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Abstract: Over the past 130 years, Fischer-Speier esterification has been established as the benchmark
method for synthesizing esters from organic acids and alcohols. The reaction’s versatility, arising
from the vast combinations of starting materials and the numerous catalytic alternatives to the
traditional H2SO4, has maintained its relevance, with a steady flow of publications addressing
new developments. This review highlights the most significant contributions to Fischer-Speier
esterification over the past five years, with a particular emphasis on mechanistic advancements
and innovative catalytic systems. Both homogeneous and heterogeneous catalytic approaches are
discussed, including novel catalysts leveraging hydrogen-bonding interactions and systems offering
fresh insights into specific reaction mechanisms and atypical methodologies. Some of these catalytic
systems, as ionic liquids or sulfonated heterogeneous catalytic precursors, reached excellent yields
(>90%), e.g., in the synthesis of fatty acids methyl esters. Also, classic catalysts such as H2SO4 and
para-toluen sulfonic acid were optimized for quantitative conversions (e.g., in the esterification
of trans-cinnamic acid with methanol). A consistent number of catalysts was studied with model
substrates (as benzoic acid in combination with methanol, ethanol, and ethylene glycol), and new
activation pathways were presented.
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1. Introduction

In 1895, Emil Fischer and Arthur Speier published a research paper where they re-
ported for the first time the esterification of several organic acids with absolute ethanol in
the presence of reduced amount (<1 equivalent with respect to the organic acid) of mineral
acids (HCl or H2SO4) [1]. As a matter of fact, they unlocked for the first time the catalytic
mechanism of the esterification reaction in the presence of acids, allowing unthinkable
(to date) optimizations and variations which have led the Fischer-Speier esterification to
be the more employed protocol for ester’s production. The operational easiness related
to the transformation has also led to the use of the protocol as a paradigm for teaching
organic chemistry and catalysis principles to students [2,3]. Over the years, the number
of combinations within acids and alcohols that can undergo Fischer-Speier esterification
has grown exponentially, leading to a huge number of esters being exploited for industrial
purposes. Esters play a crucial role in various industrial applications that significantly
impact modern life. The transesterification of triglycerides with short-chain alcohols, such
as methanol or ethanol, is a key process in the production of biofuels [4]. Additionally,
the perfume industry extensively utilizes esterification reactions involving acids derived
from natural sources to produce the main components of their formulations [5]. Large-
scale production of esters also supports industries such as paints [6], plasticizers [7,8],
pesticides [9,10], nutraceuticals [11], and food and cosmetics [12]. Also, fuel additives as
esters of levulinic acid have been reported to be of industrial interest [13].
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The topic in broader meaning was reviewed by Khan and coworkers in 2021 [14]. The
Authors published a comprehensive review of the state of the art in esterification, discussing
the Fischer-Speier protocol but also enzymatic and thermal noncatalytic esterification.

Despite its large success in synthetic organic chemistry and the elevated number of
papers dealing with the optimization of such reaction, the presence of multiple equilibria
leading to moderate yields has limited its application, pushing the search for alternative
and more efficient protocols as the Steglish reaction [15].

Nevertheless, the simplicity and the wide applicability of the Fischer-Speier esterifica-
tion can’t be reached by any other known chemical transformation for esters, making this
route the one of choice even in current days for many syntheses. Also, the understanding
of possible deactivation pathways by analyzing the literature data can lead to new ideas to
improve the reaction. The affirmation during the year of the Fisher-Speier esterification was
also due to the discovery of new catalytic systems, both homogeneous and heterogeneous.
New combinations of reagents and catalysts are continuously reported, and variations from
the original mechanism are presented and discussed.

In this context, the present review is focused on the recent advances of the Fischer-
Speier esterification, covering the papers published during the last five years. The fol-
lowing procedure was adopted to collect the papers of interest from the Scopus database:
period—2020–2024, document type—article or review, language—English. Thus, of the
88 documents selected, the ones showing any discussion about the Fischer-Speier esterifica-
tion have been herein reported, with a particular focus on any reporting about mechanicistic
advancements. A particular focus is given to the reaction conditions and to the outcomes in
relationship with the specific substrates and catalysts, highlighting any possible activating
and deactivating pathways and proofs of concept of new mechanisms. The reason for such
an approach lies in the existing gap between the industrial employed protocols and the ad-
vancements reported at the laboratory level. When a protocol that involves many equilibria
and the generation of side-products able to inhibit the advancement of the transformation
(as water in this case) is scaled at the industrial level, many issues arise as a consequence of
the accumulation of unreactive or detrimental species. In this context, excellent conversion
or yield at the laboratory scale does not guarantee the same level of effectiveness in the
scaled protocol. Under this light, the importance of the understanding of the mechanism
and the knowledge about any possible species involved became pivotal.

