH3); ethyl oleate (3f, R=C2H5); propyl 
oleate (3g, R=n-C3H7); butyl oleate (3h, R=n-C4H9), pentyl oleate (3i, R=n-C5H11), hexyl oleate (3j, R=n-C6H13)

HPAs cat., 

HPAs cat., 

 

Scheme 3.1  Preparation of (a) alkyl stearates from stearic acid and b) alkyl oleates from 

oleic acid using the HPA catalysts. 
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The esterification reaction of fatty acid was optimized on parameters such as reaction 

temperature, duration of reaction, type and loading of HPA catalyst, and molar ratio of 

fatty acid to alcohols for the best yield of fatty acid ester. The recoverability and 

recyclability of the HPA catalyst were also studied. 

3.2 EXPERIMENTAL SECTION 

3.2.1 Materials  

Stearic acid (98%) and oleic acid (99%) were purchased from Otto 

Synthesis Private Limited and Spectrochem Private Limited, respectively. 

Methanol (99.5%), ethanol (99%), 1-propanol (99.5%), 1-butanol (99%), 

petroleum ether (99%), and chloroform (99%) were purchased from Loba Chemie. 

Phosphotungstic acid (PTA, H3PW12O40), Silicotungstic acid (STA, H4SiW12O40) 

and Phosphomolybdic acid (PMA, H3PMo12O40) were purchased from Sigma. 

Stearic acid and oleic acid were used as received without further purifications. The 

alcohols were used after overnight drying over pre-activated molecular sieves (4 

Å). The catalysts were dried at 110 °C for 12 h in a hot-air oven prior use. 

3.2.2 Catalytic reactions (A): Esterification of stearic acids over HPA catalysts 

A typical procedure for the esterification of stearic acid is as follows: 

Stearic acid (1.00 g, 3.51 mmol) and 1-propanol (0.316 g, 5.27 mmol, 1.5 eq.) 

were charged into a round-bottomed glass pressure reactor (100 mL) fitted with a 

magnetic stir bar and a Teflon screw-top. Anhydrous PTA (101 mg, 1 mol%) was 

weighed in air and added to the solution. The reactor was sealed, placed in a pre-

heated oil bath, and stirred magnetically for 4 h. After reaction, the reactor was 

cooled down to room temperature and opened. Petroleum ether (10 mL) was added 

into the mixture and the product was solubilized. The catalyst was precipitated and 

centrifuged the reaction mixture to get colourless supernatant. The colourless 

supernatant was carefully decanted into a beaker. The precipitated catalyst was 
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washed with petroleum ether (3×10mL). The petroleum ether layers were 

combined, dried over anhydrous Na2SO4, and evaporated under reduced pressure 

in a rotary evaporator to obtain crude propyl stearate 3c. The crude mixture was 

chromatographed (silica gel, petroleum ether) to get purified 3c (1.120 g, 98%) as 

a clear liquid. The reaction flask with wet catalyst was placed in a hot-air oven and 

heated at 110 °C for 12 h. Mass of the dried PTA catalyst was measured before 

using it in the next catalytic cycle. 

3.2.3 Instrument used for the characterization of compounds 

FTIR spectra of the samples were collected on a Bruker Alpha FTIR instrument. 

The FTIR spectrum of samples was collected in the ATR mode and the solid HPA 

catalysts were collected in the KBr matrix. The 1H-NMR spectra were recorded in a 

Bruker 400 MHz NMR instrument and the 13C-NMR spectra were recorded in the same 

instrument in a calculated frequency of 100 MHz. 

3.2.3.1 FTIR and NMR (1H and 13C) characterization of methyl stearate 3a 

 

Figure 3.1 FTIR spectrum of methyl stearate 3a. 
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The peak at 2921 and 2852 cm-1 is responsible for the sp3 -C-H stretching frequency. The 

peak at 1742.51 cm-1corresponds to the ester C=O stretching frequency and 1169 cm-1 is 

due to C-O strecting frequency of ester group. 

 

Figure 3.2 1H-NMR spectrum of methyl stearate 3a. 

1H-NMR of the isolated methyl stearate shows the 3H singlet peak at 3.14 ppm is due to -

OCH2 protons. The 2H triplet at 2.31 ppm  is due to the -CH2  proton directly attached to 

ester carbon. The 2H triplet, 28H multiplet and  3H triplet at 1.63 ppm, 1.31 ppm and 

0.89 ppm respectively are due to the -CH2-(CH2)14-CH3 protons.  
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Figure 3.3 13C-NMR spectrum of methyl stearate 3a. 

13C-NMR of the isolated methyl stearate, show the peaks at 174.2 ppm are due to the 

C=O of ester carbon, the peaks at 51.4 is due to O-CH3 carbon attached to the ester 

group. The peaks at 34.1-22.7 are due to methylene carbon and 14.1 of is due to CH3 

carbon. 
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3.2.3.2 FTIR and NMR (1H and 13C) characterization of ethyl stearate 3b 

 

Figure 3.4 FTIR spectrum of ethyl stearate 3b. 

The peak at 2922 and 2853 cm-1 is responsible for the sp3 -C-H stretching frequency. The 

peak at 1738 cm-1corresponds to the ester C=O stretching frequency and 1176 cm-1 is due 

to C-O stretching frequency of ester group. 
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Figure 3.5 1H-NMR spectrum of ethyl stearate 3b. 

1H-NMR of the isolated ethyl stearate shows the 2H quartet peak at 4.15 ppm and 3H 

triplet peak at 0.90 ppm are due to -OCH2CH3 protons, respectively. The 2H triplet at 

2.32 ppm is due to the -CH2 proton directly attached to ester carbon. The 2H multiplet 

and 31H multiplet at 1.63 ppm and 1.27 ppm, respectively are due to the -CH2-(CH2)31 

protons.  

 

Figure 3.6 13C-NMR spectrum of ethyl stearate 3b. 
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13C-NMR of the isolated ethyl stearate, show the peaks at 173.9 ppm are due to the C=O 

of ester carbon, the peaks at 60.1 ppm and 14.2 ppm are due to O-CH2CH3 carbon 

attached to the ester group. The peaks at 34.4-22.7 ppm are due to methylene carbon and 

14.1 ppm of is due to CH3 carbon. 

3.2.3.3 FTIR and NMR (1H and 13C) characterization of propyl stearate 3c 

 

Figure 3.7 FTIR spectrum of propyl stearate 3c. 

The peak at 2922 and 2853 cm-1 is responsible for the sp3 -C-H stretching frequency. The 

peak at 1738 cm-1corresponds to the ester C=O stretching frequency and 1173 cm-1 is due 

to C-O stretching frequency of ester group. 
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Figure 3.8 1H-NMR spectrum of propyl stearate 3c. 

1H-NMR of the isolated propyl stearate shows the 2H triplet peak at 4.05 ppm is due to -

OCH2 protons. The 2H triplet at 2.31 ppm, 4H at 1.64 ppm is due to the -CH2 protons and 

3H protons at 0.96 ppm due to -CH3 protons. The 28H multiplet and 3H triplet at 1.27 

ppm and 0.90 ppm respectively are due to the -(CH2)14-CH3 protons.  

 

Figure 3.9 13C-NMR spectrum of propyl stearate 3c. 
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13C-NMR of the isolated methyl stearate, show the peaks at 174.0 ppm are due to the 

C=O of ester carbon, the peaks at 65.8 ppm is due to O-CH2- carbon attached to the ester 

group. The peaks at 34.4-22.0 ppm are due to methylene carbon and 14.1 ppm and 10.4 

ppm of is due to CH3 carbon. 

3.2.3.4 FTIR and NMR (1H and 13C) characterization of butyl stearate 3d 

 

Figure 3.10 FTIR spectrum of butyl stearate 3d. 

The peak at 2922 and 2854 cm-1 is responsible for the sp3 -C-H stretching frequency. The 

peak at 1737 cm-1corresponds to the ester C=O stretching frequency and 1172 cm-1 is due 

to C-O stretching frequency of ester group. 
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Figure 3.11 1H-NMR spectrum of butyl stearate 3d. 

1H-NMR of the isolated butyl stearate shows the 2H triplet peak at 4.09 ppm is due to -

OCH2 protons. The 2H triplet at 2.31 ppm, 4H at 1.63 ppm is due to the -CH2 protons and 

3H protons at 0.95 ppm due to -CH3 protons. The 30H multiplet at 1.27 ppm and 3H 

triplet at 0.90 ppm are due to the -(CH2)15-CH3 protons.  

 

 

Figure 3.12 13C-NMR spectrum of butyl stearate 3d. 
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13C-NMR of the isolated methyl stearate, show the peaks at 174.0 ppm are due to the 

C=O of ester carbon, the peaks at 64.1 ppm is due to O-CH2- carbon attached to the ester 

group. The peaks at 34.4-19.1 ppm are due to methylene carbon and 14.1 ppm and 103.7 

ppm of are due to CH3 carbon. 

3.2.4 Catalytic reactions (B): Esterification of oleic acid over HPAs catalysts 

Typical procedure for the esterification of Oleic acid: Oleic acid (1.00 g, 

3.54 mmol) and a 1-butanol (0.39 g, 5.26 mmol, 1.5 eq.) were charged into a 

round-bottomed glass pressure reactor (100 mL) fitted with a magnetic stir rod and 

Teflon screw top. Oven-dried PTA (20 mg, 0.2 mol%) was weighed in air and 

added to the solution. The reactor was sealed and placed in a pre-heated oil bath 

and stirred magnetically for 4 h. After reaction, the reactor was cooled to room 

temperature and opened. Then petroleum ether (10 mL) was added into mixture 

and carefully decanted into a beaker and again two times washed with petroleum 

ether (10 mL), dried over anhydrous Na2SO4. The precipitate was washed with 

petroleum ether (2×10 mL). The petroleum ether layers were combined, dried over 

anhydrous Na2SO4, and evaporated under reduced pressure in a rotary evaporator 

to obtain colourless oil. The crude mixture was chromatographed (silica gel, 

petroleum ether) and the solvent was evaporated to get butyl oleate 3h (2.108 g, 

85%) as a clear liquid. 

3.2.5 Instrument used for the characterization of compounds 

FTIR spectra of the samples were collected on a Bruker Alpha FTIR instrument. 

The FTIR spectrum of samples was collected in the ATR mode and the solid HPA 

catalysts were collected in the KBr matrix. The 1H-NMR spectra were recorded in a 

Bruker 300 MHz NMR instrument and the 13C-NMR spectra were recorded in the same 

instrument in a calculated frequency of 75 MHz. 

3.2.5.1 FTIR and NMR (1H and 13C) characterization of methyl oleate 3e 
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Figure 3.13 FTIR spectrum of methyl oleate 3e. 

The peak at 3008 cm-1 is due to sp2 –C-H stretching frequency and the peak at 2924 and 

2854 cm-1 is responsible for the sp3 -C-H stretching frequency. The peak at 1742.48 cm-

1corresponds to the ester C=O stretching frequency, 1653 cm-1 is due to C=C stretching 

frequency and 1170 cm-1 is due to C-O strecting frequency of ester group. 
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Figure 3.14  1H-NMR spectrum of methyl oleate 3e. 

1H-NMR of the isolated methyl oleate show the 2H quartet is due to olefinic protons of 

oleate. The 3H singlet at 3.65 is due to to protons of methoxy (-OCH3) group. The 29H 

resonating peaks in the range of 2.78-0.86 ppm are due to the aliphatic oleate protons.  

 

 

 

 

 

 

 

 

Figure 3.15 13C-NMR spectrum of methyl oleate 3e. 
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13C-NMR of the isolated methyl oleate, show the peaks at 174.2 ppm are due to the C=O 

of ester carbon, the peaks at 130.0 ppm and 128.0 ppm are due to oleifinic carbon and  

the peaks at 51.4 ppm is due to O-CH3 carbon attached to the ester group. The peaks at 

34.1-22.5 ppm are due to methylene carbon and 14.1 ppm of is due to CH3 carbon. 

3.2.5.2 FTIR and NMR (1H and 13C) characterization of ethyl oleate 3f 

 

Figure 3.16 FTIR spectrum of ethyl oleate 3f. 

The peak at 3008 cm-1 is due to sp2 –C-H stretching frequency and the peak at 2925 and 

2854 cm-1 is responsible for the sp3 -C-H stretching frequency. The peak at 1738 cm-

1corresponds to the ester C=O stretching frequency and 1177 cm-1 is due to C-O 

stretching frequency of ester group. 
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Figure 3.17 1H-NMR spectrum of ethyl oleate 3f. 

1H-NMR of the isolated ethyl oleate show the 2H multiplet is due to olefinic protons of 

oleate. The 2H quartet at 4.11 ppm and 3H triplet at 0.88 ppm are due to protons of 

methoxy (-OCH2) and -CH3 group. The 30H resonating peaks in the range of 2.76-1.26 

ppm are due to the aliphatic oleate protons.  
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Figure 3.18 13C-NMR spectrum of ethyl oleate 3f. 

13C-NMR of the isolated ethyl oleate, show the peaks at 173.9 ppm are due to the C=O of 

ester carbon, the peaks at 129.9 ppm and 129.7 ppm are due to olefinic carbon and the 

peaks at 60.2 ppm is due to O-CH2 carbon attached to the ester group. The peaks at 34.3-

22.5 ppm are due to methylene carbons and 14.1 ppm of is due to CH3 carbon. 
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3.2.5.3 FTIR and NMR (1H and 13C) characterization of propyl oleate 3g 

 

Figure 3.19 FTIR spectrum of propyl oleate 3g. 

The peak at 3008 cm-1 is due to sp2 –C-H stretching frequency and the peak at 2925 and 

2854 cm-1 is responsible for the sp3 -C-H stretching frequency. The peak at 1738 cm-

1corresponds to the ester C=O stretching frequency and 1177 cm-1 is due to C-O 

stretching frequency of ester group. 
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Figure 3.20 13C-NMR spectrum of propyl oleate 3g. 

13C-NMR of the isolated propyl oleate, show the peaks at 173.9 ppm are due to the C=O 

of ester carbon, the peaks at 130.0 ppm and 127.9 ppm are due to olefinic carbon and the 

peaks at 65.8 ppm is due to O-CH2 carbon attached to the ester group. The peaks at 34.3-

22.0 ppm are due to methylene carbons, and 14.1 ppm and 10.3 ppm is due to CH3 

carbons. 
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3.2.5.4 FTIR and NMR (1H and 13C) characterization of butyl oleate 3h 

 

Figure 3.21 FTIR spectrum of butyl oleate 3h. 

The peak at 3008 cm-1 is due to sp2 –C-H stretching frequency and the peak at 2956 and 

2854 cm-1 is responsible for the sp3 -C-H stretching frequency. The peak at 1736 cm-

1corresponds to the ester C=O stretching frequency and 1173 cm-1 is due to C-O 

stretching frequency of ester group. 
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Figure 3.22 1H-NMR spectrum of butyl oleate 3h. 

