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Abstract: Biomass allows us to obtain energy and high-value-added compounds through the use of
different physical and chemical processes. The glycerol obtained as a by-product in the synthesis
of biodiesel is considered a biomass compound that has the potential to be used as a raw material
to obtain different chemical products for industry. The development and growth of the biodiesel
industry allows for the projection of glycerol biorefineries around these plants that efficiently and
sustainably integrate the biodiesel production process together with the glycerol transformation
processes. This work presents a review of the ketalization and esterification of glycerol to obtain
solketal and acetylglycerols, which are considered products of high added value for the chemical
and fuel industry. First, the general aspects and mechanisms of both reactions are presented, as well
as the related chemical equilibrium concepts. Subsequently, the catalysts employed are described,
classifying them according to their catalytic nature (zeolites, carbons, exchange resins, etc.). The
reaction conditions used are also described, and the best results for each catalytic system are presented.
In addition, stability studies and the main deactivation mechanisms are discussed. Finally, the work
presents the kinetic models that have been formulated to date for some of these systems. It is expected
that this review work will serve as a tool for the advancement of studies on the ketalization and
esterification reactions that allow for the projection of biorefineries based on glycerol as a raw material.
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1. Introduction

In recent years, the growing demand for energy has led scientists to investigate new
ways of obtaining energy that, in addition to enabling economic and social development,
are eco-compatible and sustainable over time.

In this context, biomass resources that originate from natural and renewable organic
resources serve as energy sources, in addition to allowing the production of high-value-
added products such as fine chemicals, materials and other consumer goods [1].

According to the way it is obtained, biomass can be classified as primary, secondary,
or tertiary, as shown in Figure 1 [2]. Primary biomass is that which is obtained directly
from the natural ecosystem, such as leaves and the branches of a tree, for energy utilization.
Secondary biomass is that which is obtained as a residue or by-product of human activity,
such as waste from the agri-food industry (bagasse, husks, etc.) or forestry and livestock
waste. Finally, tertiary biomass is biomass that has been previously processed before use,
such as biogas, biodiesel, bioethanol, etc.

There are different ways in which fuels and energy can be obtained from biomass, and
these can be categorized into three main processes:

e  Thermal conversion to produce heat and electricity.
e  Generation of gaseous fuels, such as methane and hydrogen.
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e  Generation of liquid fuels, such as ethanol and biodiesel.
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Figure 1. Main glycerol applications.

It is also possible to obtain value-added compounds from biomass through different
physical and chemical processes, such as extraction, biochemical conversion and liquefac-
tion, which allow us to visualize the great potential that biomass has for synthesizing a
wide range of products of interest. This is the example of the fermentation of glucose (ob-
tained from starch, cellulose, etc.) to obtain lactic acid, whose subsequent polymerization is
useful for the synthesis of biodegradable polymers or the dehydration of glucose to obtain
5-hydroxymethylfurfural (HMF), a compound from which a wide variety of interesting
products can be synthesized from the industrial point of view [3].

Of all the possible processes for biomass conversion, the production of liquid biofuels
has been one of the most developed valorization routes at the international level, being
exploited mainly by those countries with a large availability of biomass. Biofuels can be
classified as first, second, third or fourth generation, whose characteristics are summarized
in Figure 2 [4].

First Generation
Produced from edible raw materials.
Examples: sugar, vegetable oils or animal fats.

Second Generation

Produced from non-edible raw materials.
Examples: woody crops, agricultural residiies, efc.

Third Generation

Produced from ligno-cellulosic feedstock, through pyrolysis or
gasification processes.
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Figure 2. Biofuels’ classification according to the raw material employed for their synthesis [4].

Among the first-generation biofuels, biodiesel obtained from soybean oil and bioethanol
obtained from sugarcane and corn are the two most widely used types of biofuels in
the world.
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Biodiesel production (thousand of m?)

In particular, biodiesel is a mixture of long-chain fatty acid esters produced from the
triglyceride transesterification reaction in the presence of catalysts [5]. Transesterification
is an equilibrium reaction in which triglycerides react with a short-chain alcohol (R"OH)
(R”=CHj_ /CH3CH,_ /CH3CH,CH>_), usually methanol, in the presence of a catalyst,
producing three molecules of fatty acid methyl esters (FAME) and one molecule of glycerol
(Scheme 1). The equilibrium is shifted towards the products by carrying out the reaction
with excess methanol [4].
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Scheme 1. Transesterification of triglycerides with short-chain alcohols to obtain biodiesel.

Between 2010 and 2021, global biodiesel production has experienced a 240% increase
(Figure 3), mainly due to government policies aimed at favoring the use of biofuels [6].

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

Figure 3. Annual evolution for 2010-2021 of world biodiesel production.

In terms of production distribution, only five countries account for 53% of world’s
biodiesel production: Indonesia (16%), the United States (13%), Brazil (11%), Germany (8%)
and France (5%). The remaining 47% of production is distributed among other countries,
with the participation of Argentina, Spain, the Netherlands, Thailand and Malaysia being
noteworthy (Figure 4a) [7].

In terms of consumption, the statistics show a relatively decentralized participation. Of
the total number of consuming countries, 52% of consumption is concentrated in the United
States (14%), Indonesia (13%), Brazil (12%), France (8%) and Germany (5%). The remaining
48% is distributed among the other countries of the world, with a notable participation of
Spain, Sweden, Thailand, United Kingdom, Italy and Argentina (Figure 4b) [7].
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Figure 4. (a) Distribution of world biodiesel production. (b) Distribution of world biodiesel consumption.

In the triglyceride transesterification reaction, approximately 10 wt.% glycerol is
obtained as a by-product, called crude glycerol, with a degree of purity between 55 and
90 wt.% depending on the source of triglycerides used, the catalyst employed and the
conditions of the synthesis process. Generally, the impurities encountered include traces
of unreacted triglycerides and short-chain alcohol, biodiesel, grade acids, soaps and other
minority compounds [4].

Crude glycerol can be further refined for use in various applications, which will
establish the specifications it must meet. Once treated, it can be used in the food and
beverage industry as a humectant, sweetener and preservative; and in the cosmetics
industry as an ingredient in toothpastes, lotions, shaving creams, deodorants, makeup and
creams. It has also been reported to be used in the pharmaceutical industry as an active
agent in veterinary drugs [4].

Despite its wide variety of uses, they do not satisfy the total supply of glycerol. The
surplus has oversaturated these markets, devaluing the price of glycerol and favoring its
use as a raw material for the generation of other value-added products [8].

In this sense, the reactivity of glycerol makes it a platform molecule for the production
of a wide variety of industrial chemical compounds (Figure 5), such as glyceric acid [9],
polyglycerols [10], esters [11], ethers [12], synthesis gas [13], epichlorohydrin [14], glycerol
carbonate [15], acrolein [16], glycols [17] and cyclic ketals [18].

Of all the possible glycerol conversion reactions, ketalization and esterification in the
presence of catalysts have gained relevance in recent years, due to the particular interest in
the products obtained from each one [19,20].

Glycerol ketalization is carried out in the presence of acetone, while esterification is
usually carried out in the presence of acetic acid. The reaction products are different for
each of them: while ketalization leads to the formation of solketal, esterification leads to
the formation of acetylglycerols (Scheme 2).

With respect to solketal, its synthesis at the laboratory level has been known since the
end of the 19th century; however, interest in its large-scale production was driven by the
development of renewable energies towards the end of the 20th century.

Due to the novelty of the compound, there are very few tabulated data for its physico-
chemical properties [21]. Various uses of solketal have been reported, and many of them
are in the research stage. One of the most promising uses is as a fuel additive to replace
ethers with anti-knock properties, such as MTBE (methyl tert-butyl ether), TAME (tert-amy]l
methyl ether) and ETBE (ethyl tert-butyl ether) [22]. Reportedly, the addition of solketal to
naphtha between 1 and 5% by volume leads to a significant decrease in gum formation and
improves octane [23]. Its use as a green solvent has also been reported, since its polarity
and hydrophobicity are in the order of traditional solvents, such as ethanol, 2-propanol,
acetonitrile and ethyl acetate, thus allowing for its application as a binder for polyesters,
polyacetates, polyacrylates, epoxies, polyurethanes, etc. [24].
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Figure 5. High-added-value products obtained from glycerol conversion reactions.
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With respect to esterification products, they consist of mono-, di- and tri-acetylglycerols,
which have diverse industrial applications. Mono-acetylglycerols (MAGs) and di-
acetylglycerols (DAGs) have applications in the production of biodegradable polyesters,
food additives and the cosmetic industry [25]. In particular, MAGs are used as additives in
the pharmaceutical and food industry and for the manufacture of explosives and smokeless
gunpowder. DAGs are found in cocoa butter and are used as intermediates in the structural
synthesis of lipids. With respect to tri-acetylglycerol (TAG), its use in the production of
cosmetics, plasticizers and solvents has been reported [26]. In addition, the FDA (Food and
Drug Administration) considers it to be a GRAS (generally recognized as safe) additive, so
it is used as a flavoring agent, humectant and solvent in food. In addition, the high O/C
ratio in its molecule makes it a promising additive for fuels, improving their performance,
facilitating their transport at low temperatures and reducing the emission of harmful gases
in their combustion.

Since the 1990s, the biofuel industry began to gain importance, due to the search
for new energy sources to replace, at least partially, the energy obtained from fossil fu-
els. This resulted in an increase in publications related to the ketalization of glycerol to
produce solketal (Figure 6a) and the esterification of glycerol to produce acetylglycerols
(Figure 6b) [27]. In both cases, an increase in the number of publications from 2000 to the
present is observed.
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Figure 6. Annual evolution of publications: (a) ketalization of glycerol with acetone (b) esterification
of glycerol with acetic acid. Source: Scopus (March 2023). Search words: (a) “Solketal”; (b) “Triacetin”
and “Glycerol”.

Regarding the countries that have published the largest number of papers on glycerol
ketalization, China leads the ranking, followed by Brazil and then India, the United States
and France (Figure 7a). As for glycerol esterification, the United States leads the ranking,
followed by India and then China, Indonesia and Germany (Figure 7b).

With respect to the review papers, the contribution of those articles dealing with
glycerol ketalization to produce solketal has been more noticeable than the contribution of
those dealing with esterification to produce acetylglycerols.
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Figure 7. Countries that published the largest number of papers related to the valorization of glycerol
through reactions of (a) ketalization with acetone and (b) esterification with acetic acid. Source:
Scopus (March 2023). Search words: (a) “Solketal”; (b) “Triacetin” and “Glycerol”.

Regarding solketal production, the reviews have focused on the reaction mechanism,
some aspects of chemical equilibrium [28,29] and the homogeneous and heterogeneous
catalysts employed in the synthesis, such as zeolites, supported heteropolyacids, acid ion
exchange resins and metal catalysts [26-32]. In addition, in most of these reviews, the
influence of operating variables such as temperature, reagent molar ratio and reaction time
in batch and continuous flow reactors has also been discussed [28-30,32]. Some papers
have also determined the key factors for operation in continuous flow reactors and the use
of crude glycerol as an alternative feedstock to analytical glycerol solutions [28,31].

With respect to glycerol esterification, a few review papers have been published in
which the topic is generally included with other glycerol transformation reactions [33-35].
In addition to these publications, Nda-Umar et al. reported the results of different hetero-
geneous catalysts used in glycerol ketalization, such as resins, supported heteropolyacids,
functionalized silicas and carbons, metal oxides and clays. Their study focused on the
influence of the catalyst to glycerol ratio, temperature and reaction time [36].

The objective of this research was to carry out a literature review study on the catalytic,
thermodynamic and kinetic aspects of the esterification reaction of glycerol with acetic
acid and acetalization of glycerol with acetone, two conversion reactions that lead to
the formation of acetylglycerols and solketal, respectively, which are high-value-added
products with potential use in the chemical industry. This article reviews more than
240 references from 1993 up to the present, covering about 30 years of the literature. The
work is organized by first presenting both reactions and their mechanisms, emphasizing the
chemical equilibrium and its most relevant aspects. Next, the catalysts used are described
and classified according to their catalytic nature (zeolites, carbons, exchange resins, etc.). In
this section, the effect of the operating variables is described, and the best results for each
catalytic system are presented, as well as studies carried out on catalytic stability and the
main deactivation mechanisms. Then, for some of these systems, the kinetic models that
have been formulated to date are included. Finally, technological aspects related to these
reactions are described in view of the future projection of glycerol biorefineries.
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2. Reaction Mechanisms

The ketalization and esterification reactions occur in the presence of acid catalysts
and can be catalyzed by both Brensted and Lewis sites. In this section, the proposed
mechanisms for these reactions in the presence of both types of sites are briefly described.

2.1. Glycerol Ketalization with Acetone

In a general reaction, an alcohol reacts reversibly with an aldehyde to form acetals or
with a ketone to form ketals. In this transformation, two alcohol molecules are attached to
the carbonyl group, while one water molecule is removed (Scheme 3).

)
/lk H' f~0 oM W ~g o R
+ HO—R, ——— —
R . ;g = X + HO—R, ———= X + H,0
1 R} H R} H
Aldehyde )
Hemiacetal Acetal
O - -
A+ W Mo o7 H' Ri~o 0-Rs
R™ R, HO—R, + HO-R, PO T HO
R] R, R Ry
Ketone Hemiketal Ketal
Scheme 3. General ketalization and acetalization reactions.

In the case of glycerol, due to the presence of more than one hydroxyl group in its
molecule, the ketalization reaction leads to the formation of five- or six-membered cyclic
ketals. In particular, the ketalization of glycerol and acetone leads to the formation of
(2,2-dimethyl-1,3-dioxan-4-yl) methanol, known as solketal, and its isomer, 2,2-dimethyl-
1,3-dioxan-50l (Scheme 4).

Solketal
OH o B( o\><)
O )
Tl A= G T e
Glycerol Acetone HO OH

2,2-dimethyl-1,3-dioxan-50l
Scheme 4. Glycerol ketalization with acetone.

Solketal is the most abundant of the products formed because the formation of the
five-membered ring is thermodynamically favored over the formation of the six-membered
ring [37].

Since the reaction is reversible, the composition of the products at equilibrium will
depend on the operating conditions under which it is carried out. In several articles, the
composition at equilibrium was determined as a function of temperature, using different
catalysts, from the estimation of thermodynamic parameters such as enthalpy (AH?®),
entropy (AS®) and free energy of reaction (AG®). The results obtained for these parameters
in each of the papers are summarized in Table 1.

The first authors to report the thermodynamic study of solketal synthesis in liquid
phase were Nanda et al. In their study, they employed an Amberlyst 35 resin as catalyst
and ethanol as solvent and carried out the tests in a batch reactor operating at 20-50 °C,
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with a molar ratio of acetone/glycerol (A/G) equal to 2 and 1 wt.% catalyst to glycerol. The
results allowed them to estimate the first values for the thermodynamic reaction properties
even when considering the ideality of the liquid phase [38]. In contrast, Moreira et al.
used the same resin and ethanol as solvent and calculated the thermodynamic equilibrium
from experimental data, taking into account the non-ideality of the liquid phase. For this
purpose, they studied the effect of the temperature and A /G ratio on the equilibrium
conversion and used the UNIFAC method to determine the activity coefficients [39].

Subsequently, other authors determined values for the thermodynamic reaction param-
eters by using different acid catalysts, such as Hj3 zeolites [40], CT-275 exchange resins [41]
and sulfated zirconia [42]. Perez et al. carried out a theoretical study of the chemical
equilibrium of the synthesis of solketal, taking into account the non-ideality of the liquid
phase in order to avoid problems related to transport limitations [43]. All the previously
described experiments agree on the exothermic character of the reaction; however, the
endergonic or exergonic character of the reaction, depending on the sign of AG?, resulted in
being different, and this result could be attributed to the consideration of the non-ideality
of the liquid phase.

Table 1. Thermodynamic parameters of the glycerol ketalization reaction with acetone reported by
different authors.

AH® (Kfmol-1)  AGS® (kJmol~1)  AS® (k) mol-1K-1) Liquid Phase Reference

~30.0 &+ 1.6 —214+01 —0.1000 + 0.01 Ideal [38]
—6.605 + 0.168 —0.5530 —0.0203 Ideal [41]
—201+1.1 14+0.1 —0.0721 Non ideal [39]
~145 0.3777 —0.0499 Ideal [40]
~11.6 £ 1.1 4.0 £ 0.01 —0.0523 Non ideal [42]
—6.43 3.36 —0.0328 Non ideal [43]

Three mechanisms have been proposed for the ketalization of glycerol with acetone,
depending on whether the reaction is carried out in the presence of Brensted or Lewis sites
or both.

In the mechanism employing Brensted sites (Scheme 5), the reaction starts with the
protonation of the carbonyl group of acetone due to the presence of protons on the catalyst,
which rapidly leads to the formation of a positive pole on the central carbon atom of
acetone. Then, a primary hydroxyl group of glycerol that is adsorbed on the surface of
the solid attacks the positive charge on the carbon atom of the acetone, leading to the
formation of an adsorbed hemiacetal. Subsequently, the removal of a water molecule
leads to the formation of an unstable carbocation, which can be attacked by two different
oxhydryls of the molecule, leading to the formation of the solketal or its isomer, depending
on which oxhydryl attacks the carbon atom. In general, the authors considered that the
rate-determining step is the surface reaction leading to the formation of the adsorbed
hemiacetal [38,39].

For acid catalysts with Lewis sites, Li et al. proposed a mechanism whereby the active
site metal plays a role similar to that of Meerwein-Ponndorf-Verley reduction reactions
and Oppenauer oxidation, coordinating and activating the carbonyl group of acetone [44].
Subsequently, the terminal oxhydryl group of glycerol attacks the carbon atom of the
carbonyl group, accompanied by the formation of a bond between the 3-carbon of glycerol
and the oxygen of the carbonyl group, resulting in the intermediate shown in Scheme 6.
These two simultaneous steps are followed by consecutive elimination of water to form
solketal. This mechanism was also reported by Da Silva et al., who employed SnF, as
catalysts [45].
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Scheme 6. Lewis’s mechanism for the glycerol ketalization with acetone.

Other authors proposed reaction mechanisms in which both Lewis and Brensted sites
are present in the catalyst and are part of the mechanism (Scheme 7). Priya et al. proposed
a combined mechanism in which the oxygen of the carbonyl group (-C=0) of the acetone
strongly coordinates with the catalyst, forming a positively charged carbonyl carbon. This
atom is then attacked by the terminal hydroxyl group of the glycerol (-OH) and forms the
tertiary alcohol intermediate. Subsequently, one of the oxhydryl groups of the hemiacetal
is protonated by the presence of Brensted sites on the catalyst, with the consequent loss of
a water molecule and the formation of the solketal and its six-membered isomer [46]. A
similar mechanism was proposed by Janiszewska et al. [47].
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Scheme 7. Combined Lewis-Brensted mechanism for glycerol ketalization with acetone.

2.2. Glycerol Esterification with Acetic Acid

In general terms, the esterification reaction is carried out in the presence of an alcohol
and a carboxylic acid to produce an ester and water (Scheme 8).

(@) + O
+ )K 1 /lk R
R;——OH 1+
1 HO R, R} O/ H,O
Alcohol Carboxylic acid Ester

Scheme 8. General esterification reaction.

In the case of glycerol esterification, which is carried out in the presence of acetic
acid, the reaction leads to the formation of mono-, di- and tri-esters of glycerol due to the
presence of multiple hydroxyl groups on the glycerol molecule (Scheme 9).

Like glycerol ketalization with acetone, glycerol esterification is a reversible reaction
and is therefore limited by thermodynamic equilibrium. Previous studies have shown
that glycerol conversion decreases with an increasing temperature, revealing the overall
exothermicity of the system. However, this variation is not significant, and it is attributed
to the slight variation of the specific heat of all compounds with temperature. Furthermore,
the AA/G molar ratio affects the glycerol conversion to a greater extent than temperature,
showing the largest variation for AA/G molar ratios between 1 and 4. However, the
selectivity towards TAG is lower under these conditions, so higher AA /G values should be
used to obtain more substituted products [11].