The review is organized in two parts. Section 2.1 provides a general description of
the reaction, including a summary of the classic mechanism and intermediate species
involved. Section 2.2 deals with the analysis of the selected bibliography, highlighting
their mechanicistic contributions to the ester’s synthesis and to the development of the
protocol. Section 2.2 is, in turn, divided into two main parts: the first one is dedicated to
the homogeneous systems, while the second one regards the heterogeneous ones. The main
aim of the present review paper was to collect any contribution dealing with the Fischer
esterification published during the reported period and provide information about the
mechanism of the esterification described.

2. The Fischer-Speier Esterification: Basic Aspects

The Fischer-Speier reaction is an esterification between an organic acid and an alcohol
catalyzed by Brønsted–Lowry or Lewis acids. The mechanism of the reaction is known
and widely accepted. At first, the catalyst activates the carbonyl group, making it suitable
for attack by a weak nucleophile as an alcohol. After the alcohol addition, one molecule
of water is produced and eliminated to provide the ester after the decoordination of the
catalyst (Figure 1).

Despite an apparent simple mechanism, the Fischer-Speier esterification is a complex
combination of equilibria, each one influenced by the specific molecules involved. The
key steps are the activation of the carbonyl moiety (step I), which can occur in principle
with any kind of Lewis acid, and the water elimination (step III), which directly influences
the yield of the esterification. Overall, the thermodynamics of the equilibria depicted in
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Figure 1 determines the result of the reaction. At the end, one C(carbonyl)-O bond is broken,
and one C(carbonyl)-O bond is formed, making de facto the reaction an acyl nucleophilic
substitution. The eventual water presence in the reaction medium strongly deactivates the
formation of the ester. This behavior is exploited in the acid-catalyzed hydrolysis of the
esters, which is a reverse Fischer-Speier esterification [16].
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Figure 1. General mechanism of the Fischer-Speier esterification.

2.1. Overview of the Recent Advances

During the last five years, the number of papers involving at least one reaction based
on acid-catalyzed esterification was consistent and related to different catalytic systems.
A compressive list of the main studies from 2020 reported in the literature, which employ
Bronsted or Lewis catalysts, is reported in Table 1.

Table 1. Recent papers dealing with Fischer-Speier esterification. Substrates, catalysts, and references
are reported.

Acid Alcohol Bronsted Catalyst Reference

formic acid, acetic acid, salicylic acid,
benzoic acid 2-propanol, ethanol, isobutanol H2SO4 Altalhi et al. [17]

peptide aCT11 methanol HCl Bannon et al. [18]

acetic acid vanillyl alcohol H2SO4 Jayawijayanti et al. [19]

4-Amino-3-nitrobenzoic Acid methanol H2SO4 Kam et al. [3]

lactic and butyric acids chitin HCl Magnani et a. [20]

acetic acid cellulose H2SO4 Luis et al. [21]

trans-cinnamic acid methanol H2SO4 or pTSA Steele et al. [2]

eleostearic acid polyether alkynyl alcohol p-toluenesulfonic acid Song et al. [22]

amino acids (L-Alanine, L-phenylalanine,
L-tyrosine, L-lysine, and L-glutamic acid) methanol H2SO4 Salvitti et al. [23]

1-methyl-3-indoleacetic acid, benzofuran,
naphthalene, thiophene, pyridine, substituted

benzenes, formate derivatives,
D-(−)-tartaric acid, several natural and

unnatural amino acids (alanine, valine, leucine,
isoleucine, proline, threonine,

serotonine, tyrosine.

methanol, ethanol, i-propanol,
t-butanol, cyclohexanol, ethylene

glycol, 1,3-propandiol, triethylamine
alcohol, glycerol

B(C6F5)3 Ya-Lan et al. [24]
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Table 1. Cont.

Acid Alcohol Bronsted Catalyst Reference

acetic acid n-pentanol sulfated zirconia Hamerski et al. [25]

Free Fatty Acids (FFAs) from vegetable oils methanol BF3 or AlCl3 Kolet et al. [26]

palm fatty acid methanol Al2(SO4)3 or H2SO4
1 Ulfah et al. [27]

Acid Alcohol Lewis Catalyst Reference

polyacrylic acid SiOH SnCl2 Ranno et al. [28]

acetic, propionic, butyric, octanoic, hexanoic,
adipic, suberic, linoleic, oleic, caprylic, ricinoleic isosorbide, isomannide Amberlyst-15 Städtke et al. [29]

2-(((2-ethylhexyl)oxy)carbonyl)benzoic acid 2-ethylhexanol. mixed Sn/Ti catalysts Jansen et al. [30]

propane-1,2,3-tricarboxylic acid n-propanol Al2(SO4)3 De Bruyne et al. [31]

glacial acetic acid n-pentanol piperazione-based acid molten salt Zaharani et al. [32]

oleic acid methanol biochar from murumuru kernel shells Correa et al. [33]

tall oil fatty acids methanol Amberlyst® BD20 or H2SO4 Lawer-Yolar et al. [34]

linoleic acid methanol HZSM-5 zeolites Fawaz et al. [35]

nonanoic acid 2-ethylhexanol Amberlite IR120 Russo et al. [36]

acetic acid isoamyl alcohol Amberlyst 15 dry, Amberlyst 16 wet,
Amberlite 120-IR Zare et al. [37]

benzoic acid methanol Brønsted acidic ionic liquids Bano et al. [38]

oleic acid methanol SO3H-PPAC (from ZnCl2) Hussein et al. [39]

oleic acid methanol [N,N-di(propanesulfonic)
phenylenediamine][ethanol]2

Xiao et al. [40]

oil fatty acid ethanol Zr4+-CER Zhu et al. [41]

oleic acid methanol S150-4 Zhang et al. [42]

acetic acid n-butanol Propyl-SO3H functionalized
graphene oxide Masteri-Farahani et al. [43]

palmitic acid ethanol Brønsted
acidic ionic liquids Chandrika et al. [44]