1H-NMR of the isolated butyl oleate show the 2H multiplet at 5.36 ppm is due to olefinic 

protons of oleate. The 2H quartet at 4.05 ppm is due to protons of methoxy (-OCH2) 

proton. The 37H resonating peaks in the range of 2.77-0.85 ppm are due to the aliphatic 

oleate protons.  
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Figure 3.23 13C-NMR spectrum of butyl oleate 3h. 

13C-NMR of the isolated butyl oleate, show the peaks at 174.0 ppm are due to the C=O of 

ester carbon, the peaks at 130.1 ppm and 128.0 ppm are due to olefinic carbon and the 

peaks at 64.1 ppm is due to O-CH2 carbon attached to the ester group. The peaks at 34.3-

19.1 ppm are due to methylene carbons, and 14.1 ppm and 13.7 ppm is due to CH3 

carbons. 
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3.2.5.5 FTIR and NMR (1H and 13C) characterization of pentyl oleate 3i  

 

Figure 3.24 FTIR spectrum of pentyl oleate 3i. 

The peak at 2955 and 2854 cm-1 is responsible for the sp3 -C-H stretching frequency. The 

peak at 1736 cm-1corresponds to the ester C=O stretching frequency of ester group. 
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Figure 3.25 1H-NMR spectrum of pentyl oleate 3i. 

1H-NMR of the isolated pentyl oleate show the 2H multiplet at 5.36 ppm is due to 

olefinic protons of oleate. The 2H triplet at 4.05 ppm is due to protons of methoxy (-

OCH2) proton. The 37H resonating peaks in the range of 2.77-0.85 ppm was due to the 

aliphatic oleate protons.  
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Figure 3.26 13C-NMR spectrum of pentyl oleate 3i. 

13C-NMR of the isolated pentyl oleate, show the peaks at 173.9 ppm are due to the C=O 

of ester carbon, the peaks at 130.0 ppm and 128.1 ppm are due to olefinic carbon and the 

peaks at 64.3 ppm is due to O-CH2 carbon attached to the ester group. The peaks at 34.3-

22.3 ppm are due to methylene carbons, and 14.1 ppm and 13.7 ppm is due to CH3 

carbons. 

3.2.5.6 FTIR and NMR (1H and 13C) characterization of hexyl oleate 3j  
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Figure 3.27 FTIR spectrum of Hexyl oleate 3j. 

The peak at 3009 cm-1 is due to sp2 –C-H stretching frequency and the peak at 2854 cm-1 

is responsible for the sp3 -C-H stretching frequency. The peak at 1736 cm-1corresponds to 

the ester C=O stretching frequency and 1171 cm-1 is due to C-O stretching frequency of 

ester group. 

 

 

 

 

 

 

 

Figure 3.28 1H-NMR spectrum of Hexyl oleate 3j. 
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1H-NMR of the isolated hexyl oleate show the 2H multiplet at 5.37 ppm is due to olefinic 

protons of oleate. The 2H triplet at 4.06 ppm is due to protons of methoxy (-OCH2) 

proton. The 40H resonating peaks in the range of 2.8-0.85 ppm are due to the aliphatic 

oleate protons. 

 

 

 

 

 

 

 

 

Figure 3.29 13C-NMR spectrum of Hexyl oleate 3j. 

13C-NMR of the isolated hexyl oleate, show the peaks at 174.0 ppm are due to the C=O 

of ester carbon, the peaks at 129.9 ppm and 129.7 ppm are due to olefinic carbon and the 

peaks at 64.4 ppm is due to O-CH2 carbon attached to the ester group. The peak at 34.3-

22.5 ppm are due to methylene carbons, and 14.1 ppm and 13.9 ppm is due to CH3 

carbons. 

3.3 RESULTS AND DISCUSSIONS 

3.3.1 Esterification of stearic acid over Heteropolyacids (HPAs) 

Propyl stearate 3c was chosen as the model substrate for reaction optimization. In 

a typical reaction, stearic acid, 1-propanol (1.5 eq.), and PTA (1 mol%, with respect to 
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mole of stearic acid used) were taken in a 100 mL glass pressure vessel, sealed, and 

stirred magnetically during the course of the reaction. The PTA catalyst remained 

suspended in the reaction mixture and phase separated from the product after reaction. 

Propyl stearate was isolated from the reaction mixture by solubilizing in petroleum ether. 

The crude product was analysed by FTIR and 1H-NMR spectroscopy for complete 

conversion and purified by column chromatography (silica gel).  

3.3.2 Effect of reaction temperature 

The effect of reaction temperature on the conversion of stearic acid and yield of 

alkyl stearates was studied using PTA as the acid catalyst. The reaction produced <10% 

yield of propyl stearate even after stirring for 12 h at room temperature. Increasing the 

temperature to 80 °C afforded 3 in 76% isolated yield within 4 h (Figure 3.30). Upon 

increasing the temperature to 90 °C and 100 °C, the yield of 3c increased to 89% and 

96%, respectively. The mass balance was essentially unreacted SA. The yield of 3c 

reached 98% after 4 h reaction when the reaction was conducted at 110 °C. The 1H-NMR 

spectrum of the crude product did not show any unreacted SA certifying its quantitative 

conversion. 

 

Figure 3.30 Effect of reaction temperature on the yield of propyl stearates 3c. 
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Reaction conditions: SA (3.51 mmol), propanol (5.25 mmol), 4 h, HPA (1 mol%). 

3.3.3 Effect of mole ratio of SA to propanol 

In order to investigate the effect of molar ratio of SA and 1-propanol on the yield 

of propyl stearate 3c, the reaction was carried out at 110 °C for 4 h using 1 mol% of PTA 

as catalyst. The molar ratio of SA to 1-propanol was varied between 1:1 and 1:4. The 

results show that the yield of 3c at ratios above 1:1.5 is nearly constant (Figure 3.31). 

However, using ratios lower than 1:1.5 lowered the yield of 3c due to incomplete 

reaction. Using equivalent amount of 1-propanol, 3c was isolated in 90% yield. 

Increasing the equivalence of 1-propanol from 1 to 1.5 increased the yield of 3c 

incrementally and reached maximum at 98% at 1.5 equivalent of 1-propanol. 

 

Figure 3.31 Effect of equivalence of 1-propanol with respect to SA on the isolated yield 

of propyl stearate 3c. 

Reaction conditions: SA (3.51 mmol), propanol, 110 °C, 4 h, HPA (1 mol%). 

3.3.4 Efficiency of various HPA catalysts 

To investigate the efficiency of different HPA, the esterification reaction was 

independently carried out using four commercially-available HPAs, namely, 
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phosphotungstic acid (PTA), phosphomolybdic acid (PMA), silicotungstic acid (STA), 

and silicomolybdic acid (SMA). The esterification of stearic acid with 1-propanol was 

carried out at 110 °C for 4 h using 1 mol% of HPA catalysts. Among the four HPAs 

examined, PTA was found to be most effective catalyst. Use of PTA as catalyst afforded 

propyl stearate 3c in 96% yield whereas PMA, STA, and SMA afforded the same in 86%, 

87%, and 90% yields, respectively (Figure 3.32). The results may be explained by the 

highest acidity of PTA among all the HPA catalysts examined. 

 

Figure 3.32 Efficiency of various HPAs on the yield of propyl stearate 3c. 

Reaction conditions: SA (3.51 mmol), propanol (5.25 mmol), 110 °C, 4 h, HPA (1 

mol%). 

3.3.5 Effect of catalyst loading 

PTA being found to be the most active catalyst, the effect of loading of PTA on 

the isolated yield of 3c was investigated keeping the other reaction parameters unaltered. 

When the loading of PTA catalyst was lowered to 0.4 mol%, the yield was 90% after 4 h 

at 110 °C. The yield increased up to 93% after 6 h (Figure 3.33). The yield increased 

incrementally up to 1 mol% and reached maximum of 98% and then decreased to 91% at 
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1.2 mol%. Lower yield of 3c at higher loading of PTA catalyst is due to acid-promoted 

decompositions reactions and ether formation from alcohols and thereby lowering the 

amount of alcohol available to react with stearic acid. 

 

Figure 3.33 Effect of loading of PTA catalyst on the isolated yield of propyl stearate 3c.  

Reaction conditions: SA (3.51 mmol), propanol (5.25 mmol), 110 °C, 4 h. 

3.3.6 Effect of different alcohol 

The optimized reaction for 3c was applied for the production of 3a-3d from SA 

using 1 mol% PTA catalyst. The reactions were performed in a glass pressure tube fitted 

with a teflon screw top. The set up allows to reach temperature without evaporative loss 

of the alcohols during reaction. Where methyl stearate 3a was isolated in 96% yield, 97% 

yield ethyl stearate 3b, 98% yield propyl stearate 3c, and the butyl stearate 3d was 

obtained in 98% isolated yield (Figure 3.34). 
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Figure 3.34 Preparation of alkyl stearates (3a-3d) from stearic acid. 

Reaction Conditions: SA: alcohol (1:1.5) (molar ratio), 110 °C, 4 h, PTA (1 mol%). 

Optimized conditions: Mole ratio of SA to alcohol=1:1.5, catalyst loading=1mol%, 

temperature=110 °C, time=4 h. 

3.3.7 Recycling and recovery of catalysts 

Recyclability of the catalyst is one of the most important parameters for the green 

indices and process economics. The PTA catalyst used in the preparation of propyl 

stearate 3c was recycled and reused for five consecutive runs. After reaction, the catalyst 

was precipitated by petroleum ether and separated from the PTA catalyst by decantation 

or centrifugation. The catalyst was then dried in oven at 110 °C for 12 h before 

submitting for consecutive runs. The mass loss of PTA catalyst can be minimized by 

drying the catalyst in the reaction vessel itself. A typical mass loss of 1-2% was observed 

between consecutive runs. The yield of propyl stearate 3c decreased minimally till the 3rd 

run and provided 95% isolated yield. Marginal decrease in yield of 3c was observed at 

the 4th and 5th cycles where it was isolated in 92% and 88% yield, respectively (Figure 

3.35). The amounts of SA and 1-propanol were adjusted in each trial based on the mass 
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of PTA recovered. The marginally lower yield of 3c in the 4th and 5th cycle may be 

attributed to the smaller scale of reaction with the yield being more sensitive to the 

physical mass loss during product isolation and purification. 

 

Figure 3.35 Recovery and reuse of PTA catalyst in the preparation of propyl stearate 3c. 

Reaction conditions: SA (3.51 mmol), propanol (5.25 mmol), 110 °C, 4 h, HPA (1 

mol%). 

3.3.8 Characterization of recycled catalysts 

The regenerated catalysts were characterized by FTIR, 31P-NMR and TGA in 

order to confirm the retention of the catalyst structure, after the completion of the 

reaction. After each cycle, the dried PTA catalyst was characterized by FTIR to ensure no 

change in its structural integrity (Figure 3.36). The peak at 1080 cm-1 is the characteristic 

peak for the P-O stretching frequency. The peaks at 982 cm-1 and 889 cm-1 correspond to 

W=O and W-O stretching frequencies, respectively. 
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Figure 3.36 FTIR spectra of the fresh PTA (dried) and recycled (5th cycle) PTA. 

In addition, the catalyst was after the fifth cycle was characterized by 31P-NMR 

spectroscopy and thermogravimetric (TGA) analysis. 
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Figure 3.37 31P-NMR spectra of fresh and recovered PTA catalyst. 

 

Figure 3.38 TGA graph of the fresh and recycled PTA catalyst. 
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Table 3.1 Esterification of  stearic acid using PTA catalyst 

Tabular Data for esterification of Stearic Acid 

Effect of temperature 

 

Effect of molar ratio 

Entry 
Temperature 

(oC) 

Yield 

(%) 
Entry 

Equivalence of 1-

propanol 

Yield 

(%) 

1 80 76 1 1 90 

2 90 89 2 1.1 92 

3 100 96 3 1.3 95 

4 110 98 4 1.5 98 

5 120 95 5 2 98 

Effect of reaction temperature 

on the yield of propyl stearate 

3c. 

Reaction conditions: SA (3.51 

mmol), propanol (5.25 mmol), 

4 h, HPA (1 mol%). 

6 3 97 

7 4 97 

 

Effect of equivalence of 1-propanol 

with respect to SA on the isolated 

yield of propyl stearate 3c. 

Reaction conditions: SA (3.51 

mmol), propanol, 110 °C, 4 h, HPA (1 

mol%). 

Efficiency of various HPA 

catalysts 

 

Effect of loading of PTA catalyst 

Entry 
HPAs 

Catalyst 

Yield 

(%) 
Entry 

Loading of PTA 

Catalyst (mol%) 

Yield 

(%) 

1 PTA 98 1 0.4 90 

2 PMA 86 2 0.6 93 

3 STA 87 3 0.8 95 

4 SMA 90 4 1 98 

Efficiency of various HPAs on 

the yield of propyl stearate 3c. 

5 1.2 91 

6 1.4 85 
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Reaction conditions: SA (3.51 

mmol), propanol (5.25 mmol), 

110 °C, 4 h, HPA (1 mol%). 

 

Effect of loading of PTA catalyst on 

the isolated yield of propyl stearate 3c. 

Reaction conditions: SA (3.51 

mmol), propanol (5.25 mmol), 110 

°C, 4 h. 
 

 

Efficiency of different alcohol 

Entry Alcohol Product Yield (%) 

1. Methanol Methyl stearate  96 

2. Ethanol Ethyl stearate 97 

3. Propanol Propyl stearate 98 

4. Butanol Butyl stearate 98 

Reaction Condition: SA: alcohol (1:1.5) (molar ratio), 110 °C, 4 h, PTA (1 mol%). 

 

Recycling and reuse of catalysts 

Entry Recovery rate Yield (%) 

Fresh 100 98 

First 97 97 

Second 97 95 

Third 96 95 

Fourth 96 91 

Fifth 91 86 

Recovery and reuse of PTA catalyst in the preparation of propyl stearate 3c. 

Reaction conditions: SA (3.51 mmol), propanol (5.25 mmol), 110 °C, 4 h, 

HPA (1 mol%). 
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3.3.9  Esterification of oleic acid (OA) over HPA catalysts 

Similar to the previous section 3(A), optimization studies were carried out for maximum 

conversion. 