Two mechanisms have been proposed for this reaction, one in the presence of catalysts
with Brensted acid sites and the other for catalysts with Lewis acid sites.
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Scheme 9. Glycerol esterification reaction with acetic acid.

Troncea et al. were among the first authors to report the Bronsted mechanism for
this reaction (Scheme 10), which corresponds to a traditional Fischer esterification. In this
mechanism, the acid site (H*) activates the carbonyl group (-C=0) of acetic acid, increasing
its electrophilicity. Then, the terminal hydroxyl group of the glycerol (-OH) attacks the
activated carbonyl, and the transfer of a proton leads to the formation of an activated
complex with the consequent formation of water. Removal of the water molecule leads
to the formation of MAG, and the mechanism continues sequentially to form DAG and
TAG [48]. This mechanism has been reported using various acid catalysts, such as exchange
resins [49,50], heteropolyacids [51] and acidified clays [52] that feature Brensted-type
sites only.

With respect to the Lewis-site-catalyzed reaction mechanism, this involves the pres-
ence of a Mn" metal as an electrophile, facilitating the activation of the carbonyl group
(Scheme 11) [53]. In this sense, some authors have reported the use of catalysts that present
both Brensted and Lewis acid sites, such as cesium phosphotungstate [54], Ag-exchanged
heteropolyacids [55], mixed oxides [56] and hydroxylated magnesium fluorides [48]. The
latter authors have concluded that the presence of acid sites of different types has a double
effect: on the one hand, they act as active sites; and, on the other hand, they adsorb water
molecules formed during the reaction, leading to higher selectivity values to DAG and
TAG [48].
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3. Catalysts for Glycerol Ketalization and Esterification

Both the ketalization and esterification reactions are catalyzed by acid sites. In this
sense, several catalysts have been reported for both reactions.

In this section, we present the catalysts that have been reported for both reactions,
according to their homogeneous or heterogeneous nature and the reaction conditions under
which they have been evaluated. For all of them, the results were obtained in batch reactors,
since they are the ones most widely used at the laboratory scale to evaluate catalytic
performance as a function of the operating variables such as temperature, reaction time
and reagents’ molar ratio.

3.1. Homogeneous Catalysts

The study of glycerol ketalization reactions with acetone was initiated using organic
acids and inorganic salts as homogeneous catalysts. Most of the results were published
before the year 2000, and, in particular, no papers have been found studying homogeneous
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catalysts for the esterification reaction of glycerol with acetic acid, possibly because their
study is more recent.

The most reported homogeneous catalyst in solketal synthesis is p-toluensulfonic acid
(p-TSA). The first results date back to a Spanish patent (ES 499129A1) which reported the
synthesis of solketal, employing an A/G = 1 molar ratio, obtaining a yield of 80%. Similar
results, but under other reaction conditions, were later described in another patent (EP
456073B1) in which the yield achieved was 56%.

In 1997, Mushrush et al. carried out the reaction of glycerol ketalization with acetone at
room temperature, using an A/G =4 molar ratio and 3 wt.% p-TSA acid. In order to retain
the reaction product water, a 5 A molecular sieve was also used. After 33 h of reaction,
the product mixture was filtered and distilled under vacuum, obtaining a solketal yield of
88% [57].

Subsequently, Bruchmann et al. published a patent (US5917059) in which p-TSA acid
was also used as catalyst, carrying out the reaction in different steps. In each one, using
an A/G = 4 molar ratio and 0.05 wt.% of catalyst, the excess acetone was removed by
distillation, and fresh acetone was added to start another cycle. At the end of the stages, the
yield achieved was 99.5% [58]. Garcia et al. also obtained yields of 90% after 16 h, carrying
out the same method as Bruchmann et al. but with an A/G = 3 molar ratio and 0.1 wt.% of
catalyst [59].

In 2011, Suriyaprapadilok and Kitiyanan carried out the solketal synthesis reaction
with an A/G = 6 molar ratio and 1 wt.% of p-TSA acid [60]. After 12 h of reaction under
reflux, the glycerol conversion achieved was 82.7%.

Continuing the search for homogeneous catalysts, in 2013 Menezes et al. were the
first authors to report the use of SnCl,-2H,0O, SnBr,, SnF, and Sn(OAc); as homogeneous
catalysts with Lewis-type acidity in solketal synthesis, and they compared the results with
Brensted-type acids, such as sulfuric acid and p-TSA [61]. The best results were obtained
for the SnCl,-2H,0 catalyst, whose behavior was attributed to the fact that it showed a
higher tolerance than the rest in the presence of water in the reaction medium. On the other
hand, the SnF, and Sn(OAc), catalysts presented low solubility in the reactive mixture;
therefore, they were discarded for future investigations.

On the other hand, Zaher et al. used iron chloride as a catalyst (FeCl3-6H,0O) and
obtained a 100% glycerol conversion after 10 min of reaction, demonstrating the high
efficiency of this catalyst [62].

Recently, Nascimento et al. carried out the solketal synthesis reaction by using CO; at
high pressure as a catalyst. They reported that CO, dissolved in alcohols at high pressure,
leading to the formation of carbonic acids in a reversible manner, enabling the occurrence
of acid-site-catalyzed reactions. When the system was decompressed after the reaction,
the carbonic acid decomposed and re-formed CO;, leaving only the reaction products and
unreacted reactants in the liquid phase. The best results were obtained for a temperature
of 115 °C, a pressure of 4.3 MPa and a reaction time of 4.2 h, conditions that allowed for a
glycerol conversion of 60.6% to be reached [63].

Table 2 summarizes the homogeneous catalysts and the operating conditions under
which they were employed, arranged in increasing order according to the yield obtained
at solketal.

Due to environmental complications and operational difficulties related to the separa-
tion of homogeneous catalysts from the reaction medium and corrosion phenomenon, they
have been replaced by solid catalysts [64]. For this reason, many authors currently report
homogeneous catalysts only for the purpose of comparison with different synthesized solids.

Table 2. Homogeneous catalysts employed in glycerol ketalization with acetone.

Catalyst T (°C) A/G t (h) mc/mgyy X (%) Ss (%) Ys (%) Ref.
CO», gissolved 115 2.0 42 NR 60.6 NR NR [63]
SnCl,-2H,0 RT 4.0 2.0 0.02 81 98 79.0 [61]
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Table 2. Cont.

Catalyst T (O A/G t (h) mc/mgyy X (%) Ss (%) Ys (%) Ref.
p-TSA RT 6.0 12.0 0.01 82.7 100 82.7 [60]
p-TSA RT 4.0 33.0 0.03 NR NR 88.0 [57]
p-TSA RT 3.0 16.0 0.002 NR NR 90.0 [59]
FeCl3-6H,O RT 0.87 0.17 0.001 100 97 97.0 [62]
p-TSA RT 4.0 12.0 0.001 NR NR 99.5 [58]

RT, room temperature; A/G, acetone/glycerol molar ratio; m./myy, catalyst/glycerol molar ratio; X, glycerol
conversion; Sg, selectivity towards solketal; Y, yield of solketal.

3.2. Ionic Liquids

As a replacement for organic acids and inorganic salts, some authors have evaluated
the use of ionic liquids as catalysts in both the ketalization and esterification reactions.
These substances are organic salts composed of a cation and an anion and have a melting
point of less than 100 °C. The most commonly used cations and anions in the reactions of
glycerol ketalization with acetone and glycerol esterification with acetic acid are shown in
Figure 8.
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Figure 8. Cations (a) and anions (b) reported as ions in the synthesis of ionic liquids as catalysts in
the esterification and ketalization reactions of glycerol.

Ionic liquids initially emerged as alternative solvents to volatile organic solvents
because they are environmentally friendly. However, they are currently finding diverse ap-
plications in the areas of catalysis, electrochemistry, spectroscopy and materials science [65].
The interest in using this type of catalysts lies in their ease of separation from the reaction
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medium, their ability to be reused and their low corrosiveness, which differentiates them
from inorganic acids [66].

3.2.1. Glycerol Ketalization with Acetone

Gui et al. were the first to carry out the reaction of glycerol ketalization with acetone,
using ionic liquids with Brensted acidity as catalysts, due to the presence of -SO3H groups
in the molecule. The authors synthesized two different catalysts, BAIL-1 and BAIL-2, which
showed similar results in the reaction; the glycerol conversion achieved with the BAIL-1
catalyst was slightly higher. After 30 min, 100% glycerol conversion was achieved, with
98% selectivity towards solketal, maintaining the activity after four reaction cycles [67].

On the other hand, Ji et al. also used an ionic liquid [P(C4Hg)3C14Hy9][TsO] called
TTPT. After 20 min of reaction, a solketal yield of 86% was achieved. This catalyst was
reused 10 times, with negligible loss of activity, highlighting the advantage of this type of
catalyst over inorganic and organic acids [66]. Table 3 summarizes these results.

Table 3. Ionic liquids employed in glycerol ketalization with acetone.

Catalyst T (°C) AIG t (h) mc/mygyy X (%) Ss (%) Ys (%) Ref.
TTPT 30 6.0 0.50 0.05 NR NR 86.0 [66]
BAIL-1 RT 15.0 0.25 0.14 96.0 98.5 94.6 [67]

RT, room temperature; A/G, acetone/glycerol molar ratio; m./myy, catalyst/glycerol molar ratio; X, glycerol
conversion; S, selectivity towards solketal; Y, yield of solketal; NR, not reported.

3.2.2. Glycerol Esterification with Acetic Acid

With respect to the esterification reaction of glycerol with acetic acid, Li et al. carried
out a comparative study of different ionic liquids as catalysts, using the same cation [HSOs-
pmim]* and modifying the anion. In this sense, [HSO4] ™, [PTSA]™, [HPOy4]~, [BF4] ™
and CI™ anions were used, determining that the [HSO3-pmim][HSOy4] catalyst allows the
best yields to TAG (96.3%) to be obtained, even higher than H,SOj4, due to the high acidic
strength and to the fact that the TAG formed cannot dissolve in the ionic liquid and forms
another phase, thus facilitating the progress of the reaction [68].

Liu et al. studied the effect of the amounts of the alkyl sulfonic groups present
in the liquids on the activity of the catalysts. When the authors compared them with
H350y, the catalysts containing only one alkyl sulfonic group showed a lower activity than
H,S0O4, while those containing two alkyl sulfonic groups showed a higher activity than
this inorganic acid. In addition, the type of anion also influenced the activity: those liquids
containing [HSO4]™ and [NTf;]-groups showed a higher activity than those containing a
tosylate anion, [Tos] ™. Thus, the combination of two alkyl sulfonic groups with a [HSO4]™
anion led to an ionic liquid with higher Brensted-type acidity, leading to the [(HSOs-
p)2im][HSOy] catalyst, which proved to be the most active one, in agreement with the
results reported by Li et al. [69].

Keogh et al. synthesized ionic liquids based on n-alkyl pyrrolidone and trialkyl amines
cations and HSO4 ™ as an anion. The alkyl groups employed were CHs, C;Hs, CsHy7, C4Hg
and CgHjy;. The results showed that the ionic liquids based on n-alkyl pyrrolidines turned
out to be more active than the others, probably due to the higher density of acid sites.
Moreover, the catalyst containing CHj as the alkyl group ([H-NMP][HSOy4]) presented the
highest selectivity towards DAG and TAG [70]. The authors also remarked that the activity
towards TAG formation was higher for those ionic liquids based on trialkyl amines that
are more substituted, as was also reported by Liu et al. This behavior could be due to the
higher hydrophobicity of these compounds, which caused the water generated during the
reaction to be expelled, favoring the progress of the reaction.

Finally, Guang et al. synthesized ionic liquids based on heteropolyacids functionalized
with sulfonic acid. The results indicated that the [BS,;TMEDAJHPW1,04 catalyst exhibited
the highest catalytic activity and selectivity over TAG compared to the commercial catalysts
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H3PW12049, H2SO4 and Amberlyst 15, and this result was attributed to its higher average
acidity of the -SO3H groups and carbon chain length [71].

Table 4 summarizes the best results of the use of ionic liquids as catalysts in the
esterification of glycerol with acetic acid.

Table 4. Ionic liquids employed in glycerol esterification with acetic acid.

Catalyst T Q) AA/G t (h) mc/mgyy X (%) Smac (%) Spac (%) Stac (%)  Ref.
[HSO;-
pmim][HSO4] 90 8.0 6.0 0.411 NR NR NR 96.3 [68]
((HSO3-

. 100 5.0 1.0 0.002 95.7 32.8 52.1 15.1 69
P)aim][HSO,] (691
[H-NMP][HSO4] 100 6.0 0.5 0.106 99.0 12.0 58.0 30.0 [70]
[BS,TMEDAJHPW 1,049 120 7 8 0.06 100 1 28.1 70.9 [71]

AA/G, acetic acid/glycerol molar ratio; m./my,, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG,/TAG, selectivity towards MAG/DAG/TAG; NR, not reported.

3.3. Zeolites

For ketalization and esterification reactions, certain types of zeolites have proven to be
active materials due to their acidic, textural and physicochemical properties.

With respect to acidity, the protonated form of zeolites allows both reactions to be
catalyzed by Brensted sites. The spatial distribution of the sites according to the surface
determines the site density and its function.

With respect to the textural properties, the pore diameter determines the selectivity
of the zeolites towards the bulkier reaction products. Table 5 shows the maximum sizes
that molecules should have to diffuse inside the pores of some zeolites reported in the
ketalization and esterification reactions. The data were extracted from the IZA database [72].

Table 5. Maximum diameter of a particle to diffuse in the pores of some zeolites.

Zeolite Code Average Pore Diameter (A) Dimensions of a Molecule so that It Can Diffuse Inside the Pores (A)
MFI 6.36 470 x 4.46 x 4.46
BEA 6.68 5.95 x 5.95 x 5.95
FAU 11.24 7.35 x 7.35 x 7.35
MOR 6.70 1.57 x 2.95 x 6.45
FER 6.31 1.56 x 3.40 x 4.69

Last but not least, physicochemical properties such as the surface chemical affinity
and crystal size are some of the variables that also influence catalytic activity.

A discussion on the influence of all of these properties on both reactions follows in the
next section.

3.3.1. Glycerol Ketalization with Acetone

Da Silva et al. were among the first authors to report the use of zeolites for the
acetylation of glycerol with acetone [24]. In their study, they compared the activity of Beta
(BEA), USY (FAU) and ZSM-5 (MFI) zeolites. The catalytic results showed that, under the
same reaction conditions, the activity followed the order Beta > USY > ZSM5. The low
activity of the ZSM-5 zeolite was attributed to the small pore size, which would lead to
the reaction only taking place on the outer surface of the catalyst, where the least number
of active sites was located. The good activity of Beta and Y zeolites, unlike ZSM-5, was
subsequently confirmed by several authors, who also attributed this behavior to the larger
pore size of these zeolites [73-77].

Following these results, Manjunathan et al. employed a Mordenite type zeolite (MOR)
and obtained glycerol conversions of 8% due to the small pore size of these zeolites [73].
Rossa et al. employed a ferrierite-type zeolite (FER) and reported lower activity than the
H-BEA zeolite (45% glycerol conversion), the result also being a consequence of the low
porosity of this material [77].
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In order to improve the textural properties of zeolites, various treatments have been
employed, such as the use of strong bases to partially remove Si** ions. Following this
method, Kowalska-Kus et al. modified the structure of ZSM-5 (MFI), mordenite (MOR) and
3 (BEA) zeolites by treating them with 0.2 M NaOH. The fresh zeolites, named MFI-1-P
(Si/ Al = 12), MFI-2-P (Si/Al = 27), MOR-P (Si/Al = 17) and BEA-P (Si/Al = 12), were
treated with the strong base solution and subsequently with NH4NOj3 solutions to achieve
ion exchange. They were then calcined to transform them into their protonated form. These
zeolites were named MFI-1-AT (Si/ Al = 9.2), MFI-2-AT (Si/ Al = 13.2), BEA-AT (Si/Al =
9.3) and MOR-AT (Si/ Al = 10.8) [75]. Of all the untreated commercial zeolites, the MOR-P
and BEA-P materials presented higher conversion to glycerol (67 and 72%, respectively).
This is due to the higher percentage of mesoporosity (32% for both materials). On the
other hand, the zeolites MFI-1-P and MFI-2-P presented lower conversions (18 and 38%,
respectively), due to the lower percentage of mesoporosity (10 and 12%, respectively).
The partial removal of silicon in MOR-P and BEA-P zeolites led to an increase in glycerol
conversion up to 81%. On the other hand, the desilication process of MFI-1-P, MFI-2-P
zeolites led to an increase in glycerol conversion up to values of 30 and 80%, respectively.
Other authors have reported that desilylation is more effective in materials presenting a
Si/ Al ratio between 25 and 50 [78], so that the large increase in conversion in the MFI-2-P
material could be due to this characteristic. Thus, it has been demonstrated that the porosity
of zeolites can be increased by the desilication method with strong bases, as this improves
their activity in solketal synthesis.

Recently, Saini et al. carried out a desilication of a mordenite-type zeolite via treatment
with NaOH at different concentrations. The authors reported that the porosity of the
materials increased as the severity of the treatment increased, while the number of strong
acid sites first increased and then decreased, a behavior that also affected the activity of
the solids. In this sense, the zeolite treated with 0.5 M NaOH (MORO0.5) exhibited a higher
number of strong acid sites, leading to higher activity [79].

In addition to porosity, the crystal size of zeolites also turns out to be an activity-
determining property in solketal synthesis. Manjunathan et al. synthesized two types of
beta zeolite with different crystal sizes, named H-Beta-1 and H-Beta-2. Zeolite H-Beta-1,
with an average crystal size of 135 nm, led to 86% glycerol conversion, while zeolite H-Beta-
2, with an average crystal size of 450 nm, achieved 38% conversion, even though the acidity
of zeolite H-Beta-1 (1.51 mmol g~') was 20% lower than that of H-Beta-2 (1.8 mmol g 1).
This showed that crystal size predominates over acidity, and this result was attributed
to the fact that molecules diffuse more easily in smaller particle sizes due to the shorter
pores [73].

Because the generation of water as a by-product limits the extent of the reaction,
some authors altered the Si/ Al ratio of zeolites to modify the affinity of zeolites for water
and shift the thermodynamic equilibrium condition. Zeolites with low silica content are
hydrophilic because the structure is highly negatively charged, and many positive ions are
found to be charge compensating. In contrast, zeolites with a high silica content have a
hydrophobic character. Consequently, high Si/ Al ratios lead to the hydrophobic behavior
of the material. However, it is necessary to take into account that the acidity of zeolites
is associated with the presence of aluminum ions, so that high Si/ Al ratios also lead to a
lower content of active sites.

Da Silva et al. compared the activity of zeolite beta (Si/Al = 16) with zeolite USY
(Si/ Al = 2.8) under the same reaction conditions, such that the number of active sites in
the reaction is the same. The beta zeolite led to a 90% conversion, while the USY led to a
60% conversion. This result was attributed to the high Si/ Al ratio of the beta zeolite and its
higher hydrophobicity [80].

The Si/ Al ratio can also be modified by acid treatment so as to partially remove Al*3
ions. Venkatesha et al. treated a beta zeolite in its protonated form (Si/ Al = 25) with different
organic acids of 1 M concentration (p-TSA, phenoldisulfonic acid and methanesulfonic acid)
to partially remove aluminum ions [81]. The samples thus treated were named 1.0pTSABEA
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(Si/ Al = 48), 1.0PDSABEA (5i/ Al = 96) and 1.0MSABEA (Si/ Al = 69), respectively. After
30 min of reaction, the glycerol conversion achieved with the untreated beta zeolite was
76%; with 1.0pTSABEA, it was 82%; with 1.0PDSABEA, it was 80%; and with 1.0MSABEA,
it was 84%. This increase in conversion was accompanied by an increase in selectivity
towards solketal, with the 1.0PDSABEA sample being the most selective one, so that it was
used to study the effect of acid concentration on material properties and activity. It was
observed that as the acid concentration increased, the Si/ Al ratio increased due to the loss
of aluminum ions from the structure. While this led to a decrease in the total acidity of the
samples, treatment with organic acids led to an increase in the contribution of strong sites
and an increase in pore volume. The combination of these two factors, coupled with the
increase in hydrophobicity, led to an increase in catalyst conversion and selectivity.