3-mercaptopropionc acid 9,9-bis[4-(2-
hydroxyethoxy)phenyl]fluorene para-toluensulfonic acid Hong et al. [45]

rosin acid starch nanoparticles Maghnite-H+ Bezzekhami et al. [46]

glacial acetic acid 1-butanol 4,4′-trimethylenedipiperidinium
hydrogen sulfate hydrate Zaharani et al. [47]

acetic acid aminotriphenols titanium aminotriphenolate Wolzak et al. [48]

Butyric, caproic, pelargonic, oleic, linoleic,
levulinic acid

1-hexanol, 2-ethylhexanol,
1-hexadecanol

ZnCl2, ZnCO3, Zn(OAc)2, ZnO,
Zn(ClO4)2, Zn(TfO)2, and Zn(BF4)2

Melchiorre et al. [49]

benzoic acid ethylene glycol bisimidazolium tungstates Wu et al. [50]

levulinic acid ethanol, n-butanol, n-exanol dendritic fibrous nano-silica derivate Alsalim et al. [51]

levulinic acid cydecanol formed in situ from
dicyclopentadiene Amberlist resin Chung et al. [52]

oleic acid methanol [N,N-di (propanesulfonic)
phenylenediamine][ethanol]2

Xiao et al. [40]

1 Both Bronsted and Lewis acids were used in this publication.

To describe and summarize the advancements recently achieved (2020–2024), a classi-
fication of these studies based on the nature of the catalyst with respect to the substrates
is proposed. In Section 2.2, the Fischer-Speier esterification in homogeneous systems is
described, while Section 2.3 deals with the employment of heterogeneous systems.

2.2. Fischer-Speier Esterification Promoted by Homogeneous Catalysts
2.2.1. Bronsted Acids as Catalysts

Regarding the homogeneous systems, formic, acetic, salicylic, benzoic (with 2-propanol,
ethanol, isobutanol) [17], acetic (with vanillyl alcohol [19] or cellulose [21]) 4-Amino-3-
nitrobenzoic (with methanol) [3], cinnamic (with methanol) [2], palm acids (with methanol [27])
and amino acids as L-Alanine, L-phenylalanine, L-tyrosine, L-lysine, and L-glutamic acid
(with methanol) [23] were activated with the classic Bronsted acid H2SO4.



Catalysts 2024, 14, 931 5 of 16

Some of these syntheses were functional to the preparation of the corresponding esters
with no aim of optimizing the reaction yields or finding specific conditions to push the equi-
libria reported in Figure 1 toward the reaction products [3,17,19]. In this context, Hong and
coworkers described the Fischer-Speier esterification between 9,9-bis[4-(2-hydroxyethoxy)p-
henyl]fluorene and 3-mercaptopropionc acid with a yield of 95% under classic conditions:
reflux, 6 h, p-toluensulfonic acid as catalyst [45]. The same catalyst was employed by Song
and coworkers for the esterification of the eleostearic acid with acetylenic diol polyoxyethy-
lene ether. Reported conditions were 2% of catalysts, 80 ◦C, under reflux [22].

Within other reported studies, it is worth mentioning the comparison between dif-
ferent catalysts reported by Steele and coworkers (H2SO4 vs. pTSA) [2], reporting the
condensation of the trans-cinnamic acid with methanol in the presence of H2SO4 or pTSA,
under classic reflux condition or microwave irradiation. Then, if high yields were obtained
for both the catalysts under refluxing methanol in 60 min (94% and 91% respectively), the
reaction conducted in a microwave oven resulted complete in just 2 min, with a slightly
higher yield when H2SO4 was used (97% vs. 91%). Also, these results were reached with a
lower loading of the catalysts (75 mol% vs. 50 mol%) [2].

When classic Fischer-Speier esterification is conducted on amino acids, often low
yields are obtained due to side reactions involving the amino group. In this context, Salvitti
and coworkers developed a suitable protocol to obtain moderate yields in the synthesis
of the methyl esters of L-Alanine, L-phenylalanine, L-tyrosine, and L-lysine, promoted by
H2SO4 under thin-film conditions [23]. Of particular interest was the specific role of the
catalyst, as the same protocol with HCl or HNO3 was ineffective. The Authors justified this
peculiarity by attributing to the H2SO4 a unique role in promoting the esterification through
the in-situ generation of sulfonate [53] or sulfate esters [54] by reaction with methanol, and
thus unlocking the alkylation of the carboxylate intermediate by these species [23].