The conversion of oleic acid into alkyl oleates was studied using different HPAs, 

oleic acid to alcohol ratios, temperatures of reaction, and catalyst loading in order to find 

the best reaction conditions. Butyl oleate 3h has been selected as the model substrate for 

optimizing the reaction. In a typical reaction, oleic acid, 1-butanol (1.5 eq.), and PTA (0.2 

mol%, with respect to mole of oleic acid used) were taken in a 100 mL glass pressure 

vessel, sealed, and stirred magnetically during the course of the reaction. In the reaction 

mixture, the PTA catalyst remained suspended and after reaction separated from the 

product. Butyl oleate 3h was extracted in petroleum ether and separated from the PTA 

catalyst. The progress of the reaction and the purity of the product was analyzed by FTIR 

and 1H-NMR spectroscopy.   

3.3.10 Effect of reaction temperature 

The effect of reaction temperature on oleic acid conversion and alkyl oleate yield 

was investigated using PTA as the acid catalyst. Even after stirring for 12 h at room 

temperature, the reaction produced <13% yield of butyl oleate. Increasing the 

temperature to 90 °C afforded 3h in 43 % isolated yield within 4 h (Figure 3.39). When 

the temperature increased to 100 °C and 110 °C, the yield of 3h increased to 64% and 

79%, respectively. The mass balance was essentially unreacted OA. After 4 h, the yield 

of 3h reached 85 % when the reaction was carried out at 120 °C. On increasing the 

temperature further, the yield of 3h decreased possibly due to the decomposition of PTA 

and oleates.  
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Figure 3.39 Effect of reaction temperature on the yield of butyl oleates 3h. 

Reaction conditions: OA (3.54 mmol), Butanol (5.26 mmol), 4 h, PTA (0.2 mol%). 

3.3.11 Effect of mole ratio of OA to 1-butanol 

In order to investigate the effect of molar ratio of OA and 1-butanol on the yield 

of butyl oleate 3h, the reaction was carried out at 120 °C for 4 h using 0.2 mol% of PTA 

as catalyst. The molar ratio of OA to 1-butanol was varied between 1:1 and 1:3. The 

results show that the yield of 3h is highest at ratios 1:1.5 (Figure 3.40). However, the use 

of any lesser quantities of 1-butanol led to incomplete reaction. Using equivalent amount 

of 1-butanol, 3h was isolated in 76% yield. Increasing the equivalence of 1-butanol from 

1 to 1.5 increased the yield of 3h incrementally and reached maximum at 85% at 1.5 

equivalent of 1-butanol. Not much difference was observed with a further increase in the 

equivalance of 1-butanol. Further reactions were therefore performed in the acid to 

alcohol molar ratio of 1:1.5. 
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Figure 3.40 Effect of equivalence of 1-butanol with respect to OA on the isolated yield 

of butyl oleate 3h. 

Reaction conditions: OA (3.54 mmol), Butanol, 120 °C, 4 h, PTA (0.2 mol%). 

3.3.12 Efficiency of different HPA in preparing alkyl oleates 

Similar to stearic acid, the esterification of oleic acid was carried out in the 

presence of PTA, PMA, STA, and SMA. The esterification of oleic acid with 1-butanol 

was carried out at 120 °C for 4 h using 0.2 mol% of the HPA catalysts. PTA was found to 

be the most effective catalyst among the four HPAs examined. The use of PTA as 

catalyst afforded butyl oleate 3h in 85% yield whereas PMA, STA, and SMA afforded 

the same in 71%, 80%, and 63% yields, respectively, under identical conditions (Figure 

3.41). The findings can be explained by the highest acidity of PTA among the examined 

HPA catalysts. 

70

72

74

76

78

80

82

84

86

1 1.2 1.5 2 3

Y
ie

ld
 (

%
)

Equivalance of 1-butanol



                                 Chapter 3 

77 
   

 

Figure 3.41 The efficiency of various HPAs on the yield of butyl oleate 3h.  

Reaction conditions: OA (3.54 mmol), Butanol (5.26 mmol), 120 °C, 4 h, PTA (0.2 

mol%). 

3.3.13 Effect of catalyst loading 

PTA being found to be the most active catalyst, the effect of PTA loading on the 

isolated yield of 3h was investigated keeping the other reaction parameters unchanged. 

When the loading of PTA catalyst was lowered to 0.05 mol%, the yield was 25% after 4 

h at 120 °C. The yield increased up to 43% after 6 h (Figure 3.42). The yield increased 

incrementally up to 0.2 mol% and reached maximum of 85% and then decreased to 78% 

at 0.3 mol%. Lower yield of 3h at higher loading of PTA catalyst is due to acid-promoted 

decompositions reactions and ether formation from alcohols and thereby lowering the 

amount of alcohol available to react with oleic acid. 

0

10

20

30

40

50

60

70

80

90

PTA STA PMA SMA

Y
ie

ld
 (

%
)

HPAs Catalyst



                                 Chapter 3 

78 
   

 

Figure 3.42 Effect of loading of PTA catalyst on the isolated yield of butyl oleate 3h.  

Reaction conditions: OA (3.54 mmol), alcohol (5.26 mmol), 120 °C, 4 h. 

3.3.14 Effect of different alcohol 

The optimized reaction for 3h was applied for the production of 3e-3j from OA 

using 1 mol% PTA catalyst. The reactions were performed in a glass pressure tube fitted 

with a teflon screw top. The set up allows to reach temperature without evaporative loss 

of the alcohols during reaction. Where methyl oleate 3e was isolated in 71% yield, 75% 

yield ethyl oleate 3f, 70% yield propyl oleate 3g, 85% yield butyl oleate 3h, 87% yield 

pentyl oleate 3i and the hexyl oleate 3j was obtained in 87% isolated yield (Figure 3.43). 
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Figure 3.43 Preparation of alkyl oleates (3e-3j) from oleic acid. 

Reaction Conditions:  

Methyl oleate and Ethyl oleate: OA: alcohol (1:1.9) (molar ratio), 120 °C, 8 h, PTA (0.4 

mol%). 

Propyl oleate: OA: alcohol (1:1.9) (molar ratio), 120 °C, 6 h, PTA (0.4 mol%). 

Butyl oleate: OA: alcohol (1:1.5) (molar ratio), 120 °C, 4 h, PTA (0.2 mol%). 

Pentyl oleate: OA: alcohol (1:1.8) (molar ratio), 120 °C, 4 h, PTA (0.2 mol%). 

Hexyl oleate: OA: alcohol (1:2) (molar ratio), 130 °C, 6 h, PTA (0.2 mol%). 

Optimized conditions: 85% yield,  mole ratio OA to alcohol=1:1.5; amount of 

catalyst=0.2 mol%, temperature=120 °C and time=4 h.  
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Table 3.2 Esterification of  oleic acid using PTA catalyst.  

Tabular Data for esterification of Oleic Acid 

Effect of temperature 

 

Effect of molar ratio 

Entry Temperature (oC) Yield (%) Entry Equivalence of 1-butanol Yield (%) 

1 90 43 1 1 76 

2 100 64 2 1.2 81 

3 110 79 3 1.5 85 

4 120 85 4 2 83 

5 130 80 5 3 81 

Effect of reaction temperature on the 

yield of butyl oleates 3h. 

Reaction conditions: OA (3.54 

mmol), Butanol (5.26 mmol), 4 h, 

PTA (0.2 mol%). 

Effect of equivalence of 1-butanol with respect 

to OA on the isolated yield of butyl oleate 3h. 

Reaction conditions: OA (3.54 mmol), 

Butanol, 120 °C, 4 h, PTA (0.2 mol%). 

 

Efficiency of various HPA catalysts 

 

Effect of loading of PTA catalyst 

Entry HPAs Catalyst Yield (%) Entry 
Loading of PTA Catalyst 

(mol%) 
Yield (%) 

1 PTA 85 1 0.05 25 

2 STA 80 2 0.1 49 

3 PMA 71 3 0.15 69 

4 SMA 63 4 0.2 85 

The efficiency of various HPAs on 

the yield of butyl oleate 3h.  

Reaction conditions: OA (3.54 

mmol), Butanol (5.26 mmol), 120 °C, 

5 0.25 82 

6 0.3 80 

7 0.35 78 

8 0.4 74 
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4 h, PTA (0.2 mol%). 

 

Effect of loading of PTA catalyst on the 

isolated yield of butyl oleate 3h.  

Reaction conditions: OA (3.54 mmol), 

alcohol (5.26 mmol), 120 °C, 4 h. 
 

 

Efficiency of different alcohol 

Entry Alcohol Product Yield (%) 

1. Methanol Methyl oleate 3e 71 

2. Ethanol Ethyl oleate 3f 75 

3. Propanol Propyl oleate 3g 70 

4. 1-butanol Butyl oleate 3h 85 

5. 1-pentanol Pentyl oleate 3i 87 

6. 1-hexanol Hexyl oleate 3j 87 

Preparation of alkyl oleates (3e-3j) from oleic acid.  

 

The Fischer esterification reactions are traditionally carried out using large excess 

of the alcohol reagent with carboxylic acid in presence of HPA catalyst. Excess alcohol 

favors the reaction equilibrium towards ester formation and compensate for the 

evaporative loss during refluxing. However, use of excess reagent introduces additional 

steps in product purification and catalyst recovery increasing the overall process cost. 

Moreover, long reaction time and higher loading of the acid-catalyst are often required 

for the esterification reactions. In comparison with traditional process, we envisaged that 

using a closed pressure vessel for the reaction would stop evaporative loss of the alcohol 

reagent and allow achieving temperatures higher the boiling point of alcohol ensuring 

faster reaction. Use of equivalent amount of the alcohol reagent would also help lower 

the catalyst loading, ease product separation and catalyst recovery. 
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3.4 CONCLUSION 

PTA was found to be the most effective catalyst among four HPA catalysts examined 

for the preparation of fatty acid esters from fatty acid within a glass pressure reactor. The 

solvent-free, gram-scale reactions afforded >95% yield of alkyl stearates and >85% yield 

of alkyl oleates under the optimized conditions. The PTA catalyst was successfully 

recycled and reused up to five consecutive cycles without significant loss in mass or 

decrease in catalytic activity. 



      

 
   

 

 

 

 

 

 

 

 

 

CHAPTER 4 

OXIDATION OF BIOMASS DERIVED FURFURAL TO 

FURANONE BY USING HETEROPOLYACIDS 

SUPPORTED MOLECULAR SIEVES 





                                  Chapter 4 

83 
   

Abstract: A series of phosphotungstic acid supported on ammonium zeolite (PTA-NH4YZ) 

catalysts were prepared and used for the catalytic oxidation of furfural to 2-furanone in 

aqueous hydrogen peroxide. The catalysts were characterized by PXRD, FTIR, TGA, and 

SEM analyses. The solvent-free, gram-scale reaction was optimized on temperature, 

duration, loading of catalyst, and furfural to H2O2 molar ratio. The 20%PTA-NH4YZ 

catalyst showed the best catalytic activity giving 2-furanone in 40% isolated yield. 

Around 20% of succinic acid was recovered from the aqueous fraction.  

4.1 INTRODUCTION 

Furfural has been at the center of the biorefinery research having established 

markets for several of its derivatives. Some of the notable derivatives of furfural include 

furfuryl alcohol, 2-furoic acid, 2-methyltetrahydrofuran, succinic acid, maleic acid, and 

2-furanone (Alonso-Fagúndez et al. 2014; Alonso Fagúndez et al. 2012; Cao et al. 1996; 

Choudhary et al. 2013; Gallezot 2012; Krystof et al. 2013; Lan et al. 2014).  2-Furanone 

can be looked upon as a renewable chemical intermediate for the synthesis of several 

important classes of compounds like butyrolactone, 2-pyrrolidone, and various 

biologically-active molecules (Hashem and Kleinpeter 2001). There are only limited 

reports on the preparation of 2-furanone from furfural using HPA-based catalysts. 

Furanone can be obtained from hydroxybutyrolactones, deoxygenation of 

substituted butanoic acids, hydrolysis of 2-methoxyfuran and catalytic 

cyclocarbonylation of terminal alkynols (Garst and Schmir 1974; Glattfeld et al. 1931; 

Yu and Alper 1997). However, the above processes suffer from one or the other issues, 

such as costly reagent(s), demanding reaction conditions, and poor yield. Grunskaya et al. 

(1998) reported the oxidation of furfural to 2(5H)-furanone in 25% yield. Cao et al. 

(1996) improved the yield to 37% yield by performing the oxidation reaction in a bi-

phasic system using 1,2-dichloroethane (DCE) as a solvent. Hashem and Kleinpeter 

(2001); Poskonin (2009) reported a niobium(V)-catalyzed synthesis of 2-furanone using 

H2O2 as the oxidant. Although decent yield (ca. 60%) was obtained, the reaction duration 

was long (ca. 80 h).  



                                  Chapter 4 

84 
   

HPA was used as a homogeneous catalyst for the oxidation of furfural in an 

aqueous-organic biphasic system (Marino et al. 2008). Keggin-type heteropolytungstic 

acid, PW12O40
3− forms phosphoperoxotungstate [PW4O8(O2)8]

3− by reacting with aqueous 

H2O2 (Agirrezabal-Telleria et al. 2014; Mamman et al. 2008). Peroxocomplexes with 

molybdenum or tungsten were suggested as stoichiometric or catalytic oxidants (Kato et 

al. 2007; Zhou et al. 2007). Although many efficient H2O2-based oxidation systems have 

been developed, most of them are homogeneous and have common disadvantages, such 

as difficult separation and poor reusability of the catalyst.  

In this study, a series of PTA-NH4YZ catalysts were prepared and characterized 

by PXRD, FTIR, SEM, and TGA. The catalysts were examined for the selective 

oxidation of furfural to 2-furanone 4a using H2O2 (30% aq.) as the oxidant (Scheme 4.1). 

The influence of various reaction parameters such as temperature, duration, loading of 

catalyst, and furfural to H2O2 molar ratio was studied on the conversion of furfural and 

yield of 2-furanone 4a. 20%PTA-NH4YZ showed the best activity for the solvent-free 

oxidation of furfural in aqueous H2O2. Under optimized conditions, the reaction could be 

scaled up to several grams scale, and 2-furanone 4a was obtained in 40% isolated yield. 

Around 20% succinic acid was isolated from the aqueous fraction.  

O O

2(5H)-Furanone

O O

2(3H)-Furanone

+
O

O
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HPA cat., H2O2

100 oC, 3 h

 

Scheme 4.1 Selective oxidation of furfural to 2-furanone 4a using HPA catalysts. 

 

 

 

 

 



                                  Chapter 4 

85 
   

Reaction mechanism: 
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Scheme 4.2 The reaction mechanism for furfural oxidation. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials 

Silicotungustic acid (H4SiW12O40), Phosphotungustic acid (H3PW12O40), 

Phosphomolybdic acid (H3PMo12O40), Furfural (99%), Hydrogen peroxide (30 

wt%, aqueous), and Methanol (99%) were received from Loba Chemie Pvt. Ltd. 

Ammonium zeolite was purchased from Sigma. The HPA catalysts were dried at 

110 °C for 24 h before use. 