Some authors have modified the surface of zeolites to improve water tolerance, without
the need to attack the solid with acids or bases to partially remove Al*3 or Si** ions,
respectively. Ferreira et al. synthesized supported Nb,Os catalysts, using NaY, HY and
HUSY zeolites as supports, via the incipient wetting impregnation method [82]. The
synthesized catalysts were named Nb5-NaY, Nb5-HY, Nb5-HUSY, Nb15-NaY, Nb15-HY
and Nb15-HUSY, and the subscript indicated the percentage of Nb present in the catalyst.
Both fresh NaY and HY catalysts and their supported variants did not exhibit activity in
solketal synthesis. On the one hand, the low activity of the NaY zeolite was due to the weak
strength of the sites and its hydrophilic character, properties that failed to be improved by
the incorporation of Nb. As for the HY catalyst, it possesses almost 20% of medium and
strong sites. However, the hydrophilic character of the material and the small pore size
made it impossible for the reaction to proceed completely. Its supported variant showed
no activity due to the small pore size. On the other hand, with the HUSY zeolite, a 29%
conversion was obtained at 70 °C and 3 h of reaction, while its supported variants presented
an increase in conversion to values above 60% under the same conditions. The activity of
this zeolite was due to the presence of a certain degree of mesoporosity compared to the rest
of the materials, a property that was improved through the addition of Nb to the support.

Rahaman et al. modified the surface of a HY zeolite by incorporating an organosilane
surfactant (n-octadecyl-trichlorosilane, OTS) with the aim of increasing the hydrophobicity
of the material and improving the interaction of the reactive phases, thus minimizing the
resistance to matter transport [83]. The synthesized material was named OTS-HY. The
conversion of the unmodified HY catalyst after 1 h of reaction and 30 °C was 28%, with a
solketal selectivity of 88%, while the OTS-HY catalyst reached a conversion of 89%, with
a solketal selectivity of 95%, within the same period of time and under the same reaction
conditions. This behavior was due to the fact that the groups incorporated into the OTS-HY
material made it possible to form a stable emulsion that favored the miscibility of the
phases at 30 °C. This made it possible to achieve the same activity as the unmodified HY
zeolite at 50 °C, a temperature at which the miscibility of the reactants is improved.

Recently, Li et al. synthesized a NaY zeolite with Fe*3 ion exchange at different
concentrations by the cation exchange method. The authors demonstrated that higher Fe*?
contents led to higher glycerol conversions, and this result was attributed to an increase
in the strength of the acid sites generated. Furthermore, they observed that these solids
only dispersed in the glycerol phase, disfavoring the contact between both reagents and
the catalyst. For this reason, some catalysts were modified with chlorotrimethylsilane
(CTS) to improve the dispersion of the catalyst in both phases and favor the transport of
matter between the reagents and the solid, reporting a clear increase in the activity of the
solids [84]. The authors reported that the turnover frequency (TOF) was 18 times higher for
the catalyst modified with CTS compared to the unmodified catalyst.

Table 6 summarizes the best results employing zeolites in the reaction of glycerol
ketalization with acetone, ordered according to the solketal yield.
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Table 6. Zeolites employed in glycerol ketalization with acetone.

Catalyst T (°C) AIG t (h) mc/mygy X (%) Ss (%) Ys (%) Ref.
H-Mordenite 28 2.0 1.0 0.05 8.0 80.0 6.4 [73]
MFI-1-P 70 1.0 NR 0.01 18.0 72.0 13.0 [75]
H-ZSM-5 28 2.0 1.0 0.05 19.5 85.0 16.6 [73]
ZSM-5 70 12 0.67 0.25 20.0 100.0 20.0 [80]
MFI-2-P 70 1.0 NR 0.01 38.0 75.0 28.5 [75]
H-FER 50 4.0 1.0 0.01 454 97.5 443 [77]
USsy 70 1.2 0.67 0.16 60.0 100.0 60.0 [80]
Beta zeolite 30 1.0 0.5 0.54 76.0 83.0 63.0 [81]
Nbs-HUSY 40 2.0 3.0 0.02 66.0 98.0 64.7 [82]
MOR-P 70 1.0 NR 0.01 67.0 98.0 65.7 [75]
BEA-P 70 1.0 NR 0.01 72.0 98.0 70.5 [75]
H-BEA 60 4.0 1.0 0.05 72.6 98.3 71.4 [76]
H-Y 28 2.0 1.0 0.05 74.2 98.2 72.8 [73]
1.0pTSABEA 30 1.0 0.5 0.54 82.0 90.0 73.8 [81]
Beta zeolite 30 6.0 1.0 0.14 90.0 86.0 77.4 [74]
1.0MSABEA 30 1.0 0.5 0.54 84.0 93.0 78.1 [81]
MFI-2-AT 70 1.0 NR 0.01 81.0 98.0 79.4 [75]
1.0PDSABEA 30 1.0 0.5 0.54 80.0 100 80.0 [81]
OTS-HY 30 12.0 1.0 0.05 89.0 95.0 84.5 [83]
H-Beta-1 28 2.0 1.0 0.05 86.0 98.5 84.7 [73]
Beta zeolite 70 1.2 0.67 0.19 90.0 100 90.0 [80]
MORO0.5 60 10.0 4.0 0.25 99.0 99.0 99.0 [79]

A /G, acetone/glycerol molar ratio; m/ Mgy, catalyst/glycerol molar ratio; X, glycerol conversion; S, selectivity

towards solketal; Y, yield of solketal, NR, not reported.

3.3.2. Glycerol Esterification with Acetic Acid

Zeolites have also been employed as catalysts in the esterification reaction of glycerol
with acetic acid, with the pore size being the property of zeolites that most influences
product selectivity.

Gongalves et al. compared the activity of H-ZSM-5 and HUSY zeolites with a K-10
montmorillonite. The results showed that the former was less active and also presented
lower selectivity towards the most substituted products (DAG and TAG). The authors
attributed this behavior to the smaller pore size presented by these zeolites, causing diffu-
sional problems for the DAG and TAG molecules, which turned out to be very bulky [85].
The same behavior was observed by Dalla Costa et al., who reported a higher selectivity
towards DAG and TAG (60 and 30%, respectively) if a sulfonic-acid-functionalized meso-
porous silica (pore size of 32 A) is employed compared to H-ZSM-5 and H-Beta zeolites
(pore size of 5.6-7 A) [86].

With the aim of improving textural properties, Popova et al. modified a mordenite-
type zeolite (M) via treatment with HF and NH4F, managing to increase the pore size
from 9 A to 19 A. This modification allowed for the conversion to be increased from
68.2% to 89.3% and the selectivity towards TAG to be brough to 63.7%. Furthermore, by
impregnating Zr on both solids, it was possible to increase the strength of the acid sites and,
as a consequence, to obtain an improvement in the performance of the catalysts, reaching a
selectivity towards TAG of 69.2% for the Zr-treated and modified solid (Zr/M1) [87].

Table 7 summarizes the zeolites used in the esterification reaction of glycerol with
acetic acid according to their activity.

Table 7. Zeolites employed in glycerol esterification reaction with acetic acid.
Catalyst T (°C) AA/IG t (h) mc/mgyy X (%) Smac (%)  Spag (%) Stag (%) Ref.
H-Beta 110 3.0 05 0.55 14.0 79.0 14.0 0.0 [85]
H-ZSM-5 110 3.0 0.5 0.80 30.0 83.0 10.0 0.0 [85]
H-ZSM-5 120 6.0 45 0.04 90.0 45.0 45.0 10.0 [86]
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Table 7. Cont.

Catalyst T(°C) AA/G t (h) mC/mgly X (%) Smac (%)  Spag (%) Stag (%) Ref.
H-Beta 120 6.0 4.5 0.04 90.0 20.0 60.0 20.0 [86]
Zr /M1 100 10.0 3.0 0.05 94.0 184 124 69.2 [87]

AA/G, acetic acid/glycerol molar ratio; m./mgy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG/ selectivity towards MAG/DAG/TAG.

3.4. Exchange Resins and Synthetic Polymers

In general, ion exchange resins are made of high-molecular-weight polymers con-
taining functional groups that are capable of exchanging ions with a solution such as H*
or OH™.

According to their structure, resins can be divided into two main groups: gel-type
resins and macroreticular resins. The former is constituted by a microporous and homo-
geneous polymeric matrix. The microporosity of these materials once limited their use
in catalysis due to matter transport problems, a disadvantage that was solved with the
development of macroreticular resins, which consist of agglomerates of small macroporous
microspheres; they have been widely used ever since [88].

The presence of exchangeable protons in the structure of cationic resins makes them
active catalysts in reactions requiring strong acidity. Cation-exchange macroreticular resins
with strong acidity have been commercially used as acid catalysts in different reactions,
such as the etherification of olefins with alcohols (e.g., MTBE and TAME production),
dehydration of alcohols to olefins or ethers, condensation reactions and hydrolysis of esters,
among others [89]. Particularly, due to their insolubility in water, they have been shown to
be active in the reactions of ketalization and esterification of glycerol.

3.4.1. Glycerol Ketalization with Acetone

Most of the resins used in solketal synthesis, such as Amberlyst® [73,80,90-93] and
Purolite® [91], are made of sulfonated polystyrene (Figure 9) crosslinked with divinylben-
zene, at a certain percentage. The presence of the sulfonic group gives them the Brensted
acidity necessary for acetal synthesis.
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Figure 9. Sulfonated polystyrene schematic.

Exchange resins have been shown to exhibit very good activity in solketal synthesis
due to their high density of Brensted-type acid sites. In addition, it has been shown
that the larger the pore size of the resin, the higher the activity, because the transport of
reactant and product matter is favored. Some authors have used commercial resins, while
others have synthesized different types of polymers, which have intrinsic acidity or can
be functionalized to give them acidity. The most relevant results of these publications are
summarized in Table 8.
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Table 8. Exchange resins used as catalysts in the reaction of glycerol ketalization with acetone.

Catalyst T(°O) A/G t (h) mc/mgyy X (%) Ss (%) Ys (%) Ref
CT 276 DR 40 45 6.0 0.005 NR NR 32.0 [91]
Amberlyst-35dry 40 45 6.0 0.005 NR NR 37.0 [91]
Amberlyst-36dry 40 4.5 6.0 0.005 NR NR 37.0 [91]
CT 275 DR 40 45 6.0 0.005 NR NR 40.0 [91]
Lewatit-GF1010 40 45 6.0 0.005 NR NR 45.0 [91]
UAV-63 55 10.0 6.0 0.005 84.0 96.0 80.6 [94]
Amberlyst-46 60 6.0 0.5 0.001 NR NR 84.0 [93]
PVA40 80 6.0 4.0 0.05 90.0 98.0 88.2 [95]
MP-SO3;H-24 30 5.0 0.5 0.005 94.0 98.5 92.6 [96]
EDGA-co-AMPS 50 20.0 6.0 0.005 NR NR 95.0 [97]
Synthetic polymer 60 5.0 5.0 0.08 97.0 100 97.0 [98]
Amberlyst-15 70 1.2 0.3 0.07 98.0 100 98.0 [80]
DT-851 58 20.0 2.0 0.05 NR NR 95.0 [99]

A /G, acetone/glycerol molar ratio; m/ Mgy, catalyst/glycerol molar ratio; X, glycerol conversion; S, selectivity
towards solketal; Y, yield of solketal; NR, not reported.

Among the authors who have synthesized polymers, Lopes et al. functionalized
polyvinyl alcohol (PVA) by treatment with sulfosuccinic acid. The synthesized catalysts
were named PVAX, where x represents the polymeric matrix, with x% of its -OH groups
esterified, representing the degree of crosslinking. The unmodified PVA catalyst showed
no activity in the solketal synthesis reaction, while the treated catalysts were active. The
results showed that the catalytic activity increases when the degree of crosslinking increases
from 5 to 40% due to the increased presence of sulfonic groups. However, when the degree
of crosslinking is between 40% and 60%, the activity decreases due to the diffusional
limitations of the reagents [95].

Churipard et al. synthesized a polyvinylbenzene polymer and subsequently function-
alized it via sulfuric acid treatment. The synthesized catalysts were denoted MP-SO3H-x,
where x represents the amount of time that the polymer was kept with H,SO4 under stir-
ring. Under the same reaction conditions, the order of activity was as follows: MP-SO;H-24
> MP-SO3H-12 > MP-SO3H-8 > MP-SO3H-4. The glycerol conversion increased from 72%
to 85.6% and the selectivity towards solketal was 98.5% for all catalysts. The observed
behavior is due to an increase in the acidity of the solids with the increasing contact time
between the polymer and sulfuric acid [96].

Laskar et al. synthesized a phenol-formaldehyde resin with acidic character, which
was evaluated in the solketal synthesis reaction. The effect of the amount of catalyst, molar
ratio of reagents, temperature and reaction time was tested. For the best condition, 97%
conversion was achieved with 100% selectivity towards solketal, activity that was attributed
to the presence of a large number of Brensted-type acid sites [98].

In turn, Santos-Vieira et al. synthesized polymeric materials obtained by the reaction
of trimethylenphosphoric nitrile acid with Ln*3 (UAV-63) and with Eu*® (UAV-20). The
former is a 3D coordination polymer, while the latter is a 1D coordination polymer. The
UAV-63 solid proved to be more active in the solketal synthesis reaction than the UAV-20
solid (84% conversion at 55 °C and 6 h versus 56% conversion under the same conditions).
However, the latter proved to be more stable due to the fact that the former modifies its
structure with the presence of water [94].

Hideaki Tokuyama et al. synthesized copolymers by the free-radical route, starting
from different esters and a sulfonated amide (AMPS) as monomers. The results for the
solketal synthesis showed that the copolymers exhibited more activity than the amide
alone, and this result was attributed to the higher hydrophobicity contributed by the esters
in the polymer. After 6 h and at 50 °C, a solketal yield of about 95% was achieved with the
solid named EDGA-co-AMPS [97].
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3.4.2. Glycerol Esterification with Acetic Acid

Exchange resins are one of the most widely used catalysts in the esterification of
glycerol with acetic acid due to their high acid site density and pore sizes. Within the group
of commercial resins, the most commonly used ones were Amberlyst® type 15 [85,100,101]
35 [102,103] and 36 [100,104,105]; and the resins Dowex 650C [106], Purolite® CT-275 [102]
and Lewatit® [107,108]. All of these materials were found to be active and selective in the
esterification reaction; the best results are presented in Table 9.

Table 9. Exchange resins used as catalysts in the esterification reaction of glycerol with acetic acid.

Catalyst T (OC) AA/G t (h) mC/mgly X (0/0) SMAG (0/0) SDAG (o/o) STAG (o/o) Ref.
PSPF-3 70 3.0 8.0 0.01 81.7 67.1 31.7 1.2 [109]
Amberlyst 36 140 6.0 4.0 0.05 93.0 42.6 49.6 7.8 [105]
Amberlyst 15 110 9.0 2.0 NR 97.0 10.0 45.0 45.0 [101]
PDS-THF 110 6.0 3.0 0.05 97.8 114 54.0 34.6 [110]
CT-275 110 6.0 6.0 0.06 99.0 22.0 60.0 18.0 [102]
Amberlyst 36 105 9.0 4.0 0.05 99.0 45.0 15.0 40.0 [104]
Amberlyst 35 88 9.0 50 NR 99.0 10.0 45.0 45.0 [103]
Dowex 650C 120 9.0 4.0 0.04 99.6 16.0 50.0 34.0 [106]

AA/G, acetic acid/glycerol molar ratio; m./myy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG,/TAG, selectivity towards MAG/DAG/TAG; NR, not reported.

In addition to commercial resins, functionalized polymers that were active in the ester-
ification reaction have been synthesized (Table 9). In this regard, Jiang et al. synthesized a
phenolic resin by polycondensation from phenol sulfonic acid, phenol and paraformalde-
hyde, modifying the phenol sulfonic acid /phenol molar ratio at the beginning. The best
results were obtained for a molar ratio of 3 (solid PSPF-3), reaching a glycerol conversion
of 81.6% after 7 h of reaction at 70 °C, with a selectivity towards the set (MAG + TAG)
of 98.9% [54]. In the same vein, Mou et al. synthesized polymers based on polydivinyl-
benzene (PDVB) and sodium p-styrene sulfonate (SPSS) via hydrothermal synthesis, with
subsequent a cation exchange with HySOy solution. These catalysts achieved a glycerol
conversion of 97.8%, with a selectivity towards the set (DAG + TAG) of 88.6%, after 3 h of
reaction at 110 °C and a molar ratio AA/G =6 [110].

3.5. Carbonaceous Materials

In heterogeneous catalysis, carbons are generally used as supports and adsorbents
due to their high specific surface area and porosity. However, the incorporation of surface
groups introduced by thermal or chemical treatment represents potential active sites,
turning carbons into catalysts in themselves and, thus, expanding their application in
catalysis [111].

It is known that the acidic surface groups formed by the action of oxygen on carbons
at 400 °C can be classified into four groups: carboxylic, phenolic, carbonyl and lactones
(formed by combination of a carboxylic group with a carbonyl) [112]. Carboxylic groups
are the most acidic ones and can be generated via the oxidation of all surface groups by
treatment with HNO3; and temperature. Another way to generate acidic surface groups
on carbons is the incorporation of sulfonic groups -SO3H via treatment with HySO4. Both
treatments have been reported to generate acidity in coals for use in different reactions [113].

The main sources of coal currently are wood, hard coal (anthracite) and coconut
shells. Due to its use as an energy source, the worldwide demand for coal is high, and
it is estimated to increase even more in the coming years [114]. This situation, added
to the large amount of biomass residues available, has generated that the synthesis of
charcoal from biomass has become relevant in recent years [115]. Table 10 summarizes the
reported sources and processes for the synthesis of catalysts from carbons used in glycerol
esterification and ketalization reactions.
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Table 10. Biomass sources used for carbon synthesis as a catalyst in the esterification reaction of
glycerol with acetic acid.

Biomass Source Preparation Method References
Sucrose Carbonization + functionalization with H,SOy4 [116,117]
Rice husk Carbonization + functionalization with H2SO,4 [118]
Glycerol Carbonization with HySOy4 [119,120]
Glucose Hydrothermal treatment + H,SO, [90,121]
Cellulose Hydrothermal treatment + HySOy4 [121]
Glucose Treatment with H,SO4 [122]
Olive stone H,S0,4 + H3PO4 treatment [120]
Sodium lignosulfonate Pyrolysis + HySO, treatment [123]
Bio-oil Treatment with H,SO4 [124]
Mauritia Flexuosa Linnaeus filius Hydrothermal treatment + H3POy [125]
Orange kernels Pyrolysis [126]
Willow willows Pyrolysis [127]
Wastewater Hydrolysis [128]
Palm kernel shells Carbonization + H,SO, functionalization [129]
Carbohydrates (sucrose, glucose and starch) Treatment with H,SOy4 [130]

The wide variety of carbon sources, added to the different strategies to confer acid
sites to them, generates a wide variety of synthesized catalysts, which are detailed below
for both reactions.

3.5.1. Glycerol Ketalization with Acetone

Carbons from glucose, cellulose, glycerol, sodium lignosulfonate and bio-oils, using
strong inorganic acids (HNOj3, H,SO4 and HCl) through different functionalization treat-
ments, or the eventual modification of the carbons by impregnation with metals (Ni, Zr),
were used for the glycerol ketalization with acetone (Table 11).

Table 11. Carbonaceous materials used as catalysts in the reaction of glycerol ketalization with acetone.