On the other side, Bannon and coworkers picked HCl as a catalyst of choice for the
esterification of the therapeutic peptide α carboxyl terminus 11 (αCT11, RPRPDDLEI) with
methanol (Figure 2) [18].
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Figure 2. RPRPDDLEI (αCT11) catalyst [18].

As shown in Figure 2, αCT11 can esterify in four different sites. In a large excess of
methanol (1600/1 molar ratio) and in the presence of 5% HCl, after 24 h of stirring, an
esterification yield ranging between 50% and 70% was achieved. As the esterification was
not complete, a mixture of products was obtained. A careful description of the different
products was presented through the employment of multiple analytical techniques, such as
reverse-phase high-performance liquid chromatography, MALDI-TOF Mass spectrometry,
and Nuclear Magnetic Resonance spectroscopy. To highlight the detection of some key
intermediates, such as the formation of amides or imides through the intermolecular ester
cleavage involving the αCT11 N-terminal amine [18].

Magnani and coworkers reported the Fischer-Speier esterification of chitin nanocrys-
tals with lactic and butyric acid catalyzed by HCl [20]. Also, in this case, the choice of the
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catalyst was not random. In fact, HCl dissociation was exploited to hydrolyze part of the
glycosidic linkages of the chitin while catalyzing the esterification between the acid and the
hydroxyl groups of the chitin, thus completing a tandem hydrolysis/esterification process.
The yields reported by the Authors range between 40% and 60% [20].

2.2.2. Acidic Ionic Liquids

During the last few years, acidic ionic liquids have been tested as catalysts for Fischer-
Speier esterification, opening a different concept of catalysis: the activation of substrates
through hydrogen-bonging interactions. Despite the difficult implementation of ionic
liquids in industrial productions due to their general toxicity and the high price of compo-
nents, their application on a laboratory scale as catalysts for the Fischer-Speier esterification
is of high interest. The possibility to activate the carbonyl or the alcohols by a sord of Lewis
catalysis operated by an intense hydrogen network represents a novel protocol at its early
stages of development.

In this context, Xiao and coworkers presented the possibility of promoting the ester-
ification of oleic acid with methanol by using as a catalyst the system [N,N-di (propane-
sulfonic) phenylenediamine][ethanol]2. The Authors discussed some mechanistic aspects
regarding the molecular structure of the catalyst. Being the catalyst composed of a mix-
ture of hydrogen bond acceptors and donors, its activity is strictly related to the intensity
and extension of the hydrogen bond network. Thus, to obtain suitable levels of acidity,
the solvent used for the preparation of the mixture between the N,N-di(propanesulfonic)
phenylenediamine (hydrogen bond acceptor) and the ethanol (hydrogen bond donor) re-
sulted pivotal, with ethanol being the best reaction medium. Optimized conditions, which
consisted of 3 wt% of catalyst, with a methanol/oleic acid ratio of 10:1 and 70 ◦C, allowed
to reach more than 96% of conversion after 1.5 h [40].

Bronsted acid ionic liquids catalysts made by pyridinium [PyH]+ and triethylammo-
nium [TEAH]+ were used by Bano and coworkers for the esterification of aromatic acid
with different aliphatic alcohols (Figure 3) [38].
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Figure 3. Bronsted acid Ionic liquids catalyst reported by Bano et al. [38].

Starting from the model esterification between benzoic acid and methanol, the Au-
thors tested the catalysts reported in Figure 3 and determined the best reaction conditions
(benzoic acid 1.69 mmol: methanol 4.2 mmol, cat. 0.42 mmol, 70 ◦C for 16 h). The reaction
was then extended to different benzoic acid derivatives and aliphatic alcohols. Some trends
were then encountered. Looking at the catalysts, considering different anions, a decreasing
catalytic activity was observed in the following order: [HSO4]− > [H2PO4]− > [OTs]− >
[citrate] > [NO3]−. Considering the effect of the nature of the acid on the outcome of the
reaction, an increase in the catalytic activity was observed as more electron-withdrawing
groups were present on the benzoic acid. A mechanism was then proposed for the esterifi-
cation of such conditions (Figure 4).

In this case, the acidity of the [HSO4]−, as well as the basicity of the [SO4]2− anions,
were pivotal, respectively, in activating the benzoic acid and in re-establishing the carbonyl
moiety in the corresponding ester, favoring its production (Figure 4).