4.2.2 Synthesis of HPA supported NH4YZ catalysts 

The PTA-NH4YZ catalyst was prepared by following a literature procedure. 

PTA was dissolved in methanol and added slowly to the methanolic suspension of 

NH4YZ. The suspension was stirred for 20 h at room temperature and subsequently 

dried by solvent evaporation under reduced pressure. The resultant free-flowing 

powder was then dried overnight at 80 °C in a hot-air oven. The dried catalyst was 

then calcined at 120 °C for 3 h in a programmable furnace. The amount of PTA 

was varied between 10-30%. 
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4.2.3 Characterization techniques 

The FTIR spectra of the solids were obtained using a Bruker Alpha FTIR 

spectrometer, equipped with silicon carbide as the IR source. The samples were 

ground with KBr and made into pellets. The spectrum was chosen in between 400 

to 4000 cm−1. The samples under study were recorded with 16 scans with a 

resolution of 4 cm-1. 

The X-ray diffraction (XRD) patterns were recorded in a RIGAKU 

Miniflex 600 instrument equipped with a built-in recorder, CuKα radiation (λ = 

1.5406 Å), nickel filter, 20 mA and 40 kV in the high voltage source, and scanning 

angle (2θ) between 10-60°  at a scanning rate of two degrees per min.  

Scanning electron micrographs were recorded in a JEOL JSM 6380 system 

to study the morphology of the solids.   

Thermal stability of the catalysts was studied by Thermogravimetric 

analysis (TGA; PerkinElmer, TGA 4000) at a heating rate of 10 °C/min in flowing 

N2 (20 mL/min). 

4.2.4 Catalyst reactions 

The liquid-phase oxidation of furfural was carried out in a round-bottomed 

flask under conventional heating and magnetic stirring. The solid acid catalyst was 

suspended in 30% aqueous H2O2, and furfural was carefully added to the 

suspension. The reaction mixture was refluxed for the stipulated time. The 

progress of the reaction was monitored by TLC and FTIR spectroscopy. After the 

reaction, the mixture was cooled down to room temperature, and the suspension 

was extracted with chloroform (3x10 mL). The chloroform layers were combined, 

dried over anhydrous Na2SO4, and evaporated under reduced pressure to get crude 

2-furanone 4a as a light yellow liquid. The product was purified by column 

chromatography (Silica gel, chloroform) and isolated in 40% yield. A typical 
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reaction mixture contained 0.1 g of 20%PTA-NH4YZ, 0.5 g (5.20 mmol) of 

furfural, and 4 mL (6.27 eq.) of aqueous H2O2 (30%).  

4.2.5 Instrument used for the characterization of compounds 

FTIR spectra of the samples were collected on a Bruker Alpha FTIR instrument. 

The FTIR spectrum of samples was collected in the ATR mode and the solid HPA 

catalysts were collected in the KBr matrix. The 1H-NMR spectra were recorded in a 

Bruker 400 MHz NMR instrument and the 13C-NMR spectra were recorded in the same 

instrument in a calculated frequency of 100 MHz. 

4.2.5.1 FTIR and NMR (1H and 13C) characterization of furanone 4a 

FTIR spectroscopy is a powerful technique that provides a clear idea about the stretching 

and bending frequencies of the functional groups present in the compound of interest.  

 

Figure 4.1 FTIR spectrum of 2-furanone 4a. 
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The peak at 3099 cm-1 is responsible for the sp2 =C-H stretch in the furan ring of 2-

furanone. The peaks at 2928 cm-1 and 2866 cm-1 are attributed to the stretching vibrations 

of the -CH2 group (symmetric and asymmetric). The strong peak at 1770 cm-1 

corresponds to the –C=O stretching in 2(3H)furanone, and the peak at 1734 cm-1 

corresponds to the same in 2(5H)furanone. 

 

Figure 4.2 1H-NMR spectrum of 2-furanone 4a. 

1H-NMR of the isolated furanone shows the peak at 6.19 ppm and 7.61 ppm is due to the 

lactone proton. The 2H doublet at 4.9 ppm is due to the CH2 group. 
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Figure 4.3 13C-NMR spectrum of 2-furanone 4a. 

13C-NMR of the isolated furanone, show the peak at 173.7 ppm is due to the cyclic ester 

carbon, the peaks at 152.8 ppm and 121.6 ppm is due to alkenyl carbon (C=C). The peak 

at 72.1 ppm is due to methylene carbon. 

4.3 RESULTS AND DISCUSSIONS 

4.3.1 Characterization of heteropolyacids supported NH4YZ catalysts  

The PXRD pattern of NH4YZ, fresh 20%PTA/NH4YZ, and recovered 

20%PTA/NH4YZ catalyst are shown in Figure 4.4. The crystalline nature of the catalyst 

is apparent in the PXRD spectrum. The PXRD diffraction pattern showed an additional 

set of peaks that represents the cubic structure of (NH4)3PW12O40 (Mioč et al. 1994). It 

can be assumed that the interaction between H3PW12O40 and supports such as SiO2, TiO2, 

or ZrO2 is by direct proton transfer (Lefebvre 1992). 

                M-OH    +    H3PW12O40                      [M-OH2
+]     +    [H2PW12O40

-]
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Figure 4.4 XRD spectra of (a) NH4YZ and (b) 20%PTA/NH4YZ (c) Used catalyst after 

reaction. 

The FTIR spectrum of PTA (Figure 4.5) shows bands at 1081, 982, 888, 793, 

595, and 524 cm−1 (Massart et al. 1977). The first five bands were assigned to the P-Oa, 

W-Od, W-Ob-W, W-Oc-W stretching vibrations, and Oa-P-Oa, bending vibrations, 

respectively.  In the 20%PTA-NH4YZ, NH4YZ, and PTA samples, a band at 890 cm−1 

were assigned to the W-Ob-W stretching, the relative intensity of which increases with 

the increase in loading of PTA. In the spectra of the 20%PTA/NH4Y, NH4YZ, and PTA 

samples (Figure 4.5). A broad peak at 790 cm−1 is assigned to the Si-O stretching 

vibration (Othman et al. 2006). 
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Figure 4.5 FTIR spectra of (a) PTA (b) NH4YZ and (c) 20%PTA/NH4YZ. 

 

SEM images of the NH4YZ and 20%PTA-NH4YZ catalysts (before and after 

reaction) are illustrated in Figure 4.6. When PTA is supported onto NH4YZ, the edge of 

the carrier particle becomes obscure, and a few of PTA particles are observed on the 

surface of the NH4YZ particles. Thereby, the PTA particles dispersed uniformly on the 

NH4YZ surface, and their numbers in the SEM images increased gradually as the loading 

of PTA was increased. The PTA clusters were found to be located within the pores of 

NH4YZ. The PTA was found to be leached out of the NH4YZ support after the reaction 
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.  

Figure 4.6 SEM image of the catalysts for (a) NH4YZ   (b) 20%PTA/NH4YZ (Fresh) (c) 

After reaction (Recovered). 

 

The initial weight loss below 250 °C (8% of the initial mass) can be attributed to 

the loss of water and ammonia (Figure 4.7). The exothermic peak can be due to the 

decomposition of the Keggin anion, which happens without significant weight loss.  

 

Figure 4.7 Thermal analysis diagrams of 20%PTA/NH4YZ catalyst. 
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4.3.2  Catalytic study for selective oxidation of furfural  

2-Furanone 4a did not form in the absence of either the catalyst or H2O2 (entry 1). 

The reaction of furfural with H2O2 alone produced 2-furoic acid in combination with 

other acids like maleic acid or succinic acid. When the reaction was carried out in the 

presence of the catalyst but without H2O2, the furanic resins formed. The product mixture 

was analyzed and estimated using FTIR and NMR spectra. 20%PTA-NH4YZ showed the 

best selectivity towards 2-furanone 4a (entry 5) among the catalysts examined (Table 

4.1). Around 20% succinic acid was isolated from the aqueous fraction. An active peroxo 

species is formed when PTA interacts with H2O2, which then reacts with furfural.  

Table 4.1 Comparison of catalytic activities for H2O2, oxidation of furfural among the 

various supported polyoxometalates over NH4YZ 

Reaction conditions: Furfural (0.5 g), 30% Hydrogen peroxide (4 mL), Catalyst (0.10 

g), 100 °C, 3 h; (a) Reused catalyst 

Entry Catalysts Yields (%) 

1 Without catalyst - 

2 PTA 30 

3 NH4YZ 16 

4 20%STA-NH4YZ 23 

5 20%PMA-NH4YZ 19 

6 20%PTA-NH4YZ 40 

7 20%SMA-NH4YZ 26 

8a 20%PTA-NH4YZ 32 

9 20%PTA-NaYZ 33 

10 20%STA-V2O5 9 

11 20%STA-Nb2O5 18 

12 20%STA-SiO2 20 

13 20%PTA-BN 17 
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4.3.3 Effect of the catalyst type 

The selective oxidation reaction was carried out independently using PTA, STA, 

and PMA over NH4YZ catalyst. The oxidation of furfural with H2O2 as an oxidant and 

using 100 mg (compared to furfural used) supported catalyst was carried out at 100 °C 

for 3 h. Among the three HPAs supported catalysts examined, PTA was found to be the 

most effective catalyst for the oxidation of furfural. Use of PTA as a supported catalyst 

afforded 4a in 40% yield. Under identical conditions, the PMA-NH4YZ and STA-NH4YZ 

catalysts afforded the same in 19% and 23%, respectively (Figure 4.8). 

 

Figure 4.8 The efficiency of different HPAs on the yield of 2-furanone 4a.  

Reaction conditions: furfural (0.5 g), H2O2 (4 mL, 30%), 100 °C, 3 h, Catalyst (100 mg). 

4.3.4 The effect of PTA loading on NH4YZ zeolites 

The loading of PTA was varied between 10-30 wt% over NH4YZ zeolite. Out of 

these catalysts, the 20 wt% PTA-NH4YZ provided 40% yield of 4a, whereas the 10 wt% 

PTA-NH4YZ and 30 wt% PTA-NH4YZ gave 4a is 29% and 27% yield, respectively 

(Figure 4.9).  
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Figure 4.9 Effect of PTA loading over NH4YZ zeolites.  

Reaction conditions: furfural (0.5 g), 4 mL H2O2 (30%, aq.); 100 °C, 3 h, 

20%PTA/NH4YZ (100 mg). 

4.3.5 Effect of catalyst loading 

20%PTA-NH4YZ was found to be the most effective catalyst for the oxidation of 

furfural to 2-furanone 4a. The effect of catalyst loading on the isolated yield of 2-

furanone 4a was investigated, keeping the other parameters of the reaction unchanged. 

The experimental results are shown in Figure 4.10.  
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Figure 4.10 Effect of the catalyst loading on yield of 2-furanone 4a. 

 Reaction conditions: furfural (0.5 g), 4 mL H2O2 (30% aq.), 100 °C, 3 h, 

20%PTA/NH4YZ Catalyst (100 mg). 

As the amount of catalysts increased, the percentage conversion of furfural 

increased as well. It is very interesting to observe the difference in product selectivity 

with increased catalyst concentration. Lower conversion of furfural with 50 mg catalyst 

resulted in 23% yield of 2(5H)-furanone. The maximum conversion was obtained with 

100 mg of the catalyst. The yield of 2(5H)-furanone decreased to 30% with increasing 

amounts of catalysts (more than 100 mg). This may be due to the fact that the faster 

kinetics coverts the 2(5H)-furanone into succinic acid.  

4.3.6 Effect of the amount of H2O2 

The effect of the amount of H2O2 on the yield of furanone is shown in Figure 

4.11. It can be seen that the yield of furanone 4a increased with respect to hydrogen 

peroxide equivalent. The reaction did not complete using 1-2 mL of H2O2. As the H2O2 

amount increased to 3 mL, 4a formed in a noticeable amount (ca. 18%). Increasing the 

amount of H2O2 to 4 mL increased the yield of 4a incrementally and reached a maximum 
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of 40%. A drastic drop in the yield of 4a to 29% was observed with an increase in H2O2 

to 5 mL due to the over oxidation of 4a. 

.  

Figure 4.11 Effect of the H2O2 on the yield of 2-furanone 4a.   

Reaction conditions: furfural (0.5 g), 100 °C, 3 h, 20%PTA/NH4YZ Catalyst (100 mg). 

4.3.7 Effect of the temperature 

The reaction temperature was varied from 80-100 °C, keeping the other reaction 

parameters unaltered. There is an increase in the yield of 2-furanone 4a by increasing the 

temperature of the reaction from 80 °C to 100 °C. The yield of 4a reached 40% after 3 h 

reaction when the reaction was carried out at 100 °C.   

4.3.8 Catalyst recycling 

The recoverability and reusability of the supported catalysts have been studied 

(entry 8). The catalyst was recovered from the reaction by filtration, dried in the oven, 

and resubmitted for the subsequent runs. The recycling experiment (Table 4.1) showed 

that the catalyst lost its activity significantly. A decrease in the catalytic activity of 

20%PW/NH4YZ was mainly attributed to the leaching of PTA from NH4YZ support. It 
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has been reported that H2O2 leads to a dramatic decrease in activity and selectivity of 

some metal-catalysts (Hasik et al. 1994).  

Table 4.2 Comparison with other identified catalysts of furfural oxidation 

Entry 
Catalyst 

(amount) 
Oxidant Solvent 

Tem. 

(oC) 

Time 

(h) 
Yield Year 

1 
Mo (VI) or Cr 

(VI) 
Autocatalysis  60 - 25% 1998 

2 Bi-phasic system - DCE 60-70 >10 37% 1996 

3 
Nb(V) acetate 

tetrahydrate 
H2O2 Water 60 - 60% 2009 

4 Formic acid H2O2 DCE/EtOAc 100 80 62% 2016 

5 20%PTA-NH4YZ H2O2 - 100 3 40% 
Present 

work 

                                              

4.4. CONCLUSIONS 

PTA supported on NH4YZ zeolite was used as the catalyst for the selective 

oxidation of biomass-derived furfural to 2-furanone using H2O2 as a green oxidant. The 

20wt%PTA-NH4YZ provided 2-furanone in 40% yield within 3 h at 100 °C using an 

excess of oxidant. Around 20% succinic acid was isolated from the aqueous fraction. The 

solvent-free synthesis is scalable, and product separation is straightforward.



                                   

 
   

 

 

 

 

 

CHAPTER 5 

EFFICIENT PREPARATION OF ALKYL BENZOATES AND 

ALKYL 2-FUROATES BY HETEROPOLYACID-

CATALYZED ESTERIFICATION OF BENZOIC ACID AND 

2-FUROIC ACID 
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Abstract: This study reports a high-yielding and scalable preparation of alkyl benzoates 

and alkyl furoates from benzoic acid and furoic acid, respectively using heteropolyacid 

as an efficient and recyclable acid catalyst. A gram-scale synthetic protocol was 

developed that afforded alkyl benzoates and alkyl furoates in excellent isolated yields 

(>85%) within 4 h at 120 °C using slight excess of the alcohol reagent and <1 mol% of 

the phosphotungstic acid catalyst under solvent-free conditions. The PTA catalyst was 

conveniently recovered and reused for three consecutive cycles without significant loss in 

mass or activity. 