Catalyst T (°C) A/G t (h) mc/mg, X (%) S (%) Ys (%)  Ref.
Ni(1.8)/ MWCNTs 40 6.0 3.0 0.06 96.0 72.0 69.0 [131]
CG-1:3 RT 4.0 0.5 0.03 84.0 90.0 75.6 [132]
HSCS/2 70 6.0 05 0.05 82.0 99.0 81.2 [90]
BSo, 25 10.0 2.0 0.006 90.0 98.0 88.2 [124]
80LS20PS450H ™ 40 6.0 2.0 0.05 94.0 99.5 93.5 [133]
AC-S-18M RT 4.0 6.0 0.027 97.0 98.0 95.0 [120]
C-SO;H 70 5.0 0.2 0.07 97.0 100.0 97.0 [134]
5%Ni-1%Zr/AC 55 8.0 3.0 0.04 100.0 100.0 100.0 [135]
AC-PM£-80 55 4.0 5.0 0.05 81.0 98.0 79.4 [125]
SAFACAM 70 5.0 0.17 0.08 98 100 98 [122]
G-ASA RT 40 1 0.005 97 97 95 [136]

RT, room temperature; A/G, acetone/glycerol molar ratio; m./myy, catalyst/glycerol molar ratio; X, glycerol
conversion; S, selectivity towards solketal; Y, yield of solketal; NR, not reported.

Regarding the carbon source, Fernandez et al. compared the performance of carbons
prepared via hydrothermal treatment from glucose (Glu) and cellulose (Cel), which were
subsequently treated with concentrated HySO,4. Different preparation variables were
evaluated, such as the origin of the materials (Glu or Cel), the temperature (195 °C or
215 °C), HCI concentration used to favor the pre-hydrolysis of the materials (2 M or
5 M) and the hydrothermal treatment time (20 h or 40 h). The catalyst that presented
the highest activity was the so-called Cel-215-2 M-20 h-S; however, it was not possible to
establish a direct relationship between the number of sulfonic groups and the activity [121].
Employing this same method, Ao et al. synthesized a catalyst from glucose with H;SO4
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(SAFACAM) and evaluated it by using a microwave-assisted solketal synthesis, achieving
almost complete conversion of glycerol, with 100% selectivity towards solketal [122].

In turn, Maraisa Gongalves et al. synthesized acid carbons via the hydrothermal
carbonization of glycerol with H»SOy at 150 °C for 24 h. The catalysts were named CG-X,
where X is the glycerol:H,SO4 mass ratio used (3:1, 2:1, 1:1, 1:1, 1:2 and 1:3). The CG-3:1
catalyst showed no activity (<5% conversion) due to the scarcity of carboxylic groups and
the absence of -SO3H groups. The rest of the catalysts presented the following order of
activity: CG-1:3 > CG-1:2 > CG-1:1 > CG-2:1. This behavior was attributed to the increase
in the number of total sites with the acid treatment, mainly due to the increase in -SO3H
groups, since the number of carboxylic groups did not increase significantly. All carbons
presented a BET surface area of approximately 10 m? g~!, indicating the low influence of
textural properties on the activity in these catalysts [132].

Konwar et al. synthesized a macro/mesoporous solid via the pyrolysis of sodium
lignosulfonate (LS) monoliths, a by-product of the paper industry, with a certain percent-
age of sodium polystyrene sulfonate (PS). The pyrolysis solid was treated with HySO4.
The catalysts were denoted xLS and PSzH*, where x represents the percentage of LS
(80-100), y the percentage of PS (0-20) and z the treatment temperature (350-450 °C). The
80LS20PS450H" catalyst was found to be the most active one, a result attributed to its
higher porosity and density of -SO3H sites than the rest of the solids [133].

Recently, Ballotin et al. synthesized a carbon-based catalyst by treating bio-oil with
H)S04 for 2 h at 120 °C, with a H»SO4/bio-o0il mass ratio of 9.2. In this way, through the
processes of dehydration and condensation, nanostructures were formed, which formed an
amorphous sulfonated matrix. After 2 h of reaction at 25 °C, a 93% conversion of glycerol
was achieved; the solid was stable after four uses [124].

Balotin et al. prepared catalysts from activated carbon from Mauritia Flexuosa Lin-
naeus filius, a palm tree native to Amazonia. For this purpose, they carried out a hydrother-
mal treatment, varying the time (20, 40 and 80 min), and, subsequently, the solids obtained
were impregnated with H3POy at 85 wt.%. The results showed that the solids prepared
at 40 and 80 min (AC-PMf-40 and AC-PM({-80) presented higher activity in the reaction,
and the researchers attributed this result to the presence of both weak and strong acid sites,
which allowed for the selective adsorption of acetone and glycerol on each other, without
apparent competition between them [125].

Poulose et al. synthesized a catalyst by functionalizing graphene with taurine in DMF,
conferring -HSOj3-type sites. The authors reported the high activity of this catalyst in the
solketal synthesis reaction, higher than that of the catalysts reported so far. The authors
ascribed this behavior to the covalent bonding of the taurine molecules on graphene, which
allowed them to reach a high number of sites in the catalyst (40 wt.%) [136].

It has been reported that the inorganic acid that was employed to functionalize the
carbons and its concentration also influences the activity of the reaction. Rodrigues et al.
acidified activated carbon with HNO; (6 M and 15 M) and H,SO4 (6 M and 18 M) by
stirring for 3 h. The synthesized catalysts were named AC-N-6M, AC-N-15M, AC-5-6M
and AC-5-18M. Under the same reaction conditions, the following order of activity was
obtained: AC-S-18M > AC-N-15M > AC-N-6M > AC-S-6M, with conversions of 97% for
the AC-5-18 M catalyst and a selectivity towards solketal of 96%. The observed behavior
can be explained by the higher contribution of strong acid sites for the AC-5-18M catalyst
by the presence of sulfonic groups [120]. Following these results, Saikia et al. synthesized
acid catalysts from cellulose by hydrothermal treatment with H,SO4 for 18 h at 80 °C. The
solid obtained was named C-SOzH. This solid achieved a glycerol conversion of 97%, with
a selectivity towards solketal of 100%, and this result was attributed to its mesoporous
nature, high specific surface area and the high density of acid sites it presents [134].

As for the preparation method, Nandan et al. synthesized silica—carbon composites
by using glucose as carbon source and functionalized them with sulfonic groups via a
heat treatment (SCS) and hydrothermal treatment (HSCS). The synthesized materials were
named SCS/x and HSCS/x, where x = 0.3, 1 and 2 and represents the tetraethyl orthosilicate
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(TEOS)/ glucose ratio. The results showed that the HSCS solids presented higher activity
than the SCS solids because the acidity generated in these catalysts was higher; in addition,
the hydrothermal treatment also favored the generation of mesopores. The best catalyst
was HSCS/2, which allowed for an 82% glycerol conversion and 99% selectivity towards
solketal to be achieved [90].

Finally, it has been reported that carbons modified by metal impregnation are also
active in the ketalization reaction.

Khayoon et al. synthesized multiwalled carbon nanotubes on which Ni was impreg-
nated. The synthesized catalysts were termed Ni(x)/MWCNTs, where x represents the
percentage of supported Ni. The catalyst impregnated with 1.8% Ni was found to be the
most active one. The results were attributed to the presence of carboxylic groups generated
on the carbon nanotubes and the good dispersion of the Ni metal sites. Higher contents of
the metal led to lower dispersions, which resulted in a decrease in activity [131].

The same authors also supported Ni-Zr on activated carbon via impregnation at
incipient humidity, using different Ni and Zr ratios. The catalysts that were supported only
with Ni presented an increase in glycerol conversion due to the addition of metal, from 65%
conversion (with 1% Ni) to 95% (with 5% Ni). This behavior was attributed to the higher
number of active sites present in the catalyst. The selectivity towards solketal was 86%,
with 10% selectivity towards the six-membered ring and 4% towards undesired products.
Zr-only supported catalysts showed an increase in glycerol conversion with the increasing
metal content from 54% to 67%, with a selectivity towards solketal of approximately 70%
and no undesired products. These results showed that Ni was more active, but Zr was
more selective, thus leading to the study of the combination of the two metals to evaluate
the catalyst performance. As a result, the incorporation of 5% Ni and 1% Zr led to the
best catalyst performance: 100% glycerol conversion with 74% selectivity towards solketal,
without the presence of undesired products [135].

3.5.2. Glycerol Esterification with Acetic Acid

For the esterification of glycerol with acetic acid, different biomass sources have been
explored for the preparation of carbons, such as sucrose, glucose, starch and biomass
residues, among others. Table 12 summarizes the carbon-based catalysts used in the
esterification reaction of glycerol with acetic acid.

Table 12. Carbonaceous materials used as catalysts in the glycerol esterification reaction with
acetic acid.

Catalyst T (OC) AA/G t (h) mc/mgly X (0/0) SMAG (0/0) SDAG (o/o) STAG (0/0) Ref.
KJ-400 120 5.0 4.0 0.08 90.0 56.0 40.0 40 [126]
TC-L 150 5.0 5.0 0.05 90.0 10.0 90.0 (*) [118]
C-WW 120 6.0 6.0 0.16 90.8 46.9 484 63 [128]
C-glycerol 110 6.0 2.0 0.10 96.0 26.0 56.0 18.0 [130]
'ZSrO3H/ C-Si- 150 9.0 5.0 NR 97.0 3.0 3.0 94.0 [137]
PT800S 120 6.0 3.0 0.12 975 5.75 32.23 58.93 [129]
Cspa.15-BDS 120 6.0 24.0 0.09 98.0 16.0 54.0 30.0 [117]
Willow 120 5.0 5.0 0.07 98.0 5.0 50.0 45.0 [127]
charcoal

TAC-673 170 9.0 40 0.05 99.0 NR NR 50.0 [116]
Glycerol 115 4.0 1.0 0.05 100.0 20.0 70.0 10.0 [119]
carbon

AA/G, acetic acid/glycerol molar ratio; m./myy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG, selectivity towards MAG/DAG/TAG:; (*) selectivity towards (DAG + TAG).

Sanchez et al. synthesized carbons from sucrose by using two different methods.
The first method consisted of carbonizing sucrose for 15 h in a N, atmosphere at 400 °C
(DC). The second involved employing a silica temperate (TAC) and stationing it for its
polymerization with subsequent carbonization for 3 h in a Ny atmosphere at 400, 600
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and 900 °C. These solids were functionalized by two different methods: with fuming
sulfuric acid and with 98% liquid sulfuric acid. The best results were obtained for a
low carbonization temperature (400 °C), using silica as a temperate and subsequently
acidifying with fuming sulfuric acid. This solid led to a glycerol conversion of 99%, with
a selectivity towards TAG of 50%, even surpassing the performance of the commercial
resin Amberlyst 15. The authors attributed this behavior to the higher density of acid sites
present in the solid [116]. Goscianska et al. synthesized carbon from sucrose by using the
template hard method, using a silica template SBA-15, which was immersed in a solution
of sucrose, concentrated sulfuric acid and distilled water. This mixture was treated at 160
°C for 6 h, and then the procedure was repeated. Subsequently, carbonization was carried
out at 900 °C for 6 h in an argon atmosphere, and, finally, the template was then removed
with hydrofluoric acid. To confer strong acid sites, two treatments were used: one with 4-
aminobenzenesulfonic acid, sodium nitrate and hydrochloric acid for 20 h, under agitation
(CSBA-15-BDS), and the other with concentrated sulfuric acid at 140 °C for 20 h, under
agitation (CSBA-15-H;SOy). The best results were obtained for the solid CSBA-15-BDS,
attributing its good performance to the significant increase in site density [117]. In the
same vein, Malaika et al. synthesized carbon from known carbohydrates, such as glucose
(C-glucose), sucrose (C-sucrose) and starch (C-starch), in addition to glycerol (C-glycerol).
For this purpose, saturated solutions of each precursor were heated at 180 °C, under stirring,
and H;SO4 was added until the solution turned brown. Then, stirring was continued for
another 30 min until no further gas release was observed. The solids obtained were washed
with distilled water and dried at 110 °C overnight. Of this group, the best results were
obtained using the C-glycerol solid, and the authors attributed this behavior to the higher
density of -SO3H groups [130].

Other biomass sources used for the preparation of charcoal are solid biomass residues,
such as husks, grains and tree bunches.

Galhardo et al. synthesized char via the carbonization of rice husk at 400 °C for 4 h,
and then it was functionalized by different methods: with 6 M sulfuric acid under reflux
(TC-6M), with 96% concentrated sulfuric acid (TC-L) and with 96% concentrated sulfuric
acid vapors (TC-V), all at a char: acid ratio of 1:10 for 10 h at 80 °C. The best results were
obtained with the TC-L solid, and the authors attributed this behavior to the higher number
of acid sites generated compared to the rest of the solids. Moreover, these sites turned out
to be mostly carboxylic groups so that, on average, the strength of the sites turned out to be
higher [118].

Nda-Umar et al. also prepared charcoal from palm kernel shells, but, in their case, from
palm kernels, which were previously washed and ground. The charcoal was generated in
three different ways. On the one hand, it was carbonized in a furnace at 400 and 800 °C
under a CO; atmosphere, without any other treatment. Then, the solid was functionalized
with HpSO4 at 120 °C for 5 h (solids P400S and P800S). On the other hand, it was prepared
by chemical treatment by impregnating the solid with 50% H3PO,. Subsequently, this solid
was carbonized at 400 and 800 °C under a CO, atmosphere. The solid was functionalized
with HySOy at 120 °C for 5 h (solids PC400S and PC800S). In the third method, the solid
was mixed with dilute HCI and then with Na;SiO3 under vigorous stirring, and then it
was allowed to polymerize in an oven. Subsequently, it was carbonized at 400 and 800 °C
under CO; flow. The solid was then functionalized with H,SO4 at 120 °C for 5 h (solids
PT400S and PT800S). The best results were obtained with the PT800S solid, and the authors
attributed this behavior to the higher density of acid sites [129].

On the other hand, Rafi et al. synthesized char by pyrolysis of Karanja grains at
300-500 °C for 4 h in a N atmosphere. The best results were obtained with the solid
prepared at 400 °C due to the higher content of medium/high-strength sites that it presents
in relation to the rest [126].

Finally, Tao et al. synthesized char via the pyrolysis of willow catkins at 500 °C for 5 h,
under a N, flow. Subsequently, this solid was heated in concentrated sulfuric acid for 3 h at
70-100 °C and then treated with fuming sulfuric acid to confer acid sites. The best results



Reactions 2023, 4

596

were obtained for an acidification temperature of 90 °C since a higher number of acid sites
were generated under these conditions due to the higher generation of -SO3H groups [127].

Although glycerol is the reagent in esterification, it has also been employed as a carbon
source due to its wide availability as a by-product in biodiesel synthesis. Thus, Chandrakala
et al. synthesized a solid through the carbonization of glycerol with concentrated sulfuric
acid (1:3 ratio) at 220 °C for 20 min, under vigorous stirring, with subsequent filtering,
washing to neutrality and drying. This solid achieved a glycerol conversion of 100%, with
a selectivity towards MAG of 20%, towards DAG of 70% and towards TAG of 10%, after
1 h of reaction at 115 °C, with a molar ratio AA/G = 4 and 5% by weight of catalyst with
respect to glycerol [119].

Kumar et al. synthesized carbon from glycerol through a treatment with 18 M sulfuric
acid at 100 °C for 24 h, under constant stirring. The temperature was then increased to
180 °C and then to 300 °C with the introduction of N2 to constitute porosity in the solid. The
solid was then washed with hot water and calcined at 500 °C for 6 h (solid-SO3;H/C). The
same procedure was repeated with the introduction of silica, zirconia and their combination
to form solid -SO3H/C-Si, solid -SO3H/C-Zr and solid -SO3H/C-5i-Zr, respectively. The
best results were obtained with the -SO3H/C-Si-Zr solid, which achieved 93.9% selectivity
towards TAG. This result was attributed to the combination of a high acid site density
(7.1 mmol g~1), probably due to the presence of Zr in the structure, and a large average
pore size (11.74 nm) [137].

From a different source than the rest, Bartoli et al. synthesized carbon from the
hydrolysis of biosolids from municipal wastewater treatment (C-WW). These solids led to
a glycerol conversion of 90.8%, with a selectivity towards MAG of 46.9%, towards DAG of
48.4% and towards TAG of 6.3%, after 4 h, at 120 °C, with an AA /G ratio of 6 and 16 wt.%
of catalyst with respect to glycerol [128].

Although the carbon source varies among the different authors, all of them agree that
the best results are obtained if solids with a high density of acid sites and a high pore size
are used, favoring the diffusion of reactants and products inside them.

3.6. Zirconia-Based Catalysts

Zirconia and its modified variants have played an important role as catalysts in the
fine chemical, pharmaceutical and petrochemical industries.

The catalytic and surface properties of pure zirconia can be modified through the
incorporation of anions (SO4~2) or cations (Al*3, Mo*®). It has been reported that zirconia
modified by these ions significantly enhances the acidic properties, increasing its catalytic
capacity. This versatility of zirconia has been exploited by several authors to synthesize
solids with acidic properties, being active in the reactions of ketalization and esterification
of glycerol.

3.6.1. Glycerol Ketalization with Acetone

Regarding the use of ZrO, modified with different ions, some authors studied the
incorporation of W [138,139], Mo [138,139], V [139] and SO, 2 groups [42,138]. Of all of
them, it has been shown that SO, ~2 groups, incorporated through treatment with HSO,,
lead to a higher generation of acid sites, thus conferring a higher activity onto the catalysts
in the reaction of glycerol ketalization with acetone. Of the remaining ions, the following
order of activity has been reported: W >V > Mo, attributed to the generation of a higher
number of acid sites [138,139].

In addition to evaluating the incorporation of ions into the supports, the coating of the
modified ZrO, was also studied. In this regard, Reena et al. impregnated ZrO, modified
with 5% Mo, W and V into a monolith by coating, generating HM-MZ, HM-WZ and HM-
VZ materials, respectively. The results showed that the zirconia catalysts supported on
HM-MZ presented the highest activity [139].

Vasantha et al. prepared cordierite (HC) monoliths on which ZrO, (HC-Z) and its
modified variants, such as ZrO,-Al,O3 and SO4~2/ZrO,, were coated with ZrO, (HC-Z)
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and its modified variants, such as ZrO,-Al,O3 and SO 2/ZrO,. The catalysts prepared by
Z1rO;,_ Al O3 coating were named HC-ZA1 (40%ZrO,_60%Al,03 and HC-ZA2 (60%ZrO,_
40%A1,03). The catalyst prepared by SO, ~2/ZrO, coating was denoted HC-SZ and was
prepared by dissolving the Zr precursor in 0.5 M H,SOy4. Under the same reaction condi-
tions, the following order of activity was obtained: HC-SZ > HC-ZA2 > HC-ZA1 > HC-Z.
This result was attributed to the higher number of strong acid sites provided by the addition
of sulfonic groups to zirconia, which is evident both in powder catalysts and those prepared
by coating on another material [140].

Table 13 summarizes the best results using zirconia-based catalysts, according to the
performance obtained at solketal.

Table 13. Zirconia-based catalysts employed in glycerol ketalization with acetone.

Catalyst

T(O

A/G t (h) mc/mg, X (%) Ss (%) Ys (%) Ref.

Zr-5-400
HC-ZS
SZ
HM-MZ

40
60
RT
60

6.0 1.0 0.006 80.0 86.0 69.0 [42]
4.0 1.7 0.11 96.0 90.0 86.4 [140]
6.0 15 0.05 98.0 97.0 95.0 [138]
6.0 0.13 0.01 98.0 98.0 96.0 [139]

RT, room temperature; A/G, acetone/glycerol molar ratio; mc/myy, catalyst/glycerol molar ratio; X, glycerol
conversion; S, selectivity towards solketal; Y, yield of solketal.

3.6.2. Glycerol Esterification with Acetic Acid

For the case of the esterification reaction of glycerol with acetic acid, textural and
acidity properties are the variables to be taken into account in the synthesis of zirconia-
based catalysts. In all cases, the incorporation of SO, 2 ions has been reported to impart
strong acidity to the catalysts.