A similar study was conducted by Wu and coworkers with the same acid (benzoic)
and ethylene glycol using basic ionic liquids of bisimidazolium tungstates [50]. Also,
in this case, the effect of different anions was assessed. The point of major interest was
represented by the basic nature of the catalysts, which can’t generate any proton to activate
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the carboxylic function as expected in Fischer-Speier esterification. Nevertheless, the high
capacity of the anion of ionic liquids to form hydrogen bonds with the carboxylic acid and
the alcohol was indicated as the activating steps of the catalytic cycle. Also, the capacity of
WO4

2− to activate short chains of alcohol as ethanol was recently documented [55]. The
Authors proposed a mechanism according to Figure 5 [50].
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According to the mechanism reported in Figure 5, in this case, the activation of the car-
boxylic acid occurs as a consequence of the coordination of the acidic proton of the benzoic
acid to the catalyst to form the intermediate species II. Insertion of a second molecule of
acid and decoordination of a carboxylate produces intermediate III. A nucleophilic attack
by the oxygen of the alcohol to the activated carbonyl carbon promotes the generation of
H2O and the ester formation (IV), recovered after decoordination from the metal with the
concomitant restoring of the catalyst (Figure 5).

Kinetic studies were conducted by Chandrika and coworkers [44] with similar ionic
liquid catalysts for the esterification of palmitic acid with ethanol (150 ◦C for 15 min). The
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Authors indicated the protonation of the acid by the catalyst as the rate-determining steps,
in accordance with the mechanism reported in Figure 3 by Bano et al. [38]) and calculated
the main kinetic parameters for the specific systems considered [44].

2.2.3. Lewis Acids as Catalysts

Despite the intensive research conducted during the last 50 years about the activation
of carbonyl moiety by Lewis acids, this specific topic was one of the most reported in
recent literature.

Ya-Lan et al. [24] reported in high yields the chemo- and site-selective mono-esterification
of glycerol with different acids in the presence of B(C6F5)3 [24]. The synthetic protocol was
developed on the condensation of the 1-methyl-3-indoleacetic acid with methanol, taking
into consideration different catalysts and solvents. The catalyst B(C6F5)3 under optimized
conditions was then tested in a wide substrate scope, including different acids and alcohols
(see Table 1). To highlight the chemo-selectivity with glycerol, which provided the monoester
with high yields (83%), which resulted in consistently influenced by the solvent used, with
tetrahydrofuran (THF) being the best one. No further mechanistic studies were reported.

The acidic esterification of fatty acids was one of the most studied topics during the
last five years. Melchiorre and coworkers [49] conducted a comprehensive study about
the ability of different zinc salts to promote condensation between several fatty acids
and alcohols. Of particular interest is the comparison between the catalytic activity of
the catalysts ZnCl2, ZnCO3, Zn(OAc)2, ZnO, Zn(ClO4)2, Zn(TfO)2, and Zn(BF4)2 which
differ for the anion. Considering the esterification between the pelargonic acid (PA) and
the 2-ethylhexyl alcohol (20% in excess) under reflux conditions, the corresponding ester
was obtained in yields ranging from 85% (for Zn(BF4)2) and 99% (for Zn(ClO4)2 and
Zn(CF3SO3)2). A trend related to the Bronsted basicity was observed in the catalytic
activity, which followed the order for Zn(BF4)2 < ZnCl2 < ZnCO3 = ZnO < Zn(OAc)2 <
Zn(ClO4)2, Zn(TfO)2. A side reaction was reported for the zinc oxide, which led to the
formation of zinc pelargolate, which precipitates in solid form from the reaction mixture.
This behavior was not observed with zinc perchlorate and zinc triflate.

Also, the different solubility of these zinc salts was exploited to recover the catalyst at
the end of the reaction. In this context, zinc perchlorate and zinc triflate, although more
active, were not the best candidates for a recycling procedure. On the other hand, with zinc
oxide, which is soluble in the reaction conditions (up to 100 ◦C) but not at r.t., no lowering
of the yield was observed even after five recycling cycles. Regarding the nature of the
catalytic species, it resulted in being composed of zinc carboxylate, formed during the first
cycle and then persistent during the recycling cycles [49].

Coming back to the reaction mechanism, Wolzak and coworkers [48] reported a
study about the catalytic activity of Ti(OiPr)4 and different Ti-aminotriphenol complexes
in the esterification of benzoic acid and heptanol (1/10 ratio). It was found that the
catalyst coordinates both a carboxylate and a carboxylic acid in the resting state and that
at the end of the catalytic cycle, one alkoxide is coordinated to the metal complex. The
Authors integrated this evidence with DFT studies and proposed a detailed mechanism
for the reaction where the interaction between the oxygens of the aminophenol ligand
interacts with the O-H of the intermediate species, pushing the reaction toward the products
(Figure 6) [48].

Catalytic precursor I coordinates two molecules of benzoic acid in two different ways
(the first through the carbonylic oxygen and the second through the -OH oxygen) to form
active catalytic species II. In this case, the nucleophilic oxygen of the carbonyl coordinated
by the oxydrilic part can attack the -OH function of the alcohol, which, in turn, performs
a nucleophilic attack to the positively charged carbon of the acid coordinated through
the carbonyl moiety (IV). Then, water is produced and eliminated, which promotes the
generation of the corresponding ester (V), Figure 6.
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Moving to molten salts, Zaharani and coworkers [32] tested the salt 4H,4H′-trimethyle-
nedipiperidine-diium hydrogen sulfate hydrate, [TMDPH2]2 + 2[HSO4]− x H2O, as a
catalyst for the esterification of acetic acid with different alcohols obtaining good results
(yields between 73% and 82%). Working in two-phase conditions (cyclohexane and acetic
acid), continuous extraction of the esters was achieved during the advancement of the
reaction, shifting the equilibrium toward the product. Also, the Authors claimed an effect
of the hydrogen bond network existing in the catalyst structure in activating the alcohol by
enhancing its nucleophilicity [32].