5.1 INTRODUCTION 

 Esters of aromatic acids such as benzoic acid and 2-furoic acid have 

significant industrial applications as solvents (Feng and Zhang 2017), surfactant 

(Gradzielski et al. 2019),  food additive (del Olmo et al. 2017), plasticizers (Erythropel et 

al. 2018; Hosney et al. 2018), monomer for polymers (Bart and Cavallaro 2014), 

agrochemicals (Chang et al. 2014), and pharmaceuticals (Bamoharram et al. 2007). Alkyl 

2-furoates can be used for marine protective coatings as antifouling agents (Escobar et al. 

2019). Esters of terephthalic acid are used as a monomer for terephthalates (Flores et al. 

2018), whereas the diesters of phthalic acid are commercial plasticizers (Li et al. 2007). 

In the absence of a catalyst, the esterification reaction with alcohol is very slow. 

Therefore, the reaction is routinely performed in the presence of an acid catalyst (Xue et 

al. 2018). Alternatively, benzoate esters can be synthesized by transesterification of a 

readily available ester like methyl benzoate (Blümel et al. 2016). In selecting acid 

catalysts for the esterification reaction, catalytic activity, stability, and reusability are 

some of the important parameters. Acid catalysts such as mineral acids, Lewis acids, and 

ion-exchange resins have been used (Barbosa et al. 2006; Chakraborti et al. 2009; Li et al. 

2008; Polucci et al. 2013; Rajabi et al. 2016; Sun et al. 2006; Won et al. 2007). The 

alcohol reagent is generally used in excess to favor the equilibrium towards the ester 

formation and also to compensate for the evaporative loss during the reaction. However, 

the use of excess alcohol introduces additional steps in product purification and catalyst 
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recycling. Some of the crucial parameters that decide the efficiency of the acid catalyst 

include acid strength, selectivity, stability, handling, and toxicity. In this regard, HPAs 

are well-defined solid acids with high Brönsted acidity, low volatility, low toxicity, and 

less corrosiveness (Katsoulis 1998; Onkarappa et al. 2019). Over the past decade, the 

HPA-based homogeneous and heterogeneous catalysts have increasingly being used as 

environment-friendly catalysts for various synthetic organic transformations (Heravi et al. 

2013). Interestingly, the use of HPA catalysts supported on heterogeneous support has 

already been reported for the preparation of alkyl benzoates and alkyl 2-furoates 

(Bamoharram et al. 2007; Escobar et al. 2015; Keshavarz et al. 2019). Heterogeneous 

catalysts are often preferred over their homogeneous counterpart because of advantages 

such as safer catalyst handling, relatively straightforward product purification and 

convenient catalyst recovery (Fadhel et al. 2010). However, the heterogeneous catalysts 

generally require harsher reaction conditions and the leaching of active catalyst from the 

supporting material is frequently encountered. On the other hand, homogeneous catalysts 

work under relatively milder conditions and the problem of leaching from supporting 

material does not apply. However, for homogeneous catalysis, the separation and 

recycling of catalyst from the reaction mixture is challenging. 

 Hereby, we report the use of commercially-available HPA catalysts to 

esterify furoic acid, benzoic acid, and its derivatives under homogeneous conditions 

within a glass pressure reactor of batch type. We envisaged that using a sealed vessel for 

the reaction would enable the boiling point of alcohol to reach the equilibrium faster by 

achieving reaction temperatures higher. The setup also helps stop the volatile reagent's 

evaporative loss and allows less alcohol reagent equivalent to be used. Using only a slight 

excess of the alcohol reagent helps lower the loading of the catalyst, making the 

separation of the product straightforward, and ease the recyclability of the catalyst. In this 

work, a solvent-free, scalable, and high-yielding preparation of alkyl benzoates and alkyl-

2-furoates from benzoic acid and furoic acid, respectively is reported using 

commercially-available Keggin-type HPA catalysts (Scheme 5.1). 
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Scheme 5.1 Esterification of (a) benzoic acid, and (b) 2-furoic acid using HPA catalysts. 
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Scheme 5.2 Probable reaction mechanism of the esterification of Benzoic acid.  
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Scheme 5.3 Probable reaction mechanism of the esterification of furoic acid. 
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The reaction was optimized on the type and loading of HPA catalyst, the 

temperature of the reaction, and the molar ratio of the reagents used. The catalyst was 

precipitated from the reaction mixture by adding a non-polar solvent and centrifuged. The 

catalyst was successfully recycled for three consecutive cycles without significant loss in 

mass or catalytic activity. 

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials  

Benzoic acid (99%), phthalic acid (99%), terephthalic acid (99%), 4-

methylbenzoic acid (99%), 4-chlorobenzoic acid (99%), 4-methoxybenzoic acid 

(99%), 2-methylbenzoic acid, 4-nitrobenzoic acid (99%), salicylic acid (99%), 2-

bromobenzoic acid (99%), and trans-cinnamic acid (99%) were purchased from 

Loba Chemie. Furoic acid (98%) was prepared from biomass derived furfural using 

reported method (Wilson 1926).  Methanol (99.5%), ethanol (100%), 1-propanol 

(99.5%), 1-butanol (99%), 1-pentanol (99%), 1-hexanol (99%), propane-1,3-diol 

(99%), petroleum ether (98%), and chloroform (99%) were purchased from Loba 

Chemie. Phosphotungstic acid (PTA), Silicotungstic acid (STA), Silicomolybdic 

acid (SMA), and Phosphomolybdic acid (PMA) were purchased from Sigma. The 

HPA catalysts were dried in a hot-air oven at 110 °C for 12 h prior use. The 

alcohols were dried over pre-activated molecular sieves (4 Å) for 24 h prior use. 

The FTIR spectra of the samples were collected on a Bruker Alpha FTIR 

instrument. The FTIR spectra of esters were collected in the ATR mode and FTIR 

spectra of the PTA catalysts were collected in the KBr matrix. The 1H-NMR 

spectra were recorded in a Bruker Nanobay 300 MHz NMR instrument, and the 

13C-NMR spectra were recorded in the same instrument in a calculated frequency 

of 75 MHz. Deuterated chloroform (99.8 atom% D) was used as the NMR solvent 

for all esters. Deuterium oxide (99.9 atom% D) was used as the solvent to record 

the 31P NMR spectrum of PTA catalyst.  
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5.2.2 Catalytic reactions (A): Esterification of benzoic acid over HPA catalysts 

Benzoic acid (1.00 g, 8.19 mmol) and a 1-butanol (0.910 g, 12.30 mmol, 

1.5 eq.) were charged into a round-bottomed glass pressure reactor (50 mL) fitted 

with a magnetic stir rod and Teflon screw top. Oven-dried PTA (100 mg, 0.4 

mol%) was weighed in air and added to the solution. The reactor was sealed and 

placed in a pre-heated oil bath (120 °C) and stirred magnetically for 4 h. After the 

reaction, the reactor was cooled to room temperature and opened. Petroleum ether 

(10 mL) was added into the mixture, and the product was solubilized. The 

colorless supernatant was carefully decanted into a beaker. The precipitated 

catalyst was washed with petroleum ether (3×10 mL). The petroleum ether layers 

were combined, dried over anhydrous Na2SO4, and evaporated under reduced 

pressure in a rotary evaporator to obtain colorless oil. The crude mixture was 

chromatographed (silica gel, chloroform) and the solvent evaporated to get butyl 

benzoate 5d (1.120 g, 98%) as a clear liquid. The recovered catalyst was dried in a 

hot-air oven at 110 °C for 12 h. 

5.2.3 Instrument used for the characterization of compounds  

FTIR spectra of the samples were collected on a Bruker Alpha FTIR instrument. 

The FTIR spectrum of samples was collected in the ATR mode and the solid HPA 

catalysts were collected in the KBr matrix. The 1H-NMR spectra were recorded in a 

Bruker 300 MHz NMR instrument and the 13C-NMR spectra were recorded in the same 

instrument in a calculated frequency of 75 MHz. 
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5.2.3.1 FTIR and NMR (1H and 13C) characterization of methyl benzoate 5a  

 

Figure 5.1 FTIR spectrum of methyl benzoate 5a. 

The peak at 3066 cm-1 is due to sp2 –C-H stretching frequency and the peak at 2952 cm-1 

is responsible for the sp3 -C-H stretching frequency. The peak at 1720 cm-1 corresponds 

to the ester C=O stretching frequency, 1683 cm-1 is due to C=C stretching frequency and 

1107 cm-1 is due to C-O stretching frequency of ester group. 
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Figure 5.2 1H-NMR spectrum of methyl benzoate 5a. 

1H-NMR of the isolated methyl benzoate show the 2H doublet, 2H triplet, and 1H triplet 

at 8.05 ppm, 7.43 ppm, and 7.55 ppm are due to the aromatic ortho, meta, and para 

protons respectively. The 3H singlet at 3.91 ppm is due to protons of methoxy (-OCH3) 

group. 
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Figure 5.3 13C-NMR spectrum of methyl benzoate 5a. 

13C-NMR of the isolated methyl benzoate show the peak at 167.1 ppm is due to the ester 

carbon (C=O), the four peaks at 132.9 ppm, 130.1 ppm, 129.5 ppm, and 128.35 ppm are 

due to the carbon atoms in the benzene ring. The peak at 52.0 ppm is corresponding to –

OCH3 carbon. 

5.2.3.2 FTIR and NMR (1H and 13C) characterization of ethyl benzoate 5b  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.08 (d, 2H, d, J = 7.5 Hz), 7.56 (t, 1H, J = 7.5 

Hz), 7.44 (t, 2H, J = 7.5 Hz), 4.41 (q, 2H, J =  6.9 Hz), 1.41 (t, 3H, J = 6.9 Hz); 

13C-NMR (CDCl3, 75 MHz) δ (ppm):166.6, 132.8, 130.5, 129.5, 128.3, 60.9, 14.3; 

FTIR (ATR, cm-1): 3063, 2982, 1715, 1270, 1106. 
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Figure 5.4 FTIR spectrum of ethyl benzoate 5b. 

 

Figure 5.5 1H-NMR spectrum of ethyl benzoate 5b. 
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Figure 5.6 13C-NMR spectrum of ethyl benzoate 5b. 

5.2.3.3 FTIR and NMR (1H and 13C) characterization of propyl benzoate 5c  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.06 (d, 2H, J = 7.5 Hz), 7.54 (t, 1H, J = 7.5 

Hz), 7.43 (t, 2H, J = 7.5 Hz), 4.31 (t, 2H, J = 6.6 Hz), 1.83 (m, 2H), 1.05 (t, 3H, J 

= 7.5 Hz); 13C-NMR ((CDCl3, 75 MHz) δ (ppm): 166.7, 132.8, 130.5, 129.5, 128.3, 

66.5, 22.1, 10.5; FTIR (ATR, cm-1): 3066, 2968, 1716, 1269, 1107. 
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Figure 5.7 FTIR spectrum of propyl benzoate 5c. 

 

Figure 5.8 1H-NMR spectrum of propyl benzoate 5c. 
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Figure 5.9 13C-NMR spectrum of propyl benzoate 5c. 

5.2.3.4 FTIR and NMR (1H and 13C) characterization of butyl benzoate 5d 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.06 (d, 2H, J = 7.5 Hz), 7.57 (t, 1H, J =7.5 

Hz), 7.46 (t, 2H, J = 7.5 Hz), 4.34 (t, 2H, J = 6.6 Hz), 1.76 (2H, m), 1.48 (2H, m), 

0.99 (t, 3H, J = 7.5 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):166.7, 132.8, 130.5, 

129.5, 128.3, 64.8, 30.8, 19.3, 13.8; FTIR (ATR, cm-1): 3064, 2959, 1717, 1269, 

1108. 
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Figure 5.10 FTIR spectrum of butyl benzoate 5d. 

 

Figure 5.11 1H-NMR spectrum of butyl benzoate 5d. 
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Figure 5.12 13C-NMR spectrum of butyl benzoate 5d. 

5.2.3.5 FTIR and NMR (1H and 13C) characterization of pentyl benzoate 5e 

1H-NMR (CDCl3, 300 MHz) δ (ppm):  8.06 (d, 2H, J = 8.1 Hz), 7.57 (t, 1H, J = 8.1 

Hz), 7.46 (t, 2H, J = 8.1 Hz), 4.34 (t, 2H, J = 6.6 Hz), 1.79 (m, 2H), 1.43 (m, 4H), 

0.96 (t, 3H, J = 6.9 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):166.7, 132.8, 130.5, 

129.5, 128.3, 65.1, 28.4, 28.2, 22.4, 14.0; FTIR (ATR, cm-1): 3066, 2957, 1717, 

1269, 1108. 
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Figure 5.13 FTIR spectrum of pentyl benzoate 5e. 
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Figure 5.14 1H-NMR spectrum of pentyl benzoate 5e. 

 

Figure 5.15 13C-NMR spectrum of pentyl benzoate 5e. 
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5.2.3.6 FTIR and NMR (1H and 13C) characterization of hexyl benzoate 5f  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.96 (d, 2H, J = 7.2 Hz), 7.44 (t, 1H, J = 7.2 

Hz), 7.33 (t, 2H, J = 7.2 Hz), 4.22 (t, 2H, J = 6.6 Hz), 1.64 (m, 2H), 1.26 (m, 6H), 

0.81 (t, 3H, J = 4.8 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm): 166.7, 132.8, 130.5, 

129.5, 128.3, 65.1, 31.5, 28.7, 25.7, 22.6, 14.0; FTIR (ATR, cm-1): 3064, 2955, 

1717, 1268, 1109. 

 

 

Figure 5.16 FTIR spectrum of hexyl benzoate 5f. 
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Figure 5.17 1H-NMR spectrum of hexyl benzoate 5f. 

 

Figure 5.18 13C-NMR spectrum of hexyl benzoate 5f. 
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5.2.3.7 FTIR and NMR (1H and 13C) characterization of  propane-1,3-diyl 

dibenzoate 5g 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.06 (d, 4H, J = 8.4 Hz), 7.60 (t, 2H, J = 8.4 

Hz), 7.46 (t, 4H, J = 8.4 Hz), 4.54 (t, 4H, J = 6.3 Hz), 2.29 (pentate, 2H, J = 6.3 

Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm): 166.5, 133.0, 130.1, 129.6, 128.4, 61.8, 

28.3; FTIR (ATR, cm-1): 3062, 2963, 1712, 1263, 1062. 