Lei et al. synthesized a WO3-ZrO, mixed oxide via the solvent autoevaporation
method with different W /Zr ratios (0.33-3) and then calcined it at different temperatures
(500-800 °C). Subsequently, sulfate groups were incorporated by the incipient wetting
impregnation method with HySO4. The best results were obtained with the solid presenting
W /Zr =1 ratio and calcined at 500 °C, due to the presence of a high number of acid sites
and a good tolerance to the presence of water [141].

In order to synthesize a solid with high specific surface area, Popova et al. prepared a
silica-based template, on which they then impregnated ZrCl,, with subsequent calcination
in air flow, varying the amount of Zr between 4 and 12 wt.%. Subsequently, this solid
was treated with HySOj4 to confer acidity through the incorporation of sulfate groups. The
best results were obtained for the solid with the highest Zr content due to the presence
of a higher number of acid sites. Moreover, these results were better than those obtained
employing a commercial sulfated zirconia, attributing this result to the high dispersion of
Zr on the silica template surface [87].

Abida et al. synthesized a silica-zirconia matrix by using the sol-gel method, to which
they then incorporated sulfate ions by treatment with H,SO, in aqueous solution. This
solid, named SSZ-550, was employed in the esterification reaction of glycerol with acetic
acid, reaching a glycerol conversion of 100%, with a selectivity towards TAG of 93% after
40 min of reaction, results that were attributed to the presence of strong Brensted-type sites,
coming from the sulfate groups [142].

Table 14 summarizes the results reported using zirconia-based catalysts.

Table 14. Zirconia-based catalysts employed in glycerol esterification with acetic acid.

Catalyst

T (O

AA/G t (h) mc/mgly X (%) Smac (%) Spag (%) Stag (%) Ref.

SO42~ /WZr
(1:1)-500
12ZrKIL-2
S5Z-550

120
100

10.0 4.0 0.01 100.0 37.0 60.0 3.0 [141]

10.0 1.0 0.05 100.0 2.7 77.2 20.1 [87]
9.0 0.7 0.03 100.0 0.0 7.0 93.0 [142]

AA/G, acetic acid/glycerol molar ratio; m./mgy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG- selectivity towards MAG/DAG/TAG.
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3.7. Heteropolyacids

In recent decades, heteropolyacids (HPAs) have attracted much attention as catalysts
since they possess very high Brensted-type acidity and are also efficient oxidizers [94].
These compounds are formed through the condensation of Mo, W, V, Nb or Ta oxoanions
in aqueous solution which polymerize at an appropriate pH, forming a polyanion (the
heteropolyacid itself) and water [143].

HPAs have been widely used as homogeneous acidic and oxidizing catalysts, but the
difficulty of separating them from the reaction medium has led to the study of their use
in heterogeneous catalysts. In this sense, variants of these materials have been developed
that allow their use as acid solids. The first variant resulted from the synthesis of water-
insoluble HPAs via the partial substitution of protons by cations of the type Cs*, K,
NH,*, etc. Another alternative is the synthesis of HPA catalysts supported on SiO»,
ZrOg, activated carbon or exchange resins. A third variant is the inclusion of HPAs in
mesoporous silica or, recently, in zeolites [144]. All of these alternatives have allowed for
the use of heteropolyacids in heterogeneous catalysis, facilitating the separation from the
reaction medium.

In particular, it has been shown that the high acidity presented by HPAs makes them
efficient catalysts in ketalization and esterification reactions. In this sense, their use has
been reported in different variants, as insoluble materials, supported or incorporated into
porous matrices.

3.7.1. Glycerol Ketalization with Acetone

Ferreira et al. were among the first authors to report the use of heteropolyacids
included in silica for the synthesis of solketal. The synthesized catalysts were named
PW-S, SiW-S, PMo-S and SiMo-S, depending on whether tungstophosphoric acid (PW),
tungstosilicic acid (SiW), phosphomolybdic acid (PMo) or molybdosilicic acid (SiMo) was
used. The results showed that the order of activity was PW-S > SiW-S > PMo-S > SiMO-S,
behavior that was attributed to the acidic strength of the sites, obtained by potentiometric
titration, which follows that same decreasing order [145].

In the same sense, Chen et al. used Csy5Hy5PW1,04 (Cs2.5) supported on meso-
porous silica as a catalyst in the synthesis of solketal. This HPA is water resistant and
exhibits high acidity and specific surface area when compared to other similar compounds
(125 m? g~ 1). However, to improve the catalytic activity, it was supported on silica, thus
significantly increasing the specific surface area. The salt was prepared by coprecipitation
and subsequently supported on KIT-6 (mesoporous silica) via the incipient impregnation
method. The results showed higher activity for the supported catalyst due to its high
specific surface area (574 m? g~!) compared to the unsupported salt, which allowed the
reagents to reach the acid sites faster. In addition, the experimental results confirmed the
absence of salt leaching [146].

Talebian-Kiakalaieh et al. supported tungstophosphoric acid (HPW) on a Y zeolite
synthesized in its protonated form, which was previously subjected to citric acid treatment
to partially remove Al*3 ions and, thus, increase its porosity. The supported materials
were denoted as HR/Y-WX, where x is the percentage of HPW. The results showed that
the dealuminated zeolites showed higher activity due to their higher porosity, while the
presence of HPW increased the total acidity of the solids contributing with Brensted acid
sites. The best result was obtained with the HR/Y-W20 catalyst after 2 h of reaction, with a
solketal yield of 97.87% [147].

Recently, Sadjadi et al. impregnated phosphotungstic acid (HPW) on bentonite modi-
fied with an acidic polymer containing carboxylic groups. The authors evaluated the effect
of the amount of supported HPW (5-25 wt.%), determining that an increase between 5 and
20% increased the activity of the catalyst, while a higher content decreased the activity,
which could be due to the aggregation of the supported HPW [148].

On the other hand, Chansorn et al. synthesized catalysts from the immobilization
of phosphotungstic acid (PTA) on a layer of poly(N-methyl-4-vinylpyridinium) (PMVP)
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grafted onto silica nanoparticles (SNSs-g-PMVP/PTA), with the aim of improving the
catalytic activity of PTA. The authors reported the high activity of this catalyst compared
to other solids, attributed to the high dispersion of the heteropolyacid on the support.
Furthermore, they concluded that PMVP confers a hydrophobic environment, which
prevents the deactivation of PTA by the presence of water [149].

Since the exchange of protons by ions of different nature has been shown to be
another avenue for the implementation of HPAs in heterogeneous catalysis, Sandesh
et al. prepared hybrid materials from different heteropolyacids with ammonium salts.
Tungstophosphoric acid (PWA), tungstosilicic acid (SWA) and phosphomolybdic acid
(PMoA) were used as HPAs and (C3Hy)4N*Br as salt. The materials were denominated
(C3Hy)4N*/PWA, (C3H7)4N* /SWA and (C3H7)4N*/PMoA. The materials were insoluble
in the reaction medium, presenting the following order of activity: (C3Hy)sN*/PWA >
(C3Hy)4N*/SWA > (C3Hy)4N* /PMoA, with a glycerol conversion of 94%, 90% and 87%,
respectively. Selectivity towards solketal was 98% in all cases. The similarity in activity
and selectivity highlights that the acid sites of all materials are similar. The reaction of
untreated PWA led to the 90% conversion of glycerol in 10 min of reaction, indicating that
the activity comes mostly from HPA. However, the homogeneous nature of PWA marks
the disadvantage of this type of material with respect to the synthesized solids. Moreover,
the (C3Hy)4N* /PWA catalyst was shown to maintain its activity even in the presence of
water [74].

Following these results, Da Silva et al. exchanged the protons of the silicotungstic acid
for Sn*? ions, thus allowing for the resulting salt to be insoluble in polar media. Compared
to similar HPA and inorganic acids such as H,SO4 and HC], the SnySiW1,04 solid was
found to be more active. The authors attributed this behavior to the stability conferred
by this solid to charged intermediates. In addition, the hydrolysis undergone by Sn*?
ions in the presence of their hydration sphere generates protons that constitute active sites
themselves [150]. In turn, in another work, the same authors replaced the protons of HPA
by Fe*3, Co*2, Cu*?, Ni*2 and Al*3, obtaining the best results with the replacement of the
protons by Fe*? ions, a result attributed to the higher Lewis-type acidity presented by this
salt [151].

Table 15 summarizes the main results of heteropolyacids employed in glycerol ketal-
ization with acetone.

Table 15. Heteropolyacids employed as catalysts in glycerol ketalization with acetone.

Catalyst T (°C) AIG t (h) mc/mgy X (%) Sg (%) Y5 (%)  Ref.
(C3Hy)4N'* /PWA 30 6.0 2.0 0.15 94.0 98.0 92.1 [74]
PW-S 70 6.0 2.0 0.05 95.0 97.0 92.1 [145]
Sn,SiW,049 25 12.0 1.0 0.03 95.0 98.0 93.0 [150]
30% Cs, 5/KIT-6 25 6.0 0.25 0.05 95.0 98.0 93.1 [146]
Fey /351W 1,049 25 20.0 1.0 0.09 98.0 97.0 95.0 [151]
HR/Y-Wy 40 10.0 2.0 0.10 100.0 97.9 97.9 [147]
Bent-P-IL-HPW 55 20.0 2.0 0.10 100.0 99.0 99.0 [148]
SNSs-g-PMVP/PTA 70 8.0 1.0 0.05 94.3 96.7 91.1 [149]

A/G, acetone/glycerol molar ratio; m./ mgly, catalyst/glycerol molar ratio; X, glycerol conversion; Ss, selectivity
towards solketal; Y, yield of solketal.

3.7.2. Glycerol Esterification with Acetic Acid

Gongalves et al. were among the first to employ HPAs as catalysts, directly using
H3PW 1,049 (HPW or TPA) in the esterification of glycerol with acetic acid. As a result,
the solid was able to achieve 95% glycerol conversion, with selectivity towards MAG
of 16%, towards DAG of 72% and towards TAG of 22%, after 12 h of reaction, at 60 °C,
employing an AA /G ratio of 12 and 0.04 mmoles of HPW [152]. However, the direct use
of HPAs as catalysts presents certain drawbacks related to the low specific surface area,
low thermal stability and solubility of these in the reaction medium, as indicated for the
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catalytic reaction. For this reason, several authors have reported their implementation by
incorporating HPAs in support of a different nature.

In this sense, several authors impregnated HPW on different supports, such as sil-
ica [153-155], Nb,Os [156], zirconia [155] and NaUSY zeolites [157]. All of them observed
that the activity of the catalysts increases as the amount of supported HPW increases.
However, they also reported that there is an optimum content, depending on the type
of support, above which a decrease in the specific surface area could occur, leading to a
decrease in the activity of the catalysts. In particular, better activity was observed in those
catalysts synthesized from supports with higher specific surface area. For example, Patel
et al. supported H3PW1,049 acid on MCM-41 and ZrO,, observing the best results for the
MCM-41 support, due to the higher specific surface area values [155].

In line with what was described above, Neto et al. supported molybdophosphoric
acid (MPA) on Si-Al nanotubes, formula Al,Si;O5(OH);-2H,0 (HNT), by using the wet
impregnation method. The authors modified the supported HPA content, generating the
solids x-MPA /HNT, where x is the amount of MPA (10, 25 or 50%). As for the HPW, the
best results were obtained for the solid with higher MPA content (50-MPA /HNT), since it
presents a higher number of MPA ions available to achieve the reaction. In this case, lower
MPA loadings lead to the formation of sites preferentially inside the pores, thus hindering
the access of the reagents to the sites [158].

For example, Zhu et al. supported H4SiW1,049 (HSiW or STA), H3PW1,049 (HPW)
and H3zPMo1,049 (HPMo) on ZrO, by using the incipient wetting impregnation method.
The best results were obtained for the HSiW /ZrO; solid due to a higher contribution of
Brensted sites and the good hydrothermal stability of the catalyst [105]. In the same sense,
Magar et al. synthesized catalysts via the impregnation of silicotungstic acid (HSiW), dode-
canotungstophosphoric acid (DTP) and phosphomolybdic acid (PMA), on polyvinylpyrroli-
done (PVP) as support. Of these solids, PVP-DTP presented higher activity, and this
behavior was attributed to the higher generation of acid sites and better incorporation of
DTP on PVP [159].

Kale et al. synthesized different catalysts by combining different HPAs on different
supports, with the aim of finding an optimal combination. These authors supported silico-
tungstic acid (HSiW or STA), tungstophosphoric acid (HPW or TPA) and phosphomolybdic
acid (PMA) on different supports, such as S5iO,, Al;O3 and SiO;-Al,O3. Of all the combi-
nations evaluated, STA/SiO, and TPA/SiO; solids led to the best results, both presenting
similar activity. The authors attributed this behavior to the high density of Brensted sites
generated in the solids, combined with the higher retention of the HPA structure on the
5i0; supports. In contrast, the PMA /SiO; solid presented a good density of Brensted sites
but was less stable, making this HPA unsuitable as an active site in the reaction. Moreover,
the use of Al,O3 and SiO,-Al,O3 supports led to a higher number of Lewis sites, which
made its activity in the reaction lower [160]. It is worth clarifying that, in their study, the
authors employed toluene as an entrainer, which favored the removal of water from the
reaction medium and led to a higher progress of the reaction.

Another alternative for the use of HPAs as heterogeneous catalysts is the exchange
of their protons for ions of different nature. In particular, in the esterification reaction of
glycerol with acetic acid, exchanges with Cs [74,161], Ag [162], metal cations of hydrated
nitrate salts [163] and In [164] have been studied. All of them used heteropolyacids of the
type H3PW1,049 (HPW or TPA). Regardless of the nature of the ions exchanged, all authors
have observed that total proton substitution leads to a decrease in catalyst activity, which
is attributed to the presence of residual protons enhancing the activity since they act as
higher-strength Brensted-type acid sites.

In this sense, Sandesh et al. synthesized a catalyst from the partial proton exchange
of TPA for Cs* ions, whose final molecular formula is Cs; 5Hy5PW1,049. The authors
compared the activity of this catalyst with other solids, such as sulfated zirconia, activated
clay and beta zeolite, showing that the synthesized solid presented higher activity than the
rest. The authors attributed this behavior to the higher ratio of Brensted/Lewis acid sites,
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attributed to the presence of both Cs+ ions and residual protons [74]. Jagadeeswaraiah
et al. supported H3PW1,049 (TPA) on a zirconia doped with Cs. The authors varied the Cs
content present in the zirconia, so that they were able to replace 1, 2 or 3 protons of the HPA,
keeping the amount of TPA present in the catalysts constant and equal to 20 wt.%. The best
results were obtained for the TPA /Cs,-ZrO, catalyst, since the addition of Cs replacing
2 protons of the HPA improved the number of acid sites available, leaving residual protons
in the catalyst. However, if all of the HPA protons are exchanged for Cs, no residual protons
are left and the acidity decreases significantly, leading to low catalyst activity [161].

Regarding the exchange with Ag, Zhu et al. studied the proton exchange of the
H3PW1,049 (HPW) acid for Ag ions by modifying the number of substituted ions. In this
regard, the synthesized solids were named AglPW, Ag2PW and Ag3PW, depending on
whether 1, 2 or 3 protons of the acid were substituted, respectively. The order of activity
obtained was Ag1PW > Ag2PW > Ag3PW > HPW, and the authors attributed this behavior
to the higher number of total acid sites generated in each of them [162].

On the other hand, Sun et al. synthesized proton exchange catalysts of H3PW1,04
(HPW) for In*? ions in different ratios, forming Inz/xH;-xPW solids, where x = 1.5, 1.8,
2.4 and 2.7. The results showed that the activity of the solid increased upon an increase in
In content from 0.5 to 0.8, while an increase from 0.8 to 1 led to a decrease in the activity
of the solid. Therefore, the most active catalyst turned out to be Ing gHy sPW. The authors
attributed this behavior to the generation of Lewis-type sites by adding In but maintaining
a remnant of Brensted sites. For this reason, by replacing all the protons by In*3, the activity
of the solid decreased, a result that agrees with that reported by other previously mentioned
authors [164].

On the other hand, da Silva et al. synthesized catalysts by totally replacing the protons
of some HPAs, such as H3PW1,049, H3PMo01,04y and H4SiW1,049, with metal cations of
hydrated nitrate salts, such as Fe(NO3)3, Co(NOs3)2, Mn(NOj3), and Cu(NO3);. According
to these authors, this procedure generates the compounds M3z /nPW1,049, M3/nPMo01,049
and M, /2SiW 1,049, where M is the M™ ion (M = Fe3*, Co®*, Cu?* and Mn?*). Thus, the
activity of HPA salts containing these metal ions was Fe3*> Cu?*> Mn?*> Co3*, and the
researchers attributed this behavior to the fact that the acidic protons of HPA could be
successfully exchanged only with Fe*? cations, forming the corresponding salt [163].

Table 16 summarizes the results reported by the different authors.

Table 16. Heteropolyacids employed as catalysts in glycerol esterification with acetic acid.

Catalyst T (OC) AA/G t (h) mC/mgly X (0/0) SMAG (o/o) SDAG (o/o) STAG (0/0) Ref.
50-HPA /HNT 80 9.0 5.0 NR 38.0 NR NR 98.0 [158]
PMo3-NaUSY NR 16.0 3.0 0.10 68.0 37.0 59.0 2.0 [157]
PW-on-52 120 16.0 7.0 0.10 87.0 36.0 60.0 4.0 [153]
TPA /Csy-ZrO, 120 5.0 4.0 NR 90.0 42.0 50.0 8.0 [161]
TPA3;/MCM-41 100 6.0 6.0 NR 92.0 20.0 70.0 10.0 [155]
HPW 60 12.0 12.0 0.026 95.0 16.0 72.0 22.0 [152]
25%TPA /Nb,Os5 120 5.0 4.0 0.04 98.0 22.0 58.0 20.0 [156]
CsPWA 85 8.0 2.0 0.07 98.1 25.0 59.0 16.0 [74]
Fe4(SiW12040)3 60 3.0 4.0 0.058 100.0 24.0 69.0 7.0 [163]
Ing sHo sPW 120 4.0 3.0 0.052 100.0 20.0 65.0 15.0 [164]
SBAH-15(15) 110 6.0 3.0 0.02 100.0 18.0 64.0 18.0 [154]
AgPW 120 10.0 4.0 0.01 100.0 10.0 60.0 30.0 [162]
HSiW /ZrO, 120 10.0 4.0 0.06 100.0 6.4 61.3 323 [55]
PVP-DTP 110 20.0 6.0 0.22 100.0 13.0 54.0 34.0 [159]
STA/SiO, 105 6.0 24.0 0.05 100.0 0.0 20.0 70.0 [160]

AA/G, acetic acid/glycerol molar ratio; m./mgy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG, selectivity towards MAG/DAG/TAG; NR, not reported.
3.8. Silica-Based Catalysts

Silica (SiOy) is one of the most widely used supports in catalysis. Several authors have
synthesized different silica-based catalysts in different forms, such as SBA-15, KIT-6 and
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MCM-41, modifying them with different metals to improve their catalytic properties, and
have applied them to glycerol acetylation and esterification reactions.

3.8.1. Glycerol Ketalization with Acetone

The MCM-41 support has been the one most employed in the synthesis of catalysts for
the reaction of glycerol ketalization with acetone, supporting different types of compounds
and elements, such as Al [165], V [166], Zr [167], Hf [167], Sn [167], Ga [167] and W [168].

Tayade et al. incorporated aluminum triflate on MCM-41 (MS) with the aim of prepar-
ing a water-resistant solid with high acidity. An aluminum-incorporated material was
synthesized via the sol-gel method (AlI-MS) and a supported variant (Al (TF)-MS). In
addition, the MS and Al-MS solids were treated with trifluoromethanesulfonic acid (TFA).
The resulting catalysts were named TFA/MS and TFA/AI-MS, respectively. While the
MS and Al-MS solids showed no activity, the order of activity for the rest of the catalysts
was as follows: TFA /Al-MS > Al (TF)-MS > TFA /MS. This behavior was attributed to the
generation of more acid sites in the more active catalysts. However, the only catalyst that
proved to be reusable was Al (TF)-MS, which achieved 93% glycerol conversion, with 100%
selectivity towards solketal [165].