Luis et al. [21] reported the successful acetylation of cellulose by Fischer-Speier esteri-
fication in the presence of acetic anhydride. The driving force behind the activation of the
-OH groups of the cellulosic biomass was the dissolution of the cellulose in the ionic liquid
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AMIM Cl (1-methylimidazol and allyl chloride in a molar ratio of 1 to 2). The protocol
resulted successfully in obtaining values of dm (degree of modification) comparable with
the analog commercial acetyl cellulose (dm = 0.58).

Also, SnCl2 was successfully used to promote the esterification of polyacrylic acid with
the silanol groups of the SiO2 surface of crown ether-decorated silicon photonic sensors for
Pb2+ detection [28].

Also, Al2(SO4)3 was effective as a catalyst for the esterification of n-butanol, providing
the corresponding ester in 90% of yield [31]. On the other hand, magnesium aluminum
layered double hydroxide was effective in catalyzing the esterification of the lactic acid
with ethanol.

Jansen and coworkers [30] studied the employment of heterobimetallic carboxylate
Ti/Sn dimers as catalysts for the esterification of the monoester derived from the phtalic an-
hydride and 2-ethylhexanol. A consistent spectroscopical investigation, including UV-VIS
and NMR analysis, was carried out to detect intermediate species and determine the nature
of the catalytic activity. Comparing the performances of the mixed complex with the ones
of the two Ti and Sn dicarboxylate complexes, a decreased deactivation of the catalyst was
observed by ex situ UV-VIS in the case of the bimetallic one. The robustness of the catalyst
was justified by the reduced accessibility of the water in higher coordination metal clusters,
which prevented hydrolysis side-reaction. Also, taking into consideration the ability of
distannoxanes to exploit the presence of close metals to properly coordinate the reagents in
the formation of intermediate species, a kind of assistance to the Sn by the adjacent Ti was
hypothesized. Thus, the following mechanism was proposed (Figure 7).
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2.3. Fischer-Speier Esterification Promoted by Heterogeneous Catalysts

Even in the last years, the interest in the employment of solid acid catalysts for
promoting Fischer-Speier esterification was high. Looking at the literature, three main
categories of papers can be encountered: proposal of new catalysts, screening of already
reported catalysts with a new combination of substrates, and reporting of additional data
about already known systems.

In this context, Hamerski and coworkers [25] reported a kinetic study about the
esterification of acetic acid with n-pentanol in the presence of the sulphated zirconia
solid catalyst (SO4–ZrO2). The Authors considered three models (pseudo-homogeneous,
Langmuir-Hinshelwood, and Eley-Rideal) for their study (Table 2).

Table 2. Mechanisms considered for the esterification of acetic acid with n-pentanol with sulfated
zirconia [25].

Model Mechanism

PH Pseudo-homogeneous
LH_AD_P Langmuir–Hinshelwood, adsorbed acetic acid reacts with adsorbed n-pentanol

ER_AC_ADS Eley–Rideal, adsorbed acetic acid reacts with n-pentanol in the liquid phase
ER_P_ADS Eley–Rideal, adsorbed n-pentanol reacts with acetic acid in the liquid phase

In the temperature range between 50 ◦C and 80 ◦C, a statistically relevant influence of
the interaction between the reagents and the active acid sites of the catalyst ruled out the
PH mechanism, while LH and ER models were both feasible. Of particular interest was
the discovered interaction of water with the active sites of the catalyst, which was higher
than the one of the acetic acid, with an inverse proportion with respect to the temperature.
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Considering that the reaction proceeds through the adsorption of the acid into the acidic
sites of the catalyst (Zn+ and H+), followed by the nucleophilic attack of the alcohol on the
acid, competition with water takes place on the active sites of the catalyst. Thus, reducing
the temperature is possible to increase the conversion by reducing the affinity of the water
for the acidic sites of the catalyst [25].

A relevant amount of research efforts has been dedicated to the application of Fischer-
Speier esterification to produce biofuels and, in particular, fatty acids methyl esters.
Kolet et al. [26] studied the application of BF3 and AlCl3 to the esterification of the oleic
acid with methanol under sol-gel conditions. The catalytic species, after immobilization
on silica and ultrasonic activation, were individuated in B2O3 and AlCl3 × 6H2O, respec-
tively. Regarding the mechanistic aspects, a detrimental effect of water was observed, in
part resolved through drying the starting materials, but still relevant in the case of the
hydrated form of AlCl3. A similar reaction was explored by Fawaz and coworkers [25],
who reported the esterification of linoleic acid with methanol over HZSM-5 zeolites. In
this case, a relationship between the catalytic outcome and the composition of the zeolite
was found. Considering three variants of the catalyst, which differed for the Si/Al ratio
(53, 33.3, 14.4), in the first 2 h of the reaction, an expected increase of the catalytic activity
was observed for catalysts with a reduced Si/Al ratio (having more Bronsted acidic active
sites). Nevertheless, after 4 h of reaction, a decreasing conversion was observed in the case
of the catalyst with a Si/Al ratio of 14.4. Even in this case, a competition between the water
formed during the first part of the reaction and the reagents was indicated as pivotal in
determining the outcome of the reaction. Thus, the hydrophobicity of the catalyst should
also be considered along with the Bronsted acidity [35].