 

Figure 5. 19 FTIR spectrum of propane-1,3-diyl dibenzoate 5g. 
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Figure 5.20 1H-NMR spectrum of propane-1,3-diyl dibenzoate 5g. 

 

Figure 5.21 13C-NMR spectrum of propane-1,3-diyl dibenzoate 5g. 
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5.2.3.8 FTIR and NMR (1H and 13C) characterization of  butyl 4-chlorobenzoate 

5h  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.00 (d, 2H, J = 8.4 Hz), 7.40 (d, 2H, J = 8.4 Hz), 

4.33 (t, 2H, J = 6.3 Hz), 1.78 (m, 2H), 1.47 (m, 2H), 0.99 (t, 3H, J = 7.2 Hz); 13C-NMR 

(CDCl3, 75 MHz) δ (ppm): 165.8, 139.2, 130.9, 128.9, 128.6, 65.1, 30.7, 19.3, 13.7; FTIR 

(ATR, cm-1): 2959, 1717, 1268, 1090. 

 

Figure 5.22 FTIR spectrum of butyl 4-chlorobenzoate 5h. 
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Figure 5.23 1H-NMR spectrum of butyl 4-chlorobenzoate 5h. 

 

Figure 5.24 13C-NMR spectrum of butyl 4-chlorobenzoate 5h. 
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5.2.3.9 FTIR and NMR (1H and 13C) characterization of  butyl 4-

methoxybenzoate 5i 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.83 (d, 2H, J = 8.1 Hz), 7.12 (d, 2H, J = 8.1 

Hz), 4.22 (t, 2H, J = 6.6 Hz), 2.30 (s, 3H), 1.67 (m, 2H), 1.37 (m, 2H), 0.88 (t, 3H, 

J = 7.5 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):166.7, 143.4, 129.5, 129.0, 127.8, 

64.6, 30.8, 21.6, 19.3, 13.8; FTIR (ATR, cm-1): 3034, 2959, 1714, 1270, 1102. 

 

Figure 5.25 FTIR spectrum of butyl 4-methoxybenzoate 5i. 
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Figure 5.26 1H-NMR spectrum of butyl 4-methoxybenzoate 5i. 

 

Figure 5.27 13C-NMR spectrum of butyl 4-methoxybenzoate 5i. 
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5.2.10 FTIR and NMR (1H and 13C) characterization of  butyl 4-nitrobenzoate 5j 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.28 (d, 2H, J = 8.7 Hz), 8.21 (d, 2H, J = 8.7 

Hz), 4.39 (t, 2H, J = 6.6 Hz), 1.79 (m, 2H), 1.48 (m, 2H), 1.00 (t, 3H, J = 7.5 Hz); 

13C-NMR (, CDCl3, 75 MHz) δ ppm 164.7, 150.5, 135.9, 130.6, 123.5, 65.8, 30.6, 

19.2, 13.7; FTIR (ATR, cm-1): 3112, 2960, 1720, 1270, 1100. 

 

Figure 5.28 FTIR spectrum of butyl 4-nitrobenzoate 5j. 
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Figure 5.29 1H-NMR spectrum of butyl 4-nitrobenzoate 5j. 

 

 

Figure 5.30 13C-NMR spectrum of butyl 4-nitrobenzoate 5j. 
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5.2.11 FTIR and NMR (1H and 13C) characterization of  butyl 4-methylbenzoate 

5k  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.83 (d, 2H, J = 8.1 Hz), 7.12 (d, 2H, J = 8.1 

Hz), 4.22 (t, 2H, J = 6.6 Hz), 2.30 (s, 3H), 1.67 (m, 2H), 1.37 (m, 2H), 0.88 (t, 3H, 

J = 7.5 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):166.7, 143.4, 129.5, 129.0, 127.8, 

64.6, 30.8, 21.6, 19.3, 13.8; FTIR (ATR, cm-1): 3034, 2959, 1714, 1270, 1102. 

 

Figure 5.31 FTIR spectrum of butyl 4-methylbenzoate 5k. 
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Figure 5.32 1H-NMR spectrum of butyl 4-methylbenzoate 5k. 

 

Figure 5.33 13C-NMR spectrum of butyl 4-methylbenzoate 5k. 
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5.2.12 FTIR and NMR (1H and 13C) characterization of  dibutyl phthalate 5l 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.73 (dd, 2H, J = 5.7 Hz, 3.6 Hz), 7.54 (dd, 

2H, J = 5.7 Hz, 3.6 Hz), 4.32 (t, 4H, J = 6.9 Hz), 1.73 (m, 4H), 1.42 (m, 4H), 0.97 

(t, 6H, J = 7.5 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):167.7, 132.3, 130.9, 128.8, 

65.6, 30.6, 19.2, 13.7; FTIR (ATR, cm-1): 2959, 1721, 1273, 1118, 1071. 

 

Figure 5.34 FTIR spectrum of dibutyl phthalate 5l. 
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Figure 5.35 1H-NMR spectrum of dibutyl phthalate 5l. 

 

 

Figure 5.36 13C-NMR spectrum of dibutyl phthalate 5l. 
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5.2.13 FTIR and NMR (1H and 13C) characterization of  dibutyl terephthalate 

5m 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.03 (4H, s), 4.28 (t, 4H, J = 6.6 Hz), 1.70 (m, 

4H), 1.38 (m, 4H), 0.93 (t, 6H, J = 7.5 Hz); 13C-NMR (CDCl3, 75 MHz) δ 

(ppm):165.9, 134.2, 129.5, 65.3, 30.7, 19.3, 13.7; FTIR (ATR, cm-1): 2959, 1719, 

1267, 1101. 

 

Figure 5.37 FTIR spectrum of dibutyl terephthalate 5m. 
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Figure 5.38 1H-NMR spectrum of dibutyl terephthalate 5m. 

 

Figure 5.39 13C-NMR spectrum of dibutyl terephthalate 5m. 
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5.2.14 FTIR and NMR (1H and 13C) characterization of  butyl trans-cinnamate 

5n  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.73 (d, 1H, J = 15.9 Hz), 7.53 (m, 2H), 7.40 

(m, 3H), 6.44 (d, 1H, J = 15.9 Hz), 4.24 (t, 2H, J = 6.6 Hz), 1.72 (m, 2H), 1.45 (m, 

2H), 0.99 (t, 3H, J = 7.2 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):167.1, 144.5, 

134.5, 130.2, 128.9, 128.0, 118.3, 64.4, 30.8, 19.2, 13.8; FTIR (ATR, cm-1): 3061, 

2958, 1708, 1165. 

 

Figure 5.40 FTIR spectrum of butyl trans-cinnamate 5n. 
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Figure 5.41 1H-NMR spectrum of butyl trans-cinnamate 5n.  

 

Figure 5.42 13C-NMR spectrum of butyl trans-cinnamate 5n. 
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5.2.15 FTIR and NMR (1H and 13C) characterization of  butyl 2-

hydroxybenzoate 5o 

1H-NMR (CDCl3, 300 MHz) δ (ppm): 10.77 (s, 1H), 7.76 (d, 1H, J = 8.4 Hz), 7.32 (t, 

1H, J = 8.4 Hz), 6.89 (d, 1H, J = 8.4 Hz), 6.77 (t, 2H, J = 6.9 Hz), 4.25 (t, 2H, J = 

6.3 Hz), 1.67 (m, 2H), 1.39 (m, 2H), 0.89 (t, 3H, J = 7.5 Hz); 13C-NMR (CDCl3, 75 

MHz) δ (ppm):170.2, 161.7, 135.5, 129.8, 119.1, 117.5, 112.6, 65.2, 30.6, 19.2, 

13.7; FTIR (ATR, cm-1): 3183, 2960, 1671, 1297. 

 

Figure 5.43 FTIR spectrum of butyl 2-hydroxybenzoate 5o. 
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Figure 5.44 1H-NMR spectrum of butyl 2-hydroxybenzoate 5o. 

 

Figure 5.45 13C-NMR spectrum of butyl 2-hydroxybenzoate 5o. 
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5.2.16 FTIR and NMR (1H and 13C) characterization of  butyl 2-bromobenzoate 

5p  

1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.78 (d, 1H, J = 9.0 Hz), 7.67 (d, 1H, J = 9.0 

Hz), 7.38 (m, 2H), 4.37 (t, 2H, J = 6.6 Hz), 1.54 (m, 2H), 1.47 (m, 2H), 1.00 (t, 

3H, J = 7.2 Hz); 13C-NMR (CDCl3, 75 MHz) δ (ppm):166.4, 134.3, 132.6, 132.4, 

131.2, 127.1, 121.5, 65.5, 30.6, 19.3, 13.7; FTIR (ATR, cm-1): 3068, 2959, 1728, 

1288. 

 

Figure 5.46 FTIR spectrum of butyl 2-bromobenzoate 5p. 
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Figure 5.47 1H-NMR spectrum of butyl 2-bromobenzoate 5p. 

 

Figure 5.48 13C-NMR spectrum of butyl 2-bromobenzoate 5p. 
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 5.2.4 Catalytic reactions (B): Esterification of 2-furoic acid (FA) over HPA 

catalysts  

2-Furoic acid (0.2 g, 1.77 mmol) and 1-butanol (0.264 g, 3.55 mmol, 2 eq.) were 

charged into a round-bottomed glass pressure reactor (50 mL) fitted with a magnetic stir 

rod and Teflon screw top. Oven-dried PTA (20 mg, 0.3 mol%) was weighed in air and 

added to the solution. The reactor was sealed and placed in a pre-heated oil bath and 

stirred magnetically for 4 h. After reaction, the reactor was cooled to room temperature 

and opened. Then chloroform (10 mL) was added into mixture and filter or centrifuged, 

and again dried over anhydrous Na2SO4. The chloroform layers were combined, dried 

over anhydrous Na2SO4, and evaporated under reduced pressure in a rotary evaporator to 

obtain light brown crude mixture. The crude mixture was chromatographed (silica gel, 

chloroform) and the solvent evaporated to get butyl furoate 5u (0.276 g, 92%) as a light 

brown liquid. 

5.2.5 Instrument used for the characterization of compounds 

FTIR spectra of the samples were collected on a Bruker Alpha FTIR instrument. 

The FTIR spectrum of samples was collected in the ATR mode and the solid HPA 

catalysts were collected in the KBr matrix. The 1H-NMR spectra were recorded in a 

Bruker 300 MHz NMR instrument and the 13C-NMR spectra were recorded in the same 

instrument in a calculated frequency of 75 MHz. 

5.2.5.1 FTIR and NMR (1H and 13C) characterization of methyl 2-furoate 5q 
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Figure 5.49 FTIR spectrum of methyl 2-furoate 5q. 

The peak at 3143 and 3126 cm-1 is due to sp2 –C-H stretching frequency and the peak at 

2954 cm-1 is responsible for the sp3 -C-H stretching frequency. The peak at 1722 cm-1 

corresponds to the ester C=O stretching frequency and 1299 to 1116 cm-1 is due to C-O 

stretching frequency of ester group. 
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Figure 5.50 1H-NMR spectrum of methyl 2-furoate 5q. 

1H-NMR of the isolated methyl furoate show the 1H singlet, 1H doublet, and 1H triplet at 

7.50 ppm, 7.11 ppm, and 6.43 ppm respectively are due to the furan ring protons. The 3H 

singlet at 3.83 ppm is due to protons of methoxy (-OCH3) group. 
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Figure 5.51 13C-NMR spectrum of methyl 2-furoate 5q. 

13C-NMR of the isolated methyl furoate show the peak at 159.1 ppm is due to the ester 

carbon (C=O), the four peaks at 146.2 ppm, 144.5 ppm, 117.9 ppm, and 111.85 ppm are 

due to the carbon atoms of the furan ring. The peak at 51.9 ppm is corresponding to –

OCH3 carbon. 

5.2.5.2 FTIR and NMR (1H and 13C) characterization of ethyl 2-furoate 5r  

1H-NMR (400 MHz, CDCl3, δ ppm): 7.48 (1H, q), 7.09 (1H, q, Hz), 6.45 (1H, q, Hz), 

4.27 (2H, q), 1.28 (3H, t). 13C-NMR (100 MHz, CDCl3, δ ppm): 158.6, 146.1, 144.8, 

117.6, 111.7, 60.8, 14.2. FTIR (ATR, cm-1): 3142, 2983, 2874, 1714, 1292, 1177, 1113, 

1008. 
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Figure 5.52 FTIR spectrum of ethyl 2-furoate 5r. 

 

 

Figure 5.53 13H-NMR spectrum of ethyl 2-furoate 5r. 
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Figure 5.54 13C-NMR spectrum of ethyl 2-furoate 5r. 

5.2.5.3 FTIR and NMR (1H and 13C) characterization of  propyl 2-furoate 5s 

1H-NMR (400 MHz, CDCl3, δ ppm): 7.49 (1H, s), 7.08 (1H, s), 6.40 (1H, s), 4.17 (2H, t), 

1.67 (2H, m), 0.91 (3H, t). 13C-NMR (100 MHz, CDCl3, δ ppm): 158.6, 146.1, 144.8, 

117.6, 111.7, 60.8, 14.2. FTIR (ATR, cm-1): 3142 ,2968, 2856, 1715, 1291, 1175, 1114. 
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Figure 5.55 FTIR spectrum of propyl 2-furoate 5s. 

 

 

Figure 5.56 1H-NMR spectrum of propyl 2-furoate 5s. 
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Figure 5.57 13C-NMR spectrum of propyl 2-furoate 5s. 

5.2.5.4 FTIR and NMR (1H and 13C) characterization of  isopropyl 2-furoate 5t 

1H-NMR (400 MHz, CDCl3, δ ppm): 7.48 (1H, s), 7.07 (1H, s), 6.41 (1H, s), 5.17 (1H, 

septet), 1.27 (6H, d). 13C-NMR (100 MHz, CDCl3, δ ppm):158.3, 146.0, 145.1, 117.4, 

111.6, 68.5, 21.8. FTIR (ATR, cm-1): 3138, 2982, 2875, 1714, 1293, 1177, 1099. 
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Figure 5.58 FTIR spectrum of isopropyl 2-furoate 5t. 

 

 

Figure 5.59 1H-NMR spectrum of isopropyl 2-furoate 5t. 
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Figure 5.60 13C-NMR spectrum of isopropyl 2-furoate 5t. 

5.2.5.5 FTIR and NMR (1H and 13C) characterization of  butyl 2-furoate 5u 

1H-NMR (400 MHz, CDCl3, δ ppm): 7.48 (1H, s), 7.07 (1H, s), 6.40 (1H, s), 4.20 (2H, t), 

1.62 (2H, m), 1.34 (2H, m), 0.86 (3H, t). 13C-NMR (100 MHz, CDCl3, δ ppm):168.7, 

146.0, 144.8, 117.5, 111.6, 64.6, 30.6, 19.0, 13.5. FTIR (ATR, cm-1): 3142, 2960, 1715, 

1292, 1179, 1113, 1011. 
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Figure 5.61 FTIR spectrum of butyl 2-furoate 5u. 