Also employing MCM-41, Abreu et al. supported V at different percentages (0.4—
6.8 wt.%). The solids activity increased as more V was added, reaching a maximum glycerol
conversion of 92%, with a selectivity towards solketal of 98%. This behavior was attributed
to the increase in the number of sites available for the reaction [166].

Li et al. also used MCM-41 and TUD-1 substituted with different metals, such as Zr,
Hf and Sn, conferring Lewis-type acidity. The synthesized solids were named Zr-TUD-1,
Hf-TUD-1 and Sn-MCM-41, respectively. The order of activity obtained was as follows: Hf-
TUD-1 > Zr-TUD-1 > Sn-MCM-41. This behavior was attributed to the high specific surface
area, the relative hydrophobicity of the surface and the higher number of accessible sites
in the most active solids. Thus, the Hf-TUD-1 catalyst achieved 52% glycerol conversion,
with 100% selectivity towards solketal [44]. Subsequently, the same authors synthesized
Ga-MCM-41 in the form of nanoparticles (<150 nm) with different levels of Ga content. The
solids with a higher content of the metal were named XS-Ga-MCM-41-H, and those with
lower content were subjected to ion exchange with NH4OH and calcined to transform them
into their protonated form (XS-Ga-MCM-41-L). The results showed that both catalysts led
to the same conversion; however, the solid X5-Ga-MCM-41-L presented higher TON value,
which was due to the presence of Brensted sites mostly [167].

Recently, Huang et al. synthesized tungsten oxide catalysts on MCM-41 via high-
temperature impregnation. The catalysts thus synthesized were named WO, /MCM-41-Y-
Y-H (L), where Y is the mass ratio of precursor (NH4)19[HyW12042]-4H,O with respect to
the support, while H corresponds to calcination at 550 °C and L at 350 °C. The best results
were obtained for the solid impregnated with 20 wt.% and calcined at 350 °C, reaching a
glycerol conversion of 88% after 2 h of reaction at 50 °C [168].

On the other hand, SBA-15 silica has also been used as a support, on which different
metals, such as Mo, Al, Zr, Ti and Nb, have been supported.

Gadamsetti et al. synthesized molybdenum phosphate catalysts supported on SBA-15
(xMoPO/SBA-15) via the incipient wetting impregnation method. The authors evaluated
the effect of MoPO percentage (x) on catalyst activity (0-50%) and found that, for x = 40%
MoPO, a complete conversion of glycerol, along with high selectivity towards solketal
(98%), could be achieved. The results indicated that this behavior was due to the generated
surface acidity and good dispersion of molybdenum phosphate on the silica matrix [169].

Similar results were obtained by Ammaji et al., who incorporated various metals into
the SBA-15 structure, such as Al, Zr, Ti and Nb, at a Si/M = 20 ratio [170]. The Nb-SBA-15
and Zr-SBA-15 catalysts presented higher activity than the Ti-SBA-15 and Al-SBA-15 solids,
and this result was attributed to the higher acidity and specific surface area of the catalysts,
with Nb-SBA-15 being the most active and selective solid.
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SBA-15 supports can also be functionalized to confer acidic sites, as reported by
Vicente et al., who incorporated propyl sulfonic (Pr-SBA-15) and arenesulfonic (Ar-SBA-15)
groups to evaluate their effect on the activity of the solids. In addition, they modified
the hydrophobicity of the materials by silylation of free silanol (Si-OH) groups through a
reaction with trimethylmethoxysilane. The obtainment of hydrophobic materials is useful
for glycerol ketalization with acetone due to the formation of water as a reaction product,
which could deactivate the active sites. However, the authors reported that this treatment
is not suitable for the synthesis of catalysts for this reaction because the specific surface
area of the solids is significantly reduced, and the pores with silyl groups limit the access of
the reagents. For this reason, the functionalized SBA-15 resulted in being more active, and,
in turn, the solid Ar-SBA-15 turned out to be more active due to the generation of higher
acidic strength through the incorporation of arenesulfonic groups [171].

On the other hand, Li et al. incorporated metals (Zr and Mo) on a mesoporous silica
KIT-6. The synthesized catalysts were named ZrMo/KIT-6(X), where X (X =1, 3, 5, 7,
9%) is the Zr-Mo/Si ratio. The KIT-6 support did not present catalytic activity, but the
incorporation of Zr and Mo species gradually increased the activity of the solids, with
ZrMo/KIT-6(5) being the one that presented higher glycerol conversion and selectivity
towards solketal, which was due to a better dispersion of the metals in the support. How-
ever, the incorporation of Zr and Mo at 7 and 9% led to a decrease in activity due to the
generation of metal aggregates and the consequent formation of crystalline ZrO, and MoOj,
leading to a decrease in active sites [172].

In addition to ordered mesoporous silicas, commercial silica and its modified variants
have also been employed.

In this regard, Kao et al. impregnated niobium oxide on commercial SiO; in the range
of 0.5-20 wt.%. The best results were obtained for the solid with 15 wt.% Nb (Si-15%Nb),
which led to 45.6% glycerol conversion and 97% selectivity towards solketal. Above this
amount of Nb, the conversion decreased as a result of Nb overloading on the support,
partially covering the active sites [173].

On the other hand, Vivian et al. synthesized SiO; catalysts with Ga as the active
material, prepared by using the sol-gel technique (solids named Ga-X, where X is the Si/Ga
ratio) and dropwise impregnation (solid named Ga-impregnated). The best results were
obtained for the Ga-74 solid due to the efficient insertion of Ga into the SiO, matrix, with
yields of solketal of 55% after 10 h of reaction [174].

Nowadays, the discovery of silicon sponges (MCF) has allowed researchers to signifi-
cantly reduce the limitations of matter transport and the limit of metal incorporation into
the supports due to the fact that these materials present a higher porosity than SBA-15 and
MCM-41 and allow high contents of active sites to be supported [175].

Calvino-Casilda et al. modified MCFs with (3-mercaptopropyl) trimethoxysilane
(MP-MCEF) and through the addition of certain metals such as Nb (MP-NbMCF), Ta (MP-
TaMCF) and Ta with P (MP-PTaMCF). Their results showed that the incorporation of Nb
and Ta increased the number of Bronsted sites generated by the oxidation of SH groups
from (3-mercaptopropyl) trimethoxysilane. The addition of Ta, in addition, increased
the cell size, leading to higher glycerol conversions. The addition of P increased the
acidity but significantly decreased the porous structure. The MP-TaMCF catalyst allowed
the researchers to achieve 80% glycerol conversion, along with 97% selectivity towards
solketal [176].

Stawicka et al. modified MCFs with (3-mercaptopropyl) trimethoxysilane (MP-MCF),
with (4-chlorosulfonylphenyl) ethyltrimethoxysilane (CS-MCF) and with Nb (NbMCF), Ta
(TaMCF) and Mo (MoMCF), with the aim of studying the effect of the presence of Lewis or
Brensted sites on the solketal activity. Under the same reaction conditions, the following
order of activity was obtained: CS-MCF > MP-MCF > TaMCF > MoMCF > NbMCF. This
behavior was attributed to the presence of Brensted-type sites exclusively, since those
catalysts containing both types of sites or those possessing only Lewis-type sites presented
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a lower activity in the reaction. Under optimal reaction conditions, the CS-MCF catalyst
led to 87% glycerol conversion, with a selectivity towards solketal of 99% [177].

Other authors, such as Bivona et al., synthesized 1D silica-based tubular nanostruc-
tures, in which Sn particles were inserted in a controlled manner. The activity of silica
nanotubes without Sn and with Sn was evaluated, with the solids being denoted Si-NTs
and Sn-NTs-B, respectively. The Si-NTs catalyst achieved 8% glycerol conversion, while the
Sn-NTs-B solid achieved 60% glycerol conversion. This result was attributed to the high
specific surface area, high number of sites and good pore accessibility of the latter material
with respect to the former [178].

Table 17 summarizes the best results obtained for silica-based catalysts employed in
glycerol cycloaddition with acetone.

Table 17. Silica-based catalysts employed in glycerol ketalization with acetone.

Catalyst T (°C) AIG t (h) mc/mygy X (%) Ss (%) Ys (%) Ref.
Ar-SBA-15 70 6.0 0.5 0.05 89.5 NR NR [171]
XS-Ga-MCM-41-L 80 1.0 6.0 0.03 25.0 99.0 24.7 [167]
Si-15%Nb NR 2.0 NR 0.02 45.6 97.0 442 [173]
Hf-TUD-1 80 1.0 6.0 0.03 52.0 100.0 52.0 [44]
Ga-74 50 4.0 10.0 0.01 NR NR 55.0 [174]
Sn-NTs-B 50 4.0 6.0 0.11 63.0 99.0 63.0 [178]
MP-TaMCF 40 2.0 3.0 0.02 80.0 97.0 78.0 [176]
ZrMo/KIT-6(5-700) 50 8.0 4.0 0.01 85.8 97.8 84.0 [172]
CS-MCF 40 2.0 3.0 0.02 87.0 99.0 86.0 [177]
WOy /MCM-41-20%-L 50 6.0 2.0 0.10 NR NR 87.7 [168]
6.8V 60 6.5 1.0 0.11 92.0 98.0 91.0 [166]
Al (TF)-MS 50 7.5 4.0 0.10 93.0 100.0 93.0 [165]
Nb-SBA-15 RT 3.0 1.0 0.11 95.0 100.0 95.0 [170]
40MoPO/SBA-15 RT 3.0 1.0 0.05 100.0 98.0 98.0 [169]

RT, room temperature; A/G, acetone/glycerol molar ratio; m./ mgy, catalyst/glycerol molar ratio; X, glycerol
conversion; Sg, selectivity towards solketal; Y, yield of solketal.

3.8.2. Glycerol Esterification with Acetic Acid

The incorporation of acid groups into a silica matrix has been shown to generate solids
with high acidic strength, high specific surface area and narrow pore size distribution
with high accessibility to the active sites. Therefore, this method has become the most
widely employed technique for the synthesis of active solids in the esterification reaction of
glycerol with acetic acid.

In this sense, Melero et al. functionalized an SBA-15 silica support with different
acids: propyl sulfonic acid (Pr-SBA-15), arenesulfonic acid (Ar-SBA-15) and 1,2,2-trifluoro-
2-hydroxy-1-trifluoromethylethane-sulfonic acid (F-SBA-15). The best results were obtained
for the solid Ar-SBA-15, and the authors attributed this behavior to the higher acid strength
presented by this catalyst with respect to the others [179].

In turn, using the sol-gel method, Dalla Costa et al. synthesized a mesoporous propyl-
mercapto silica (Pr-SH-SBA-15), which was then acidified with a 1 M H,SO, solution for
2 h. When this solid was compared with commercial zeolites (H-ZSM-5 and H-Beta), the
authors reported that the silica presented a better performance, attributing these results to
the higher density and strength of the acid sites of the synthesized solid [86].

Popova et al. synthesized SBA-15 and SBA-16, which were functionalized by employ-
ing 3-mercaptopropyl trimethoxysilane dispersed in toluene and subsequently oxidized
with H,O, to generate -SO3H groups (solids SBA-15503H and SBA-16505H). The best
results were obtained for the SBA-15503H solid, and the researchers attributed these results
to the higher availability of pores with accessible channels for the reagents and a good site
density [180].

Similarly, Tonutti et al. synthesized various silica-based solids by mixing TEOS with
3-mercaptopropyl trimethoxysilane in different proportions and subsequently oxidized
them with Hy,O, to generate -SO3H groups (solids SBA-15, SBA-16, MCM-41 and MCM-48).
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Solid SBA-15 was the most active one, and the authors attributed this behavior to the high
density of acid sites generated in this solid [181].

Alternatively, Manurung et al. synthesized a solid from bamboo leaves, which were
calcined and subjected to a process of silicon extraction from the ashes with NaOH. Sub-
sequently, HCl was added dropwise to generate a hydrogel. The solid thus obtained was
functionalized with H3POy, with a SiO,-H3PO4 molar ratio of 1:2, 1:3 and 1:4. The best
results were obtained for the solid prepared with a SiO, /H3;PO,4 molar ratio of 2, reach-
ing a glycerol conversion of 100%, with a selectivity towards TAG of 22.8%, after 4 h of
reaction, with an AA/G molar ratio of 9 and using 5 wt.% of the catalyst with respect to
glycerol [182].

With the aim of favoring the oxidation of the thiol groups to sulfonic groups, Trejda
synthesized SBA-15 with the incorporation of Nb as ammonium niobate (V) oxalate during
the preparation of the solid, with TEOS/Nb molar ratios of 64 and 32. Subsequently,
these solids were functionalized with 3-mercaptopropyl trimethoxysilane (MPTMS) with
Si/MPTMS ratios of 1, 5 and 10 and then oxidized via treatment with H,O,. The authors
reported that an excess of MPTMS during the synthesis failed to increase the number of acid
sites, but that the incorporation of Nb allowed them to favor the oxidation of the existing
groups towards sulfonic groups, compared to SBA-15 without Nb incorporated. In any
case, the variation in the amount of Nb also failed to significantly improve the activity of
the solid, so that, with a Si/MPTMS and TEOS/Nb ratio of 1 and 32 (MP(1)/NbSBA-15-32),
respectively, a glycerol conversion of 94% was achieved, with a selectivity towards MAG of
11%, towards DAG of 52% and towards TAG of 37%, after 4 h of reaction, at 150 °C, a ratio
AA/G =9 and an amount of catalyst of 4 wt.% with respect to glycerol [183].

On the other hand, Khayoon et al. synthesized a Y-incorporated SBA-3 by adding
Y(NO3)3-6H,0 during the preparation of the material, at a Y/SBA-3 mass ratio of between
1 and 3.5 wt.%. The best results were obtained for the 3%Y /SBA-3 solid, achieving 100%
glycerol conversion, with a selectivity towards MAG of 11%, towards DAG of 34% and
towards TAG of 55%, after 2.5 h, at 110 °C, with a molar ratio AA/G =4 and a 4 wt.%
of catalyst with respect to glycerol. The authors attributed these results to the high acid
strength and high specific surface area of the catalyst, combined with a large pore size that
facilitated the accessibility of reactants and products to the active sites [184].

Table 18 summarizes the best results obtained with silica-based solids in the esterifica-
tion reaction of glycerol with acetic acid.

Table 18. Silica-based solids used as catalysts in glycerol esterification with acetic acid.

Catalyst T(CC) AA/G t (h) mC/mgly X (%) Smac (%)  Spac (%) Stag (%) Ref.
Ar-SBA-15 125 9.0 4.0 0.04 90.0 15.0 45.0 40.0 [179]
MP(1)/NbSBA-15-32 150 9.0 4.0 0.04 94.0 11.0 52.0 37.0 [183]
Pr-SH-SBA-15 120 6.0 2.5 0.04 98.0 13.0 55.0 32.0 [86]
SBA-15 120 6.0 6.5 0.05 100.0 21.0 60.0 19.0 [181]
SBA-1550;H 130 5.0 3.0 0.025 100.0 21.3 57.2 21.5 [180]
SiO,-H3POy4 1:2 NR 9.0 4.0 0.05 100.0 NR NR 22.8 [182]
3%Y/SBA-3 110 4.0 2.5 0.04 100.0 11.0 34.0 55.0 [184]

AA/G, acetic acid/glycerol molar ratio; m./mgy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG, selectivity towards MAG/DAG/TAG; NR, not reported.

3.9. Clays

Many of the clay minerals exhibit a high ion exchange capacity, making them versatile
materials that can be modified to acquire specific catalytic properties. In particular, the
cation exchange of interlaminar ions (Na*, Ca*?, K*, etc.) for protons (H") gives them acidic
properties that make them capable of catalyzing glycerol esterification and ketalization
reactions, as discussed in this section.
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3.9.1. Glycerol Ketalization with Acetone

Most authors have used commercial montmorillonite K-10 in the synthesis of solketal,
which is industrially synthesized using a calcination process and a subsequent treatment
with mineral acid [73,74,80]. The best results were reported by da Silva et al., who obtained
a solketal yield of 80% after 40 min of reaction at 70 °C, using a molar ratio A/G =1.2 and
60 wt.% catalyst with respect to glycerol [80].

Other authors modified montmorillonite via treatment with nitric acid, with the aim
of conferring acidity through the exchange of interlamellar ions for acid protons. Following
this idea, Timofeeva et al. studied the effect of HNOj3 concentration (0.125-3 M) on the
activity of clays modified to obtain solketal. Catalysts treated with HNOj3 from 0.125to 1 M
presented a glycerol conversion in the range of 39-57% due to the Brensted sites generated
by the acid treatment. Higher concentrations of HNOj; did not allow for the catalyst activity
to be increased, and this result was attributed to the leaching of aluminum from the clay
structure and the lack of generation of new sites. In all cases, the selectivity towards solketal
was higher than 97% [185].

As an alternative to the use of HNOj;, Alali et al. acidified montmorillonites with
HCI to impart acidic properties. In their study, the effect of the acid concentration and
acidification time on the catalytic properties of the materials was evaluated. The synthesized
solids were named AL1 (0.5M, 2 h), AL2 (0.5M, 6 h), AL3 (3 M, 2 h) and AL4 (3 M, 6 h).
After 48 h of reaction, the order of activity with respect to the yield of solketal was as
follows: AL1 > AL2 > AL3 > AL4, which was attributed to the loss of the structure of the
clays through treatment at for long amounts of time and at high HCI concentrations [186].

The use of acidified clays as catalysts presents certain operational drawbacks associ-
ated with the presence of water in the reaction medium since montmorillonites generate
colloidal suspensions in aqueous media, thus making their separation difficult. For this
reason, the synthesis of composite materials, including montmorillonite, has been reported
in order to facilitate the activation process and the subsequent separation from the reaction
medium. In this sense, Perez et al. synthesized a silica-resin—-bentonite composite, which
was subsequently activated with HNOj of varying concentrations (0.15-0.5 M) and at
different temperatures (30-90 °C). The authors reported that the incorporation of mont-
morillonite into the silica-resin matrix substantially improves the separation capacity in
aqueous media, avoiding the formation of colloidal suspensions without modifying the
clay properties. In addition, increasing the acidification temperature and acid concentration
generates a higher number of sites, reaching values similar to those of natural clay [18,187].

Table 19 summarizes the results obtained by the different authors.

Table 19. Clays used as catalysts in glycerol ketalization with acetone.

Catalyst T (°C) AIG t (h) mc/mygy X (%) Ss (%) Ys (%) Ref.
0.5M MM 50 2.5 0.5 0.03 57.0 97.7 56.0 [185]
Montmorillonite K-10 70 1.2 0.6 0.60 80.0 100.0 80.0 [80]
ALl 40 4.0 48.0 0.04 NR NR 92.0 [186]
CB-0.5-90 60 6.0 4.0 0.0025 80.0 98.0 784 [18]

RT, room temperature; A/G, acetone/glycerol molar ratio; mc/mgly, catalyst/glycerol molar ratio; X, glycerol
conversion; Ss, selectivity towards solketal; Ys, yield of solketal; NR, not reported.

3.9.2. Glycerol Esterification with Acetic Acid

Venkatesha et al. were among the first authors to report the use of activated clays
as catalysts in the esterification reaction of glycerol with acetic acid. In their work,
montmorillonite-type clays were treated with 1 M solutions of methanesulfonic acid (MSA),
p-toluenesulfonic acid (p-TSA) and peroxydisulfuric acid (PDSA). The treatment of the
clays with organic acids modified their acidic and textural properties due to the partial
removal of octahedral cations and the formation of soluble complexes, which hydrolyze
in the interlaminar space. In this way, the authors observed better yields to TAG if the
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clays were treated with PDSA and observed that, as the acid concentration increased, the
volumetric parameter of accessibility increased (calculated as the product between the
volume of micropores and the pore size) due to the removal of Al*? ions, which favored
TAG formation [52].