The esterification of fatty acids by acidic solid catalysts has been extensively studied
recently [33]. da Luz Correa et al. developed a catalyst based on sulfonated biochar of waste
origin, which was tested on the esterification of oleic acid with methanol. The Authors
reported 97.2% conversion at 90 ◦C for 4 h in the presence of 5% of catalyst and with a
10/1 methanol/oleic acid ratio. Regarding the mechanism proposed, the acid-base reaction
through the -SO3H group of the catalyst and the carboxylic group -COOH, which generated
the carboxylate COO- anion, was indicated as the activation step. Then, the carboxylate
could interact through hydrogen bonding with the -O-H function of the alcohol, enhancing
its nucleophilicity and thus promoting esterification. The possibility of reusing for multiple
cycles the catalyst was also explored, and a potential leaching of part of the catalyst was
observed after four cycles [33].

The same reaction with a similar catalyst was explored by Hussein and coworkers [39]
(97% yield at 80 ◦C for 2.5 h in the presence of 5% of catalyst). The catalyst was derived
by the sulfonation of porous carbon obtained by peel waste. Recyclability studies were
also carried out, which indicated a consistent drop in the catalytic activity from the fifth
cycle. Unfortunately, the catalysts undergo gradual leaching, which consistently lowers the
catalytic activity after a few cycles. The Authors reported as efficient the sulfonation of the
catalyst prior to its reuse. Comparison of the same reaction without a catalyst in the presence
of a non-sulfonated version of the catalyst confirmed the relevant role of the -SO3H group
in promoting the reaction. Differently from the proposal of Correa et al. [33], in this case, a
classic mechanism was proposed, both the mechanisms are reported in Figure 8.

Looking at different solid acid catalysts for the same type of substrates, to notice
the employment of sulphated alumina [27], of a Zr4

+CER resin [41], the use of a carbon-
based S150-4 catalyst [42], and the testing of a mixture between Amberlyst® BD20 and
Ambersep BD 19 [34].

Städke et al. [29] studied the esterification of bio-based diols isosorbide and isomannide
with different short-chain organic acids mediated by Amberlist 15. A drastic decrease in
the conversion and selectivity was observed in multiple cycles of catalysis after the first run
for the reaction between isosorbide and acetic acid. Physicochemical analysis, including
SEM, elemental analysis, and N2-physisorption of the catalyst before and after the first
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catalysis, suggested the presence of leaching of the acidic sites of the catalyst, responsible
for the drop in conversion.
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Employing Amberlist resins as a catalyst in the presence of levulinic acid and cy-
clopentadiene, Chung and coworkers [52] observed the in situ formation of the cydecanol
(corresponding alcohol from the reduction of the endocyclic C=C bond of the cyclopentadi-
ene) and the subsequent Fischer-Speier esterification. The Authors discussed the formation
of cydecanol, which can be formed in the presence of the water of hydration of the Am-
berlist. Also, a further supply of water during the advancement of the esterification can be
guaranteed by the esterification itself, which produces H2O as a byproduct.

Ulfah and coworkers [27] reported a comparison between the homogeneous H2SO4-
catalysed esterification of a palm fatty acid distilled with methanol and the same reaction
activated by sulphated alumina (12 wt%). The Authors considered different parameters
such as the alcohol/acid ratio, the catalyst loading, and the reaction time. For the heteroge-
neous reaction, an ideal fatty acids/methanol ratio of 1 to 1.7 was reported, and a plateau
for the conversion at higher methanol concentrations was observed. Regarding the catalyst,
a decrease in the conversion was reported for the increased amount of sulphated alumina
(84% for 12 wt% of catalyst, 80% for 20 wt%, and about 78% for 28 wt%). Considering the
heterogeneous nature of the system, the Authors addressed this behavior to a limited mass
transfer capacity when more than 12 wt% of catalyst was used.

On the other side, the homogeneous esterification showed quantitative conversions
when the amount of H2SO4 was fixed at 7.4 wt% (with respect to the acid), while the ideal
acid/methanol ratio resulted in 1 to 1.5. Finally, the best reaction time was indicated as 3 h [27].