 

 

Figure 5.62 1H-NMR spectrum of butyl 2-furoate 5u. 
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Figure 5.63 13C-NMR spectrum of butyl 2-furoate 5u. 

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Esterification of benzoic acid over HPAs 

The esterification of benzoic acid and its derivatives were carried out within a 

glass pressure reactor fitted with a Teflon screw top. The reactor was heated 

conventionally in an oil-bath while stirred continuously during the reaction. The HPA 

catalyst dissolved in the reaction mixture at elevated temperatures and behaved as a 

homogenous catalyst. However, after the reaction, the catalyst was made heterogeneous 

by precipitating it from the reaction medium using a non-polar solvent like petroleum 

ether. The reaction was optimized on the temperature of the reaction, loading of catalyst, 

molar ratio of reagents, and duration of the reaction. Butyl benzoate 5d was chosen as the 

substrate for the optimization. The catalyst was successfully recycled for three 

consecutive cycles without significant loss in mass or activity of the catalyst.   
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5.3.2 Efficiency of various HPA catalysts  

To investigate the efficiency of various HPA catalysts, the esterification reaction 

was carried out using commercial PTA, PMA, STA, and SMA catalyst. The catalysts 

were pre-dried at 110 °C overnight prior use. The esterification of benzoic acid with 1-

butanol was carried out at 120 °C for 4 h using 0.4 mol% of HPA catalysts. Among the 

four HPAs examined, PTA was found to be the most effective catalyst (Figure 5.64). Use 

of PTA as the catalyst afforded butyl benzoate 5d in 91% isolated yield. STA was found 

to be nearly as efficient as PTA and provided 5d in 89% yield. SMA and PMA produced 

5d in 72% and 80% yield, respectively, under identical conditions. The results may be 

explained by the highest acidity of PTA among the HPA catalysts examined (Timofeeva 

2003). Among commercial PTA, PMA, STA, and SMA catalyst, PTA catalyst possess 

higher acidity and SMA having lower acidity. The pKa value of heteropolyacids are 

available in literature. PTA showed higher acidity due to its lower pKa value as 

compared to other heteropolyacids. The pKa value for PTA, STA, PMA, and SMA are 

4.70, 4.68, 4.87 and – respectively in acetic acid solvent at 25 °C. Along with 

dissociation constant it also depends on the composition and structure of HPAs. The 

acidity decreases with the reduction of HPA and replacement of MoVI or WVI atom by VV 

atom and/or the replacement of the central PV atom by SiIV. 
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Figure 5.64 The efficiency of various HPAs on the yield of butyl benzoate 5d.  

Reaction conditions: benzoic acid (1.00 g, 8.19 mmol): 1-butanol (0.910 g, 12.30 mmol, 

1.5 eq.), 120 °C, 4 h, HPA (0.4 mol%). 

5.3.3 Effect of catalyst loading 

Since PTA was found to be the most active catalyst, the effect of PTA loading on 

the isolated yield of 5d was investigated keeping the other reaction parameters unaltered. 

When the loading of the PTA catalyst was lowered at 0.2 mol%, the yield of 5d dropped 

to 75% (120 °C, 4 h). However, the loading of PTA catalyst more than 0.4 mol% had 

negligible effect on the yield of 5d (Figure 5.65). 
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Figure 5.65 The effect of loading of PTA catalyst on the isolated yield of butyl benzoate 

5d. 

Reaction conditions: benzoic acid (1.00 g, 8.19 mmol), 1-butanol (0.910 g, 12.30 mmol, 

1.5 eq.), 120 °C, 4 h, PTA. 

5.3.4 Effect of reaction temperature 

The acid-catalyzed esterification of benzoic acid is reversible, and the maximum 

yield of butyl benzoate 5d can be obtained if the reaction reaches equilibrium. The effect 

of reaction temperature on the conversion of benzoic acid and yield of 5d was studied 

using PTA as the acid catalyst. The reaction was conducted for 4 h at the chosen 

temperature using 1.5 equivalent of 1-butanol and 0.4 mol% PTA catalyst. After the 

reaction, the PTA catalyst was precipitated by adding petroleum ether. The product was 

purified by column chromatography using silica gel. For 4 h of reaction time, reaction 

temperatures below 100 °C provided 5d in poor yields (Figure 5.66). When the 

temperature was increased further, the yield of 5d increased significantly from 70% at 

110 °C to 88% at 110 °C. When the temperature was increased to 120 °C, the yield of 5d 

improved marginally to 91%. There was virtually no side product, and the mass balance 

was essentially the unreacted benzoic acid.   
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Figure 5.66 Effect of reaction temperature on the yield of butyl benzoate 5d. 

Reaction conditions: benzoic acid (1.00 g, 8.19 mmol), 1-butanol (0.910 g, 12.30 mmol, 

1.5 eq.), 4 h, HPA (0.4 mol%). 

5.3.5 Effect of mole ratio of benzoic acid to 1-butanol 

Synthesis of 5d was attempted at a temperature of 120 °C, duration of 4 h, and 0.4 

mol% of PTA catalyst. The molar ratio of benzoic acid to 1-butanol was varied between 

1:1 and 1:2. The results show that the yield of 5d at ratios above 1:1.5 is nearly constant 

(Figure 5.67). However, using molar ratios lower than 1:1.5 lowered the yield of 5d due 

to incomplete reaction and unfavorable equilibrium towards ester formation. However, 

even with an equivalent amount of 1-butanol, 5d was isolated in 85% yield. Increasing 

the equivalence of 1-propanol from 1 to 1.5 (with respect to benzoic acid) increased the 

yield incrementally and reached 91% at 1.5 equivalent of 1-butanol. 
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Figure 5.67 Effect of 1-butanol: benzoic acid molar ratio on the isolated yield of butyl 

benzoate 5d.  

Reaction conditions: benzoic acid (1.00 g, 8.19 mmol), 1-butanol, 120 °C, 4 h, PTA (0.4 

mol%). 

5.3.6 Effect of different alcohol 

The optimized reaction for 5d was adopted for the production of a homologous 

series of alkyl benzoates using straight-chain primary alcohols of different alkyl chain 

length. Methyl- to hexyl benzoates (5a-5f) were prepared in excellent isolated yields. In 

the case of methyl benzoate 5a and ethyl benzoate 5b, higher alcohol amount (5 mL) and 

PTA loading (0.8 mol%) were required to obtain good yields within 4 h of reaction time. 

Notably, an overnight reaction allowed a lower amount of alcohol and PTA catalyst to be 

used. The yield of alkyl benzoate was found to increase marginally with increasing alkyl 

chain length in the alcohol reagent. The result may be explained by a lower rate of 

hydrolysis of the ester and easier phase separation of the water byproduct. While butyl 

benzoate 5d was isolated in 91% yield, hexyl benzoate 5f was obtained in 96% yield 

(Table 1, entry 4&6). Use of propane-1,3-diol as the alcohol provided propane-1,3-diyl 

dibenzoate 5g in 40% yield. For the synthesis of 5g, toluene was added as a solvent that 
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helps to dissolve benzoic acid that otherwise sublimes and collect at the neck of the 

reactor. 

Table 5.1 Esterification of benzoic acid with alkyl alcohols using PTA as the catalyst  

Entry Product Reaction conditions 
Yield 

(%)[b] 

1[a] 

 

120 °C, 4 h, methanol (5 mL), 0.8 

mol% PTA 
84 

2[a] 

 

120 °C, 4 h, ethanol (5 mL), 0.8 

mol% PTA 
86 

3 

 

120 °C, 4 h, 1-propanol (1.5 eq.), 

0.4 mol% PTA 
80 

4 

 

120 °C, 4 h, 1-butanol (1.5 eq.), 0.4 

mol% PTA 
91 

5 

 

120 °C, 4 h, 1-hexanol (1.5 eq.), 0.4 

mol% PTA 
94 

6 

 

120 °C, 4 h, 1-hexanol (1.5 eq.), 0.4 

mol% PTA 
96 

7 

 

120 °C, 12 h, 1,3-propanediol (0.4 

eq.), toluene (5 mL) 
40 

[a] Excess alcohol and 0.8 mol% PTA was used. [b] Isolated yield. 

5.3.7 Effect of different substituted benzoic acid 

Butyl ester of various substituted benzoic acid was also synthesized using the 

PTA catalyst. The electron-donating and electron-withdrawing groups attached to the 

benzene moiety did not seem to affect the yield of butyl ester. Whereas butyl 4-

chlorobenzoate 5h was obtained in 93% yield, butyl 4-methyl benzoate 5k was isolated in 
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89% yield. With strong electron-donating and electron-withdrawing group at the para 

position, butyl 4-methoxybenzoate 5i and butyl 4-nitrobenzoate 5j was isolated in 84% 

and 86% yield, respectively (Table 2, entry 2&3). Dibutyl phthalate 5l was isolated in 

45% yield. The mass balance is the monoester and unreacted phthalic acid. Dibutyl 

terephthalate 5m provided a similar yield (40%) under the same reaction condition. 

Esterification of cinnamic acid afforded butyl cinnamate 5n in 88% yield. Butyl 2-

hydroxybenzoate 5o was obtained in 83% isolated yield starting from 2-hydroxybenzoic 

acid or salicylic acid. 

Table 5.2 Esterification of various benzoic acid derivatives using PTA catalyst   

Entry Starting material Product Yield (%) 

1 

  

93 

2 

  

84 

3 

  

86 

4 

  

89 

5 

  

45 

6 

  

40 

7 
  

88 
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8 

  

83 

9 

  

87 

 

The products were purified by column chromatography. Alternatively, the crude 

reaction mixture (after separating the PTA catalyst) can be washed with saturated sodium 

bicarbonate solution and dissolve the unreacted benzoic acid.  

Optimized conditions: Mole ratio of benzoic acid to alcohol = 1:1.5; catalyst loading = 

0.4 mol%, temperature = 120 °C, time = 4 h. 

5.3.8 Recycling and regeneration of catalysts 

Recyclability of the catalyst is one of the most important parameters for the green 

indices and process economics. Although the esterification reaction worked with a 

relatively small quantity of PTA catalyst (i.e., 0.4 mol%), efficient recovery of the PTA 

catalyst was undertaken.  The PTA catalyst used in the preparation of butyl benzoate 5d 

was successfully recovered and recycled for three consecutive runs. After the reaction, 

the crude reaction mixture of 5d was diluted with petroleum ether, and the precipitated 

PTA catalyst was separated by decantation or centrifugation. The precipitated recovered 

catalyst was then dried in a hot-air oven at 110 °C for 12 h before submitting for the 

subsequent esterification reaction. The mass loss of PTA catalyst was minimized by 

merely transferring the organic reaction mixture into another flask while drying the 

catalyst in the reaction vessel itself. A typical mass loss of 1-2% was observed between 

consecutive runs. The yield of 5d decreased marginally until the 3rd run (Figure 5.68). 

The amounts of benzoic acid and 1-butanol were adjusted in each trial based on the mass 

of PTA recovered. 
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Figure 5.68 Recovery and reuse of PTA catalyst in the preparation of butyl benzoate 5d. 

Reaction conditions: Benzoic acid (1.00 g, 8.19 mmol), 1-butanol (0.910 g, 12.30 mmol, 

1.5 eq.), 120 °C, 4 h, HPA (0.4 mol%). 

5.3.9 Characterization of recycled catalysts 

After each cycle, the dried PTA catalyst was characterized by FTIR spectroscopy 

to ensure that the structural integrity remained intact. The peak at 1080 cm-1 is the 

characteristic peak for the P-O stretching frequency, whereas the peak at 982 cm-1 

corresponds to W=O stretching. The peaks at 889 cm-1 and 798 cm-1 correspond to W-O-

W bridges (Figure 5.69) (Zhang et al. 2017). 
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Figure 5.69 FTIR spectra of the fresh PTA (dried) and recycled (3rd cycle) PTA. 

 

In addition, the recovered catalyst after the third cycle was characterized by the 

31P-NMR spectroscopy (Figure 5.70) and thermogravimetric analysis (TGA) (Figure 

5.71) to study the structural changes of the catalyst. 
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Figure 5.70 The 31P-NMR spectrum of fresh and recovered PTA catalyst. 

 

Figure 5.71 The TGA graph of the fresh and recycled PTA catalyst.   
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5.3.10 Esterification of furoic acid (FA) over HPA catalysts 

Similar to the previous section , studies of optimization for maximum conversion 

were conducted. 

In order to find the best reaction conditions, the conversion of furoic acid 

into alkyl furoates was studied using different HPAs, furoic acid to alcohol ratios, 

reaction temperature, and catalyst loading. Butyl furoate 5u has been selected as 

the model substrate for optimizing the reaction. In a typical reaction, furoic acid, 1-

butanol (2 eq.), and PTA (0.3 mol%, with respect to mole of furoic acid used) were 

taken in a 100 mL glass pressure vessel, sealed, and stirred magnetically during the 

course of the reaction. After reaction, the PTA catalyst remained suspended in the 

mixture of reaction and separated from the product. Butyl furoate 5u was isolated 

by solubilization in chloroform from the reaction mixture. FTIR and 1H-NMR 

spectroscopy analyzed the crude product for full conversion and purified through 

column chromatography (silica gel). 
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Scheme 5.4 Chemical structure of the synthesized alkyl 2-furoates. 

5.3.11 Effect of reaction temperature 

The effect of reaction temperature on 2-furoic acid conversion and alkyl 2-

furoate yield was studied using PTA as the acid catalyst. The reaction even after 
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stirring at room temperature for 12 h, produced <10% yield of butyl 2-furoate. 

Increasing the temperature to 80 °C afforded 5u in 57% isolated yield within 4 h 

(Figure 5.72). Upon increasing the temperature to 90 °C and 100 °C, the yield of 

5u increased to 75% and 82%, respectively. The mass balance was essentially 

unreacted FA. The yield of 5u reached 92% after 4 h reaction when the reaction 

was conducted at 120 °C. The 1H-NMR spectrum of the crude product did not 

show any unreacted FA certifying its quantitative conversion. 

 

Figure 5.72 Effect of reaction temperature on the yield of butyl furoate 5u. 

Reaction Conditions: FA (1.77 mmol), 1-butanol (3.55 mmol), 4 h, PTA catalyst 

(0.3 mol%). 