For their part, Tangestanifard et al. treated a bentonite-type clay with HCI, then
with benzyl alcohol and finally with chlorosulfonic acid, with the aim of forming acidic
arenesulfonic groups. The authors studied the reaction variables by using toluene as the
solvent, achieving a glycerol conversion of 100%, with a selectivity towards DAG of 26%
and towards TAG of 74% [188].

Table 20 summarizes the best results using clays in the esterification of glycerol with
acetic acid.

Table 20. Clays used as catalysts in glycerol esterification with acetic acid.

Catalyst T (OC) AA/G t (h) mC/mgly X (0/0) SMAG (0/0) SDAG (o/o) STAG (o/o) Ref.
PDSA-Clay 120 3.0 1.0 0.54 96.0 14.0 26.0 56.0 [52]
AS-BEN 100 7.0 3.0 0.074 100.0 0.0 26.0 74.0 [188]

AA/G, acetic acid/glycerol molar ratio; m./mgy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG- selectivity towards MAG/DAG/TAG.

3.10. Other Catalysts

This section describes some solids used as catalysts in glycerol ketalization and esteri-
fication reactions which do not fall into any of the above categories.

3.10.1. Glycerol Ketalization with Acetone

Other solids employed in the acetone-based ketalization of glycerol are based on
mixed oxides [189-193], spinels [194], transition metal nanotubes [195,196], metal-organic
frameworks (MOFs) [197,198] and aluminum-borate solids [199].

As for mixed oxides, it has been reported that pure TiO, or pure SiO; present only
Lewis sites, but the combination of both generates Ti-O-5i bonds, leading to the formation
of Bronsted sites, so this type of solid can provide Lewis and Brensted sites simultaneously.
They have been reported to be used in reactions requiring acid sites, such as dehydration
and isomerization reactions. Following this idea, Chun-Ni Fan et al. synthesized TiO,-
ySiO; type sol-gel solids, where y represents the Si/Ti molar ratio. For the same calcination
temperature, increasing y from 0.33 to 1 led to an increase in acid sites due to the increase
in the number of Ti-O-Si bonds. A higher ratio of y decreased the number of sites. The
TiO,-15i0; solid was calcined at different temperatures and evaluated in the solketal
synthesis reaction, finding that, at a temperature of 550 °C, the highest number of sites and,
consequently, the highest glycerol conversion were obtained [189].

Mallesham et al. synthesized MoO3-5nO;- and WO3-5nO,-type solids by using the
incipient wetting impregnation method. The addition of MoO3 and WO3 to SnO; oxide
led to higher glycerol conversions due to an increase in the specific surface area and the
number of acid sites in the solids. The most active catalyst proved to be MoOs3 [191].
Similar results were obtained by Souza et al., who synthesized catalysts from NbCls5 as
the precursor, modifying the surface with surfactant groups to achieve hydrophobicity. By
adding NH4OH for 12 h (54 catalyst) or 48 h (54-2D catalyst), they were able to precipitate
solids that were contrasted with a catalyst without the addition of surfactants (54-SS
catalyst). Of all the materials, the S4-2D catalyst presented the highest activity due to its
high specific surface area and number of sites [190].

Similar solids based on Nb,Os/Al,O3 were synthesized by Rodrigues et al., using the
sol-gel method, varying the Al/Nb ratio (1, 0.6, 0.3, 0.1 and 0.05). These catalysts presented
Lewis acidity due to the strong polarization of the Nb=O bond and Brensted acidity due
to the polarization of the surface -OH groups in the O-Nb-OH bonds. In addition, the
Nb-OH-AI bonds of the mixed oxide contributed to the Bronsted acidity. The catalysts
containing a higher amount of aluminum presented a higher specific surface area and
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higher number of acid sites. However, their activity was lower than the rest of the catalysts.
This behavior was attributed to the higher water adsorption capacity of the solids due to
the high aluminum content, which decreased their performance. On the contrary, those
catalysts with low aluminum content presented better activity in solketal synthesis due to
the higher hydrophobicity and water resistance. In addition, the Nb,Os solid without an
aluminum addition presented lower activity than the Al-containing solids. The 1Nb:0.05Al
catalyst achieved 84% glycerol conversion and 98% selectivity towards solketal [192].

Recently, Shen et al. synthesized catalysts formed by a highly ordered mesoporous
5SnO, support with supported WOy. The authors showed that the catalyst containing
20 wt.% WOy proved to be the most active one (WO /SnO;), attributing this result to the
high dispersion of WOy, leading to a higher acidity of the catalyst [193].

Regarding the use of spinels, Li et al. synthesized Co-Al structures of the Co[II](Co[IlI]x
Aly_,)O4 type with different Co/ Al contents, yielding the following catalysts: Co[II](Co[Ill]o5
A11.5)O4, CO[II](CO[III]1A11)04, CO[H](CO[III]1_25A10.75)O4 and CO[II](CO[IH]14AIO6)O4 The
results showed that increasing the Co/Al ratio up to 1.25/0.75 increased the glycerol
conversion due to the increase in the number of strong acid sites. However, further
increasing the Co/ Al ratio led to a decrease in conversion due to a decrease in the number of
strong acid sites. The best results were obtained with the Co[Il](Col[lll]; 25Aly 75)O4 catalyst,
which achieved 69.2% glycerol conversion, with 98.6% selectivity towards solketal [194].

The use of transition metal nanotubes has also been explored in the literature.
Carvalho et al. synthesized titanate nanotubes (TNTs) from TiO, in its anatase form, vary-
ing the hydrothermal treatment time (24, 48 or 72 h). These solids were named NaTNT24,
NaTNT48 and NaTNT72 and showed no activity, a result that was attributed to the weak
site strength and low structure stability of the solids. Subsequently, these materials were
acidified with HCI. The solids thus treated were named HTNT24, HTNT48 and HTNT72.
Of these, HTNT72 proved to be the most active one due to a larger mesopore diameter and
the presence of a higher density of acid sites [200]. Following their study, the same authors
incorporated Co, Ni and Pt into the NaTNT24 material. The synthesized solids were named
CTNT, NTNT and PTNT, obtaining the following reaction order: PTNT > NTNT > CTNT.
This behavior was attributed to the higher number of acid sites present in the PTNT solid
and its higher accessibility [195].

Pinheiro et al. synthesized vanadium nanotubes (VOx-NTs) in which they incorpo-
rated different metals (MVOx-NTs, M = Ni, Co and Pt). The results showed that, at 50 °C,
the VOx-NTs and NiVOx-NTs catalysts presented higher activity due to the higher stability
of the structure. The low activity of CoVOx-NTs and PtVOx-NTs catalysts was attributed
to the high percentage of micropores and the phenomenon of metal leaching during the
reaction. At 110 °C, all catalysts showed low activity due to the collapse of the porous
structure. The VOx-NT catalyst achieved 76.2% glycerol conversion, along with a selectivity
towards solketal of 46.2% [196].

Regarding MOFs, Bakuru et al. synthesized organic structures with Zr, Ce and Hf as
metals, solids named UiO-66 (Zr), UiO-66 (Ce) and UiO-66 (Hf), respectively. The UiO-66
family of MOFs presented a high specific surface area and large pore size, in addition to
Brensted acidity, obtaining the following order of activity: UiO-66 (Hf) > UiO-66 (Ce) >
UiO-66 (Zr). This trend was attributed to the higher acidity of the more active solids due to
a higher dissociation energy of the M-O bond for Hf than for the rest of the metals, resulting
in a higher Brensted acidity. The solid UiO-66 (Hf) achieved a glycerol conversion of 94.5%,
with a solketal selectivity of 97.2% [197].

Furthermore, Timofeeva et al. synthesized MIL-type MOFs (100, 53 and 47) to which
a metal was incorporated (M = V+3, Al*3, Fe*3, Cr*® and V/Al) and evaluated in the
synthesis of solketal, using acetonitrile as the solvent. The results showed a decrease
in glycerol conversion according to the following trend: V*3 > Al*® > Fe*® > Cr*3. This
behavior was attributed to the difference in surface acidity conferred by each metal and
the interaction of the ions with the water molecules formed as a reaction product. Under
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optimum reaction conditions, the MIL-100-(V) solid led to 85.4% glycerol conversion with
97.7% selectivity [198].

Recently, Wang et al. synthesized Fe-promoted aluminum-borate solids (Fe-PKU-1).
Boron is an element that has been reported as a spectator, but recently its catalytic activity
in certain reactions, such as the hydrogenation of propane, was discovered [199]. Moreover,
the incorporation of metals and nonmetals into catalysts can modify the electronic structure
of boron, conf it with particular catalytic properties. In this sense, the authors synthesized
solids with different crystalline structure by modifying the temperature and acidity of
the preparation medium. The results showed that, if the surface boron composition is
increased, the Fe-Bo bond is favored, facilitating the loss of electrons from Bo and increasing
the Lewis-type acidity [199].

Table 21 summarizes the best results employing different acid solids in the reaction of
glycerol ketalization with acetone.

Table 21. Other solids used as catalysts in glycerol ketalization with acetone.

Catalyst T (°C) AIG t (h) mc/mgyy X (%) Ss (%) Ys (%) Ref.
CO, 115 2.0 4.2 NR 60.6 NR NR [63]
PTNT 50 4.0 6.0 NR 86.5 22.0 19.0 [195]
VO4-NT 50 8.0 6.0 NR 76.2 46.2 35.2 [196]
HTNT72 50 1.0 6.0 NR 45.5 98.0 44.6 [200]
Co[II](Co[II]; 25Aly 75)0s 130 10.0 4.0 0.05 69.2 98.6 68.2 [194]
MoSO3 RT 1.0 2.5 0.05 70.0 98.0 68.6 [191]
1Nb:0.05Al 50 4.0 6.0 0.027 84.0 98.0 82.0 [192]
MIL-100-(V) 25 4.0 1.5 0.002 85.0 98.0 83.0 [198]
54-2D 70 4.0 1.0 NR 70.0 NR 85.0 [190]
TiO,-1Si0, 90 4.0 3.0 0.022 95.0 90.0 85.5 [189]
UiO-66 (Hf) RT 4.0 1.0 0.1 94.5 97.2 92.0 [197]
WOy / SnO, 20 30.0 2.0 0.05 100.0 97.4 97.4 [193]
Fe-PKU-1-(3) 45 8.0 3.0 0.05 97.0 99.0 96.0 [199]

RT, room temperature; A/G, acetone/glycerol molar ratio; m¢/myy, catalyst/glycerol molar ratio; X, glycerol
conversion; S, selectivity towards solketal; Y, yield of solketal, NR, not reported.

3.10.2. Glycerol Esterification with Acetic Acid

In the case of glycerol esterification, mainly salts [48], mixed oxides [56,191,201] and
coordination complexes [202,203] have been employed.

Regarding the use of salts, Troncea et al. synthesized partially hydrolyzed MgF,
by employing a solution of HF and Mg solutions in methanol in the range 40-87 wt.%.
The solids, named MgF;-x, where x represents the percentage of HF, presented a number
of interesting properties for application in catalysis, such as high specific surface area
with mesoporosity, low solubility in polar solvents, and Lewis and Brensted acid sites of
medium acidity. In this case, the authors concluded that, as the HF concentration increases,
the Lewis/ Brensted ratio increases, leading to higher levels of conversion and selectivity
towards the most substituted products so that the most active catalyst turned out to be the
so-called MgF,-87 [48].

Regarding the use of oxides, Hu et al. evaluated the catalytic activity of Bi;O3, SbyOs3,
5n0O;,, TiO,, Nb,O5 and Sb,Os in the glycerol esterification reaction. Of all of them, Sb,O5
presented a remarkable activity compared to the rest, and the researchers attributed this
behavior to the presence of strong Lewis and Brensted acid sites, which were detected
through pyridine FTIR analysis. The Sb,Os sample presented sites capable of adsorbing
pyridine, while the Sb,O3, SnO,, TiO; and Nb,Os5 oxides presented sites capable only of
coordinating to pyridine. In contrast, the Bi;O3 oxide did not present any signal indicating
the presence of pyridine adsorbed or coordinated on acid sites [201].

Alves et al. also synthesized binary oxides of different natures by using the copre-
cipitation method, using Ti, Zr, Si and Al (ZrAlA, TiAlA, ZrSiA, TiSiA and SiAlA). Then,
these solids were calcined (ZrAlC, TiAIC, ZrSiC, TiSiC and SiAIC solids), and the SiAIA
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solid underwent an extraction process to remove the surfactant CTAB (cetyltrimethylam-
monium bromide) used in the synthesis process (SiAlE solid). Finally, the above process
was repeated under reflux (solid SiAIR). The best results were obtained for the SiAIR solid,
reaching high selectivity towards TAG. These results were attributed to the combination
of pores accessible to reagents and products, the stability of the structure and the high
acidity [56].

In turn, Mallesham et al. synthesized SnO;-based catalysts, incorporating into this
oxide different promoters, such as WO3; (WO3/5n0O;), MoO3; (MoO3/5SnO;) and SO,2~
(SO42~ /Sn0,). Of all of them, the solid SO4%~ /SnO, presented higher activity than the
rest due to the presence of a higher number and strength of acid sites [191].

Recently, Abida et al. synthesized catalysts with magnetic properties by coating
Fe,O3 nanoparticles on silica by using the sol-gel method. Subsequently, the solid ob-
tained was functionalized by wet impregnation with HySOy, which generated SO42~ (solid
Fe;03@Si0,@50,27) groups. The authors reported 100% selectivity towards TAG, and this
result was attributed to the combination of high acidity with large pore size [203].

Regarding the use of coordination complexes, da Silva et al. employed a series of
commercial catalysts based on Sn (IV) complexes, such as Bu,SnCl,, Me,SnCl,, BuSnCls,
BupySnLauy, BuSnO(OH) and BuySnO. Of all of them, the BuSnCl; catalyst led to the best
results because, when the complex contains more alkyl ligands, the Lewis acidity decreases.
For this reason, the other catalysts presented lower activity [202].

Similar results were obtained by Altino et al. when using commercial Sb complexes
(SbCl5 and SbCl3). The best results were obtained using the SbCls catalyst, due to its higher
Lewis acidity. This is due to the fact that when the complex contains more CI” groups,
the Sb center will have higher Lewis-type acidity, given the electronegativity of these
substituents [204].

Table 22 shows the best results of the solids used for the esterification of glycerol with
acetic acid discussed in this section.

Table 22. Other solids used as catalysts in glycerol esterification with acetic acid.

Catalyst T (OC) AA/G t (h) mC/mgly X (0/0) SMAG (0/0) SDAG (o/o) STAG (0/0) Ref.
SiAIR 80 3.0 20.0 NR 35.0 0.0 0.0 100.0 [56]
Fe,05@Si0,@50,42~ 80 6.0 1.0 0.05 90.0 0.0 0.0 100.0 [203]
MgF,-87 100 3.0 22.0 0.028 94.2 0.0 94.3* [48]
Sb,0Os5 120 6.0 6.0 0.022 99.0 30.0 55.0 15.0 [201]
SbCls 40 5.0 3.0 0.042 100.0 50.0 30.0 20.0 [204]
BuSnClj 80 4.0 3.0 NR 100.0 25.7 43.5 30.8 [202]
SO4%~ /Sn0O, 100 9.0 10.0 0.05 100.0 20.0 25.0 55.0 [191]

AA/G, acetic acid/glycerol molar ratio; mc/mygy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG, selectivity towards MAG/DAG/TAG:; (*) selectivity towards (DAG + TAG).

The general characteristics of solid catalysts necessary to achieve good yields for the
desired products in both reactions (solketal and acetylglycerols) result from the combination
of a high density of acid sites with large pore sizes. The high density of acid sites should
combine a high number of acid sites and a high specific surface area.

Of all the heterogeneous catalysts studied in glycerol ketalization with acetone, the
ones with the highest activity are zeolites, exchange resins and functionalized carbons,
achieving glycerol conversions higher than 90%, with selectivity towards solketal higher
than 95% in most cases.

In the case of glycerol esterification with acetic acid, the heterogeneous catalysts that
showed the highest activity and selectivity towards the most substituted products (DAG
and TAG) were functionalized carbons, clays and sulfonated zirconia, allowing complete
glycerol conversions with TAG selectivity values higher than 90%.
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4. Stability and Reuse of Catalysts

The study of the stability of catalysts is of utmost importance to evaluate their possible
technological application at industrial level. There are different mechanisms through which
catalysts can lose activity, such as adsorption of reactants and/or products on the active
sites, leaching of the active phase, loss of specific surface area, etc.

Most authors have carried out the reactions in batch reactors, so that they have
evaluated the reusability of the catalysts by subjecting them to successive reaction cycles,
separating the solid from the liquid medium after each use. In some cases, the solids were
subjected to solvent washing or heat treatments between each cycle.

The main deactivation mechanisms reported for the different catalysts are briefly
described below.

4.1. Glycerol Ketalization with Acetone

With respect to the reaction of glycerol ketalization with acetone, various solids have
been shown to be stable after several reaction cycles. Table 23 summarizes the catalysts
that have been stable and the number of reaction cycles at which they have been evaluated.

Table 23. Catalysts that were stable in the glycerol ketalization reaction with acetone.

Catalyst RC T (°C) A/G t (h) m/mgy X (%) Sg (%) Y5 (%)  Ref.
0.5M MM 3 50 25 0.5 0.03 57.0 97.7 56.0 [185]
Co[II](Co[Ill]; 25Alg75)0s 5 130 10.0 4.0 0.05 69.2 98.6 68.2 [194]
1NDb:0.05A1 4 50 4.0 6.0 0.027 84.0 98.0 82.0 [192]
ZrMo/KIT-6(5-700) 5 50 8.0 4.0 0.01 85.8 97.8 84.0 [172]
S4-2D 3 70 4.0 1.0 NR 70.0 NR 85.0 [190]
Ui0-66 (Hf) 3 RT 4.0 1.0 0.1 945 97.2 92.0 [197]
PW-S 4 70 6.0 2.0 0.05 95.0 97.0 92.1 [145]
30% Csy.5/KIT-6 3 70 6.0 25 0.05 95.0 98.0 93.1 [146]
Fe-PKU-1-(3) 5 45 8.0 3.0 0.05 97.0 99.0 96.0 [199]
5%Ni-1%Zr/AC 4 55 8.0 3.0 0.04 100.0 100.0 100.0 [135]

NR, not reported; A/G, acetone/glycerol molar ratio; m¢/m, lys catalyst/glycerol mass ratio; X, glycerol conver-
sion; Sg, selectivity towards solketal; Ys, yield of solketal; RC, number of reaction cycles.

For other catalytic systems, however, the loss of activity due to different deactivation
mechanisms has been reported.

In this sense, the loss of activity due to adsorption of reactants and/or products on the
catalyst surface has been reported. Solids that have experienced this type of deactivation
are BEA-type zeolites [205], transition-metal-ion-promoted mordenite [46], Amberlyst-
46 resin [93], Sn embedded in 1D silica-based tubular nanostructures [178], mesoporous
molybdenum dioxide [206] and functionalized carbons [120,121,132]. With respect to the
functionalized carbons, the loss of activity has been attributed to the formation of bonds
between the -OH group of the glycerol and the -COOH and -SO3H groups present on the
carbonaceous supports [120,121,132].

In some cases, the loss of activity has been attributed to the adsorption of water formed
during the reaction onto the active sites. The catalysts shown to be affected by water are
the commercial catalyst Polymax 845 [207], Montmorillonite K-10 [74], zeolite H-BETA [74]
and V supported on MCM-41 [166].

Other authors have reported loss of activity due to modifications of the specific surface
area and pore size of the solids, as in the case of titanate nanotubes [200].

Finally, the leaching of active sites has also been reported as a deactivation mechanism,
as is the case of (M0O,),P,O7 supported on SBA-15 [169], synthetic polymers functionalized
with -5O3H groups [98] and vanadium catalysts supported on MCM-41 [166].