Zhu and coworkers [41] subjected to esterification Tall oil fatty acids (TOFA) to esteri-
fication with methanol in a fixed bed membrane reactor in the presence of the acid catalyst
Zr4

+CER. Operating with an ethanol/oil molar ratio of 15:1 at 80 ◦C in a catalytic bed height
of 120 mm with a feeding rate of 0.3 mL per min., conversions >99% were achieved. Also,
the catalysts were highly recyclable, showing a minimal decrease in the catalytic activity
after six cycles (90%). The same reaction and substrates were studied by Lawer-Yolar and
coworkers, using the catalyst obtained by combining Amberlyst® BD20 and Ambersep
BD 19 [34]. Also, in this case, yields > 90% were obtained after just 60 min at 55 ◦C and
with a catalyst concentration of 0.5 wt% and 1/15 oil/alcohol mass ratio. A Design of
Experiments approach combined with multivariate analysis was employed to assess the
effect of the main parameters and their combination on the outcome of the esterification
and to determine the ideal conditions. Also, recyclability studies were conducted, which
showed good conversions, close to 90%, after four recycling cycles.

Quantitative yields were also reported by Zhang and coworkers [42] after 8 h of
esterification of oleic acid and methanol at 65 ◦C, with a catalyst loading of 10 wt% and
an alcohol/acid ratio of 8/1. A consistent characterization of the catalyst (S-150-4), ob-
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tained from the sulfonation with H2SO4 of powdered bamboo followed by carbonization,
was conducted.

A different sulfonated acidic solid catalyst (graphene-based acid catalyst, GO-PrSO3H)
was also studied by Masteri-Farahani and coworkers [43], who described the esterification
of oleic acid and acetic acid, respectively, with n-butanol and methanol. Acetic acid was
easily converted in high yields, while oleic acid shows, in the condition employed (80 ◦C,
acid/alcohol ratio 1/10, 5 wt% of catalyst), moderate yields (60%).

Esterification of levulinic acid with n-butanol or n-hexanol was achieved through
catalysis mediated by dendritic fibrous nano-silica decorated with sulfonic acid functional
groups by Alsalim and coworkers [51]. According to the Authors, a first protonation on the
carboxylic acid by the sulphonate groups of the catalyst started the reaction, followed by
the nucleophilic attack of the alcohol on the activated carbonyl. According to the classic
mechanism, tautomerism produced one molecule of H2O, which was then eliminated, while
the deprotonation of the activated carbonyl by the SO3

− group of the catalyst restored the
sulphonate starting group.

Russo and coworkers [36] studied the kinetics of the esterification of nonanoic acid
with 2-ethylhexanol in the presence of the acidic solid catalyst Amberlite IR120 in compari-
son with the homogeneous H2SO4 catalysed process. The two processes resulted in having
the same activation energy and the same mechanism. Nevertheless, a significant induction
period independent of the fluid-solid mass transfer was reported. Kinetic studies suggested
a change of the particle radius during the reaction, which was explained by the swelling of
the Amberlist in the presence of water, which is produced during the esterification.

Also, Zare and coworkers [37] explored the feasibility of some Amberlist catalysts
(Amberlyst 15 dry, Amberlyst 16 wet, Amberlite 120-IR), specifically for the esterification
of isoamyl alcohol with acetic acid. The Authors compared different activation methods,
such as ultrasonic treatment or microwave irradiation, obtaining with the last one the best
result (quantitative conversion in 2 h with Amberlist 15 dry).

Bezzekhami and coworkers [46] reported the synthesis of potato starch nanoparticles
by Fischer-Speier esterification of start nanoparticles with rosin acid catalyzed by a proton-
exchanged montmorillonite (Maghnite-H+). Catalyst loading, reaction time, and reaction
temperature were optimized by a Design of Experiments approach, and the following
reaction parameters were extracted: esterification conducted at 85.7 ◦C for 23 h, with a
catalyst loading of 23.78 wt%.

3. Conclusions and Future Directions

Despite its 130 years, Fisher-Speier esterification is still one of the most employed
protocols to obtain esters, and it represents an evergreen topic for academic research. This
longevity is related to two main aspects: (I) the importance of esters as intermediates in
complex multistep synthesis and fuel industry, and (II) the possibility of improving the
outcome of the reaction by developing new and more effective catalysts. Regarding this last
aspect, solid acid catalysts, even obtained from waste, represent a field of research that can
be further extended soon. It can be expected that there will be an increase in such systems
during the next years due to the recent tendency to develop industrial processes modeled
on the circular economy. Also, the employment of Lewis acids of the new generation,
composed of multiple metals with synergic and cooperative behavior, will be the object of
research in the future. In addition, the exploration of basic ionic liquids as catalysts that
activate the reaction through hydrogen bonding opened many possibilities for developing
new eutectic mixtures able to promote the Fischer-Speier reaction. The possibility to tune
the intensity of the hydrogen bond network in eutectic systems by operating on the nature
of the hydrogen bond acceptors and donors, as well as on their molar ratio, will result in
the development of many systems able to promote the Fischer-Speier esterification. Also,
the possibility to play on the hydrophilicity of such systems will soon be exploited to
sequestrate the formed water and thus move the reaction equilibrium toward the products.
In the end, what started with a simple and apparently limited mechanism has revealed just
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the first step toward chemistry with multiple variables, which can potentially be tuned and
customized on the specific synthesis.
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