5.3.12 Effect of mole ratio of FA to 1-butanol 

In order to investigate the effect of molar ratio of FA and 1-butanol on the yield 

of butyl furoate 5u, the reaction was carried out at 120 °C for 4 h using 0.3 mol% 

of PTA as catalyst. The molar ratio of FA to 1-butanol was varied between 1:1 and 

1:5. The results show that the yield of 5u at ratios above 1:1.5 is nearly constant 

(Figure 5.73). However, using ratios lower than 1:1.5 lowered the yield of 5u due 

to incomplete reaction. Using equivalent amount of 1-butanol, 5u was isolated in 
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65% yield. Increasing the equivalence of 1-butanol from 1 to 2 increased the yield 

of 5u incrementally and reached maximum at 92% at 2 equivalent of 1-butanol. 

Further increase in the equivalence of 1-butanol from 2 to 4 decreases in the yield 

of butyl furoate. This is attributed due to the additional increase in the 1-butanol 

quantity causes dilution of the reaction media, act as a solvent, causing a 

detrimental effect on the contact between the acid and catalyst, reduces the mass 

transfer and subsequent product yield of the reaction.  

 

Figure 5.73 Effect of equivalence of 1-butanol with respect to FA on the isolated 

yield of butyl furoate 5u. 

Reaction conditions: FA (1.77 mmol), 1-butanol, 120 °C, 4 h, PTA catalyst (0.3 

mol%). 

 

5.3.13 Efficiency of different HPA in preparing alkyl furoates 

To investigate the efficiency of different heteropolyacid (HPA), the 

esterification reaction was independently carried out using four commercially-
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available HPAs, namely, phosphotungstic acid (PTA), phosphomolybdic acid 

(PMA), silicotungstic acid (STA), and silicomolybdic acid (SMA). The 

esterification of furoic acid with 1-butanol was carried out at 120 °C for 4 h using 

0.3 mol% of HPA catalysts. Among the four HPAs examined, PTA was found to 

be most effective catalyst. Use of PTA as catalyst afforded butyl furoate 5u in 92 

% yield whereas PMA, STA, and SMA afforded the same in 80.24%, 87%, and 

78.16% respectively, under identical conditions (Figure 5.74). The results may be 

explained by the highest acidity of PTA among the HPA catalysts examined.  

 

Figure 5.74 Efficiency of various heteropolyacids on the yield of butyl furoate 5u. 

 Reaction conditions: FA (1.77 mmol), 1-butanol (3.55 mmol), 120 °C, 4 h, HPAs 

(0.3 mol%). 

Along with HPAs catalyst, salt of phosphotungustic acid and phosphotungustic 

acid supported over the silica, methyl sulphonic acid and niobium oxide were 

examined for the esterification of furoic acid. A variety of solid acid catalysts like 

as Amberlyst-15, Cs2.5H0.5PW12O40, K2.2H0.8PW12O40, 20%CH3SOH/SiO2, 

20%PTA/Nb2O5, 25%PTA/Nb2O5 were used in esterification of furoic acid. 
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Figure 5.75 The efficiency of various supported HPA catalysts on the yield of butyl 

furoate 5u. 

 Reaction conditions: FA (1.77 mmol), 1-butanol (3.55 mmol), 120 °C, 4 h, 

catalyst (0.3 mol%). 

These supported PTA catalysts have been synthesized by wet impregnation 

method reported in literature somewhere. Catalytic behaviour was studied for the 

esterification of furoic acid with 1-butanol at 120 °C for 4 h using 0.3 mol% of 

supported catalysts. Among the supported catalyst, 25%PTA/Nb2O5 was found the 

most effective catalyst. Use of 25%PTA/Nb2O5 catalyst provided butyl furoate 5u 

in 80% yield whereas other catalysts afforded less than 50%, under identical 

conditions (Figure 5.75). The results may be explained by the lower number of the 

acidic sites relative to 25%PTA/Nb2O5 among the other solid acid catalysts 

examined. Among all the examined catalyst PTA catalyst was found most effective 

compared to other phosphotungustic acid supported catalysts for the esterification 

of furoic acid. 
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5.3.14 Effect of catalyst loading 

PTA being found to be the most active catalyst, the effect of loading of PTA on the 

isolated yield of 5u was investigated keeping the other reaction parameters 

unaltered (Figure 5.76). When the loading of PTA catalyst was lowered to 0.09 

mol%, the yield was 55% after 4 h at 120 °C. The yield increased up to 88% after 

6 h. The yield increased incrementally up to 0.3mol% and reached maximum of 

92% and then decreased to 74% at 0.5 mol%. Lower yield of 5u at higher loading 

of PTA catalyst is due to acid-promoted decompositions reactions and ether 

formation from alcohols and thereby lowering the amount of alcohol available to 

react with furoic acid. 

 

Figure 5.76 Effect of loading of PTA catalyst on the isolated yield of butyl furoate 

5u.  

Reaction conditions: FA (1.77 mmol), 1-butanol (3.55 mmol), 120 °C, 4 h. 
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5.3.15 Effect of different alcohol 

The optimized reaction for 5u was applied for the production of 5q-5u from 

FA using 0.3 mol% PTA catalyst. The reactions were performed in a glass pressure 

tube fitted with a Teflon screw top. The set up allows reaching temperature 

without evaporative loss of the alcohols during reaction. Where methyl furoate 5q 

was isolated in 87% yield, 85% yield ethyl furoate 5r, 90% yield propyl furoate 5s, 

60% yield isopropyl furoate 5t and the butyl furoate 5u was obtained in 92% 

isolated yield (Figure 5.77). 

 

Figure 5.77 Preparation of alkyl furoates (5q-5u) from 2-furoic acid. 

Reaction Conditions: FA:alcohol (1:2) (molar ratio), 120 °C, 4 h, PTA (0.3 

mol%). 

Optimized conditions: (85% yield) mole ratio FA to alcohol=1:2, amount of catalyst 0.3 

mol%, temperature=120 °C, and time=4 h. 
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Table 5.3 Esterification of  furoic acid using PTA catalyst  

Entry Product Yield (%) 

1 Methyl furoate 5q 87 

2 Ethyl furoate 5r 85 

3 Propyl furoate 5s 90 

4 Isopropyl furoate 5t 60 

5 Butyl furoate 5u 92 

Preparation of alkyl furoates (5q-5u) from 2-furoic acid. 

Reaction Conditions: FA: alcohol (1:2) (molar ratio), 120 °C, 4 h, PTA 

(0.3 mol%). 

 

5.4 CONCLUSION   

A solvent-free and gram-scale synthetic protocol for the esterification of benzoic 

acid and furoic acid (aromatic acid) has been developed using PTA as an efficient and 

green catalyst. The reactions were performed at 120 °C for 4 h in a glass pressure reactor 

that provided excellent isolated yields of alkyl benzoates and alkyl furoates using only 

slight excess of the alcohol reagent and 0.4 mol% and 0.3 mol% of the PTA catalyst 

respectively. Esterification of several substituted benzoic acid molecules bearing 

electron-donating and electron-withdrawing groups have been reported. The PTA catalyst 

was successfully recovered by manipulating the solubility of  PTA in the reaction 

mixture. The physical mass loss of PTA catalyst in subsequent runs was minimal, and the 

catalyst activity remained nearly the same even after the third run.
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Abstract  

This chapter includes the summary, conclusions, and scope for future work on the 

significant research findings discussed in chapter 2 through chapter 5 of this thesis.  

6.1 SUMMARY 

• The chemocatalytic valorization of biomass requires a new library of robust, 

selective, inexpensive, recyclable, and environment-friendly catalysts. 

Heteropolyacids (HPAs) are well-studied compounds, and their applications in 

catalysis are well documented. The applications of HPA-based catalysts in the 

chemistry of renewables are relatively new and is being explored over the past 

few years.      

• In the present work, Keggin-type heteropolyacids (HPAs) have been employed 

for the preparation of 2-(2-Furyl)-1,3-dioxolane by the acetalization of biomass-

derived furfural with ethylene glycol. The acetals of furfural are potential fuel 

oxygenates and renewable chemical intermediate for further value addition.  

• HPAs have been used as a catalyst for the esterification of saturated fatty acids 

like stearic acid and unsaturated fatty acid like oleic acid. Acid-catalyzed 

esterification of free fatty acid is of immense interest for the preparation of 

biodiesel from feedstock with significant free fatty acid content. The HPA catalyst 

was conveniently recovered by precipitating it from the reaction mixture using a 

non-polar solvent. The catalyst was successfully recycled for several cycles 

without noticeable loss in mass or activity.   

• The selective oxidation of furfural into 2(5H)-furanone was attempted using 

various HPA-based heterogeneous acid catalysts. Aqueous hydrogen peroxide 

was used as an inexpensive and environment-friendly oxidant. A series of 

phosphotungstic acid (PTA) supported on NH4YZ zeolite catalysts (10-30 wt% 

PTA-NH4YZ) were prepared and characterized. The catalysts were characterized 

by FTIR, PXRD, and SEM analysis. The 20 wt% PTA/NH4YZ catalyst was found 
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to be most active that provided 2(5H)-furanone in 40% isolated yield under 

optimized conditions. Roughly 20% of succinic acid was isolated from the 

aqueous fraction.   

• Solvent-Free and scalable preparation of a series of alkyl benzoates by the HPA-

catalyzed esterification of benzoic acid has been reported. The reaction worked 

equally well for benzoic acid moieties having electron-donating or electron-

withdrawing groups attached to it. Post reaction, the HPA catalyst was 

conveniently recovered from the reaction mixture by precipitation. The esters 

were purified by simply filtering through a pad of silica gel where the unreacted 

benzoic acid remained stuck on the silica gel.  

• The synthesis of alkyl 2-furoates has been reported by the esterification of 

biomass-derived furoic acid. The furoates have potential applications as a 

renewable solvent, fuel oxygenate, perfumes, and chemical feedstock for further 

value addition pathways. The reaction was performed in a batch-type glass 

pressure reactor in the presence of an HPA catalyst. The alcohol reagent was used 

only in slight excess that simplified the product separation and catalyst recovery. 

6.2 CONCLUSIONS 

The main objective of the thesis was to use HPAs as an efficient and 

environment-friendly catalyst for converting biomass-derived sugars into fuels and 

specialty chemicals. The following significant conclusions were drawn on the basis of the 

experimental results reported in chapter 2 through chapter 5 of this thesis.  

2-(furan-2-yl)-1,3-dioxolane was produced in excellent isolated yield by reacting 

biomass-derived furfural with ethylene glycol using phosphotungstic acid (PTA) as a 

catalyst. The reaction was conducted in a Dean-Stark apparatus, and benzene was used as 

the carrier for water removal. The reaction was optimized on parameters such as the type 

and loading of catalyst, duration of reaction, and the relative ratio of reagents. The cyclic 

acetal was isolated in 92% yield using a 1:3 molar ratio of furfural and ethylene glycol 
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and only 2 wt% of the PTA catalyst. The catalyst was conveniently separated from the 

reaction mixture by exploiting the differential solubility of HPA catalysts. 

A high-yielding and scalable synthesis of fatty acid esters were achieved by 

esterifying free fatty acids like stearic acid and oleic acid with alkyl alcohols within a 

closed batch reactor using HPA catalysts. The reaction was optimized on temperature, the 

molar ratio of fatty acid and alkyl alcohol, and the loading of catalyst. The solvent-free, 

gram-scale reactions afforded >95% yield of alkyl stearates and >85% yield of alkyl 

oleates under the optimized conditions (1 mol% phosphotungstic acid (PTA) catalyst, 110 

°C, 4 h for alkyl stearates and 0.2 mol% PTA catalyst, 120 °C, 4 h for alkyl oleates) by 

using only slight excess of the alcohol reagent. The PTA catalyst was successfully 

recovered and reused for five consecutive cycles without significant loss in mass and 

activity. 

  The preparation of 2-furanone was achieved by the selective oxidation of 

biomass-derived furfural using hydrogen peroxide as an inexpensive oxidant and PTA 

catalyst supported on NH4YZ zeolite as a catalyst. A series of PTA supported on NH4YZ 

zeolite catalysts (10-30 wt% PTA-NH4YZ) were prepared via the wet impregnation 

method. The prepared catalysts were characterized by PXRD, FTIR, and TGA. The 

influences of various reaction parameters such as temperature, duration, loading of 

catalyst, and furfural to H2O2 molar ratio were studied on the conversion of furfural and 

the yield of 2-furanone. The 20 wt% PTA/NH4YZ was found to be the most active 

catalyst for the selective oxidation of furfural. The solvent-free synthesis afforded 2-

furanone in 40% isolated yields under optimized conditions, and the reaction was 

conducted at several grams scale. Around 20% of succinic acid was isolated from the 

aqueous fraction.   

A high-yielding and scalable preparation of alkyl benzoates and alkyl furoates 

have been achieved from benzoic acid and furoic acid, respectively, using HPA as an 

efficient and recyclable acid catalyst. A gram-scale synthetic protocol was developed that 

afforded alkyl benzoates and alkyl furoates in excellent isolated yields (>85%) within 4 h 

at 120 °C using only slight excess of the alcohol reagent and <1 mol% of the PTA 
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catalyst under solvent-free conditions. Esterification of several substituted benzoic acid 

molecules bearing electron-donating and electron-withdrawing groups has been reported 

with good isolated yield. The PTA catalyst was conveniently recovered and reused for 

three consecutive cycles without significant loss in mass or activity. 

6.3 SCOPE FOR THE FUTURE WORK 

In this thesis, the commercial HPAs have been used as efficient, recyclable, and 

environment-friendly catalysts for the synthetic upgrading of biomass-derived renewable 

chemical building blocks. In the future, the tailor-made HPAs or polyoxometalates 

(POMs) can be synthesized with controlled acidity, solubility, and thermal stability for 

their application in the catalytic upgrading of biomass. Bifunctional catalysts can be 

prepared by supporting HPAs on noble metal-based catalysts such as Pd/C. The catalysts 

may be applied for the hydrodeoxygenation of biomass-derived intermediates into fuels 

and fuel additives. The noble metal would help in the hydrogenation reaction, whereas 

the HPA would help in the hydrogenolysis and dehydration reactions. For example, the 

catalyst may be used for the one-pot production of γ-valerolactone from biomass-derived 

levulinic acid. The HPA catalyst would help in intramolecular lactonization, whereas the 

Palladium metal would catalyze the hydrogenation of the ketone or olefin. One-Pot 

preparation of fuel additives like 2-methyl furfural and 2,5-dimethylfuran can also be 

envisioned by treating biomass-derived sugars like fructose with the bifunctional catalyst. 

The HPA-based novel ionic liquids may be used as a catalyst or as a green reaction media 

for various renewable chemistries. The HPA-based catalysts can be used for the acid-

catalyzed dehydration of glucose-derived D-sorbitol into isosorbide and the preparation 

of diphenolic acid by reacting biomass-derived levulinic acid with phenol. The 

recyclability of the homogeneous and heterogeneous HPA catalysts should be studied in 

detail. 
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