4.2. Glycerol Esterification with Acetic Acid

With respect to the esterification reaction of glycerol with acetic acid, the solids that
have been shown to be stable after several reaction cycles are shown in Table 24.
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Table 24. Catalysts that were stable in the glycerol esterification reaction with acetic acid.

Catalyst RC T (O AA/G t (h) mc/mgyy X (%) Smac (%)  Spag (%)  Stag (%) Ref.
S0,42~ /WZr (1:1)-500 5 120 10.0 4.0 0.01 100.0 37.0 60.0 3.0 [141]
KJ-400 5 120 5.0 4.0 0.08 90.0 56.0 40.0 4.0 [126]
Wastewater 5 120 6.0 6.0 0.16 90.8 46.9 484 6.3 [128]
TPA3 /MCM-41 4 100 6.0 6.0 NR 92.0 20.0 70.0 10.0 [155]
Glycerol carbon 5 115 4.0 1.0 0.05 100.0 20.0 70.0 10.0 [119]
Sb,O0s5 6 120 6.0 2.0 0.022 99.0 30.0 55.0 15.0 [201]
[(HSO3-p)2im][HSO4] 5 100 5.0 1.0 0.002 95.7 32.8 52.1 15.1 [69]
C-glycerol 6 110 6.0 24.0 0.10 96.0 26.0 56.0 18.0 [130]
12ZrKIL-2 3 100 10.0 1.0 0.05 100.0 2.7 77.2 20.1 [87]
Cspa-15-BDS 4 110 6.0 24.0 0.09 98.0 16.0 54.0 30.0 [117]
[H-NMP][HSO,] 4 100 6.0 0.5 0.106 99.0 12.0 58.0 30.0 [70]
AgPW 5 120 10.0 0.15 0.01 100.0 10.0 60.0 30.0 [162]
HSiW /ZrO, 4 120 10.0 4.0 0.06 100.0 6.4 61.3 32.3 [55]
Dowex 650C 5 120 9.0 4.0 0.04 99.6 16.0 50.0 34.0 [106]
PDS-THF 5 110 6.0 3.0 0.05 97.8 11.4 54.0 34.6 [110]
Willow charcoal 6 120 5.0 5.0 0.07 98.0 5.0 50.0 45.0 [127]
[BS, TMEDAJHPW;,04 4 120 7 8 0.06 100 1 28.1 70.9 [71]
AS-BEN 5 100 7.0 3.0 0.074 100.0 0.0 26.0 74.0 [188]
50-HPA/HNT 3 80 9.0 5.0 NR 38.0 NR NR 98.0 [158]

AA/G, acetic acid/glycerol molar ratio; m./mygy, catalyst/glycerol mass ratio; X, glycerol conversion;
SMAG/DAG/TAG- selectivity towards MAG/DAG/TAG; RC, number of reaction cycles.

Regarding the loss of activity observed in solids, some authors associated the deacti-
vation with the blocking of active sites by the adsorption of reagents and/or products, as is
the case of carbons functionalized with HySOj4 [154], sulfated y-Al,O3 [208], Amberlyst-70
and -15 resins [49] and silica functionalized with propylsulfonic groups [86].

Other authors have attributed the loss of activity to the low thermal stability of some
solids, such as Amberlyst-70 and 15 resins [49]. Since the esterification reaction of glycerol
with acetic acid is generally carried out at temperatures above 100 °C, thermal stability
turns out to be an important property when synthesizing stable catalysts.

Some solids have suffered attrition as a result of mechanical wear due to agitation dur-
ing the reaction, such as Amberlyst-70 and -15 resins [49] and phenolic resins functionalized
with sulfonic groups [109].

For their part, catalysts based on heteropolyacids immobilized on SBA-15 have under-
gone modifications of their textural properties with consecutive reaction cycles, leading to
the loss of activity [154]

Finally, some authors have attributed the loss of activity to the leaching of active sites,
as is the case of silica-supported heteropolyacids [160], sulfated zirconia [142], HySOs-
functionalized carbons [209] and Fe3O4-5iO, nanoparticles functionalized with sulfonic
groups [203].

5. Kinetic Models

The development of kinetic expressions is especially important for the design of
chemical reactors that are capable of carrying out the reactions of glycerol esterification and
ketalization. In this sense, several authors have carried out kinetic studies by using a wide
variety of acid catalysts, such as exchange resins, heteropolyacids supported on different
supports, sulfated zirconia, etc.

5.1. Glycerol Ketalization with Acetone

Regarding the reaction of glycerol ketalization with acetone, several kinetic models
have been proposed, such as the power law (PL) [66,76,210], pseudo-homogeneous model
(PH) [42], Eley-Rideal (ER) model [91] and Langmuir-Hinshelwood-Hougen-Watson
(LHHW) model [18,38,39].

Some authors have considered the power law to describe the reaction rate, employing
various catalysts, such as zeolites [76], sulfuric acid [210] or ionic liquids [66].
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Other authors, such as Vannucci et al., have proposed a pseudo-homogeneous model
for the overall reaction rate, neglecting the adsorption of all species involved in the reaction,
employing a sulfated zirconia [42].

Esteban et al. employed the Eley—Rideal model, using a Lewatit GF101 resin as the
catalyst. In the model, they considered that acetone participates from the reaction medium,
without adsorbing on the active sites of the catalyst [91].

As for the LHHW and ER models, different simplifications have been put forward
with respect to the inhibitory term of the overall kinetic expression, depending on the
catalyst employed. For example, Nanda et al. and Moreira et al. used Amberlyst-35 resin as
a catalyst, for which they considered that water adsorbs preferentially on the solid due to
the high adsorption capacity of the exchange resins [38,39]. On the other hand, Perez et al.
used a silica—resin-bentonite composite material with a high affinity for polar compounds,
so they proposed a kinetic model of LHHW where only the glycerol adsorption constant
appears in the inhibitory term [18].

Table 25 summarizes the reported kinetic expressions and the catalysts used.

Table 25. Kinetic expressions reported in the glycerol ketalization reaction with acetone.

Model Catalyst Kinetic Expression Reference
PL HBEA r=k (CG CA—CS Cw) [76]
PL HzSO4 r=k (CG CA — CS Cw) [210]
PL Tonic Liquid r= k(Cc Cp— %) [66]

eq
PH Sulfated zirconia r=k (aGa A— als{aw> [42]
eq
ER Lewatit GF101 r=Ntelstw [91]
WCSWCW

LHHW Amberlyst-35 ) e [38]

1+ Kwacsj\g/v?lz
LHHW Amberlyst-35 = kG AT TR [39]
(1 + Kwawg2
Cg Ca— 5w

LHHW CBA e 8O TRy [18]
(1 +KeCo)”

5.2. Glycerol Esterification with Acetic Acid

With respect to the esterification reaction of glycerol with acetic acid, the kinetic
expressions that have been reported correspond to power law (PL) [155,211,212], Langmuir—
Hinshelwood (LHHW) [213,214], Eley-Rideal (ER) [215] and pseudo-homogeneous (PH)
models [181].

With respect to the power law, Patel et al. employed heteropolyacids supported on
MCM-41 and ZrO; as catalysts, concluding that the reaction rate follows a first-order
dependence on glycerol [155]. Subsequently, Rane et al. employed a sulfated alumina
(2 M SO4%~ /v-Al,O3) as catalyst, determining that the reaction rate follows a pseudo-
second-order dependence on glycerol [211]. In turn, Veluturla et al. employed a partially
Cs-exchanged heteropolyacid (CsPWA), from which they determined that each stage of the
esterification reaction can be described by the power law with pseudo-first order for each
compound involved [212].

Recently, Tonutti et al. adopted the pseudo-homogeneous model to describe the
reaction kinetics, employing different functionalized mesoporous silicas, such as SBA-15,
SBA-16, MCM-41 and MCM-48. The authors considered this model to simplify the study to
avoid the over-parameterization of the system [181].

Reinoso et al. used a Dowex 650C resin and considered the Eley—Rideal model, in
which both reagents diffuse to the catalyst surface, but only acetic acid adsorbs with glycerol
participating from the liquid phase. The following reactions occur in the same way, with
MAG and DAG participating from the liquid phase without adsorbing on the catalyst
surface [215].

With respect to the LHHW model, Banu et al. used a Purolite CT-275 resin, for which
they considered that the most strongly adsorbed compounds on the catalyst are water,
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glycerol and acetic acid, so that only these compounds are part of the inhibitory term of the
equation [213]. In contrast, Keogh et al. neglected the adsorption of all compounds and
even considered each reaction step to be irreversible due to the presence of excess acetic acid
in the reaction medium. In their study, these authors used tungstophosphoric acid partially
exchanged with Sn and supported on a K-10 montmorillonite (Sn1DTP/K-10) [214].
Table 26 summarizes the reported expressions and the catalysts used for their study:.

Table 26. Kinetic expressions reported in the glycerol esterification reaction with acetic acid.

Kinetic Model Catalyst Kinetic Expression Reference
TPA3;/MCM-41 _
PL TPAs/ZrO, r=kCqg [155]
PL 2 M SO,2 /y-AlL O3 r=kCg? [211]
r1 =k Cg
PL Amberlyst-35 r, = k; Cg—ko Cymac [212]
r3 = ko Cmac—ks Crac
r =kg (CG Caa — 7CM£;1CW>
Functionalized Iy = '
PH Mesoporous ko (CM AG Can — CDIécG Cw ) [181]
silicas 3 = 2
k3 <CDAG Caa — LkAGCW)
eq,3
Cg CAA*icM]?G Cw
eq,1
1 =k TFKnwCw + T +CKqGCg,
ER Dowex 650C _p, Sae Can— TR [215]
n =Kk T+ KwCw + KgCq
Cpac Can— %
I3 = k3 T+ KwCw + KgCq
r =
K ac aaa— Lﬁslaw i
(1 + Kwaw + Kgag + KAAaAA)
I =
LHHW Purolite CT-275 AMAG AAA — HD/?(G;W [213]
k2 (1 + Kwaw + Kgag + KAAaAA)Z
r3 =
k3 ADAG aAA—W .
(1 + Kwaw + Kgag + KAAaAA)
r; = k1CsCan
LHHW Sl’llDTP/K-lo Iy = kZCMAGCAA [214]

r3 = k3CpacCan

G, glycerol; AA, acetic acid; W, water; MAG, mono-acetylglycerol; DAG, di-acetylglycerol; TAG, tri-acetylglycerol.

6. Technological Aspects of the Ketalization and Esterification Reactions

From the process-engineering point of view, there are certain aspects to consider in
order to carry out the ketalization and esterification reactions of glycerol on an industrial scale.

The first of these is the replacement of batch reactors by flow reactors that allow for
the continuous production of solketal or acetylglycerols; this point is of vital importance if
they are to be produced on a large scale.

The second aspect to take into account is the immiscibility of the reactive mixture in
the case of ketalization, given by the low solubility of glycerol in acetone, which generates
the presence of two phases in the reactor feed, hindering the transport phenomena of matter
and energy to produce the chemical reaction.

The third and no less important aspect is the presence of water as a by-product of
both reactions. Since both the ketalization and esterification reactions are reversible, the
generation of water makes both reactions limited by thermodynamic equilibrium.

Finally, the use of crude glycerol as a starting feedstock is of vital importance if the
glycerol obtained as a by-product of the biodiesel industry is to be revalued. Its impurities
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can play a fundamental role in the activity levels and quality of the products obtained in
both reactions.

The aspects mentioned above are presented below for both reactions, and then the
latest technological developments are discussed.

6.1. Continuous Flow Reactors

Continuous flow reactors are the most suitable reactors to carry out ketalization and
esterification reactions in liquid phase if an industrial application is considered. Although
different variants for continuous flow reactors have been reported, a general scheme is
shown in Figure 10.
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Figure 10. General scheme of the continuous process used in glycerol ketalization with acetone.

The implementation of these reactors allows for increases in the mass and energy
transfer efficiency and facilitates scale-up, in addition to ensuring the constant quality of
the product obtained [28]. In these reactors, the effect of the temperature, pressure, molar
ratio of reagents and space velocity are the main variables to be taken into account, both
for design and operation. Regarding the glycerol ketalization with acetone, several studies
have been published, mainly using exchange resins and zeolites as catalysts.

Table 27 summarizes the catalysts employed in the glycerol ketalization reaction
with acetone and the operating conditions under which they were employed, ordered in
increasing order according to the yield obtained to solketal.

Table 27. Results of glycerol ketalization with acetone using continuous flow reactors.

Catalyst T(QO P (MPa) A/G SV (h-1) Solvent X (%) Ss (%) Ys (%) Ref.
KU-2 70 NR 2.0 0.6 - NR NR 70.0 [216]
PD206 20 12 5.0 6.7 Ethanol 95.0 100.0 95.0 [217]
Amberlyst Wet 40 4.1 6.0 4.0 Ethanol 90.0 97.0 88.0 [207]
Amberlyst-15 50 0.1 20.0 6.9 Dimethylformamide 92.0 96.0 88.0 [218]
80LS20PS450H" 30 0.1 8.0 72 Ethanol 90.0 99.5 89.6 [133]
PD206 41 4.2 5.0 50.7 Ethanol NR NR NR [219]
SOz;H-C 57 - 8.0 2.9 - 100.0 99.0 99.0 [220]
Hp 50 0.1 3.0 11.9 Methanol 90.0 98.0 88.0 [75]

NR, not reported; A/G, acetone/glycerol molar ratio; SV, space velocity based on weight hourly space velocity
(WHSV); X, glycerol conversion; Sg, selectivity towards solketal; Ys, yield of solketal.

Marksimov et al. carried out the solketal synthesis reaction in a continuous process,
using different catalysts, such as zeolites Hf3, mordenite and HY, a polymer F-4SF (analo-
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gous to the sulfonated polymer Nafion) and the sulfonated resin KU-2. The best results
were obtained for the KU-2 catalyst, with a molar ratio A/G =2, a temperature of 70 °C
and a space velocity of 0.6 h~!. However, the characteristics of the reactor used were not
detailed [216].

Shirani et al. studied the solketal synthesis reaction in a continuous flow reactor, using
a Purolite® PD206 resin as the catalyst. The reactor consisted of a 316 stainless steel tube,
into which a mixture of acetone, glycerol and ethanol as cosolvent was fed, driven by
an HPLC pump. As reaction variables, the catalyst mass, A/G molar ratio, temperature,
pressure and feed flow rate were studied. The best activity results were found at 20 °C,
12 MPa and 6.7 h~! of WHSV. The yield obtained under these conditions was 95%, with
100% selectivity towards solketal [217].

On the other hand, Nanda et al. carried out a study of the activity of different catalysts
in the synthesis of solketal, such as Amberlyst 36 Wet and Dry resins, Zeolite beta in its
acid form, montmorillonite K10, sulfated zirconia and Polymax 845 (an acid polymer). The
experiments were carried out in a continuous 316 stainless steel reactor with downflow,
heated by means of an oven. The mixture of glycerol, acetone and ethanol as solvent was
pumped into the reactor by an HPLC pump. Under the same reaction conditions, the catalysts
studied presented the following order of activity: Amberlyst Wet ~ Zeolite ~ Amberlyst Dry
> sulfated zirconia > montmorillonite > Polymax. This behavior was mainly attributed to the
higher number of acid sites possessed by the more active catalysts. The authors obtained the
highest yield at solketal (88%) by carrying out the experiments using Amberlyst Wet as catalyst
and the following reaction conditions: 40 °C, 4.1 MPa, WHSV =4 h~! and a molar ratio of
A/G=6][207].

Olivera et al. studied the solketal synthesis reaction in a continuous reactor at atmo-
spheric pressure. The experimental setup consisted of three packed columns with different
volumes, which allowed the researchers to study the effect of catalyst mass. The operating
variables studied were the flow rate (0.1-1 mL min~!), temperature (30-50 °C), type of
catalyst (Amberlyst 15 or montmorillonite K10), amount of catalyst (1-7 g), A/G molar
ratio (2-20) and solvent used to homogenize the reactive mixture (dimethyl sulfoxide or
dimethylformamide). The results showed that, in order to obtain the maximum glycerol
conversion, the reaction should be carried out at 50 °C, A/G = 20, with a flow rate of 1 mL
min~!, an Amberlyst-15 catalyst mass of 7 g and dimethylformamide as solvent. Under
these conditions, the glycerol conversion was 92%, with a selectivity towards solketal of
96% [218].

Konwar et al. carried out the ketalization reaction of glycerol with acetone in a Pyrex
continuous reactor with a 0.5 g catalyst bed that was supported on both sides by a 1 mm
glass bed column. The reagent mixture with ethanol as solvent was pumped with different
flow rates by means of an HPLC pump, at different temperatures (30-50 °C) and different
A/G molar ratios (6 and 8). The experiments were carried out at atmospheric pressure. As
a catalyst, the authors synthesized sulfonated carbons from sodium lignosulfonate, which
was subjected to pyrolysis at low temperature and acid exchange with H>SOy. The results
showed that, so as to achieve the highest yield at solketal, one should operate at 30 °C, with
A/G =8 and a flow rate of 0.1 mL min—!. Under these conditions, it is possible to achieve a
glycerol conversion of 92%, with a selectivity towards solketal of 99.5% [133].

Aghbashlo et al. employed theoretical methods to optimize the operating variables of a
continuous solketal synthesis reactor, with the objective of maximizing the exergy efficiency
and minimizing the exergy destroyed. For this purpose, they also used experimental data,
using a continuous reactor. The reactor consisted of a 316 stainless steel tube with a certain
amount of catalyst (PD206 resin) inside that was mixed with Pyrex glass. The reagent
mixture with ethanol as solvent was pumped by an HPLC pump. Different experiments
were carried out by varying the temperature, pressure, A/G molar ratio, flow rate and
amount of catalyst. The results showed that the flow rate had the greatest effect on the
exergy efficiency, while the pressure had the least effect. The optimum conditions were as
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follows: 40.66 °C, 4.2 MPa, flow rate of 0.49 mL min—!, A/G molar ratio of 4.97 and 0.5 g of
catalyst. Under these conditions, the exergy efficiency was 90.36% [219].

Dominguez-Barroso et al. synthesized sulfonated carbons as catalysts by pyrolysis
of cellulose with subsequent oxidation with HNOj and treatment with methanesulfonic
acid. These solids were initially evaluated in a batch reactor in order to optimize the
temperature, reaction time and A /G molar ratio. Subsequently, the reaction was carried out
in a continuous downflow reactor, connected to distillation equipment. In this system, the
effect of space velocity (WHSV = 2.9-8.9 h~1) for a molar ratio A/G = 8 and a temperature
of 57 °C was evaluated. The results showed that, for a WHSV = 2.9 h™!, the complete
conversion of glycerol with 99% selectivity towards solketal was achieved. An increase in
the WHSV value led to a decrease in conversion because the residence time decreased [220].

Kowalska-Kus et al. carried out the solketal synthesis reaction in a continuous down-
flow tubular reactor at atmospheric pressure, using H-ZSM5, Hf3 and H-Mordenite zeolites
as catalysts, which were mixed with SiO, to form the bed. In turn, the catalysts were
subjected to treatment with NaOH to partially remove silicon and with citric acid to re-
move residual aluminum. The unmodified zeolites were named H-ZSM5 (P), HB (P)
and H-Mordenite (P) and the modified zeolites were named H-ZSM5 (H), Hp (H) and
H-Mordenite (H). All catalysts were evaluated at 50 °C, 1 atm, a molar ratio A/G =3
and a WHSV = 3.4 h~!. As for the unmodified zeolites, it was observed that the Hp (P)
and H-Mordenite (P) solids exhibited high reaction activity, while the H-ZSM5 (P) solid
led to low glycerol conversions. This was attributed to the small pore size of the ZSM5
zeolite, leading to diffusional problems. However, after being treated, the solid H-ZSM5
(H) presented a 90% conversion due to the generation of mesoporosity by the leaching of
silicon and aluminum from the structure, while the solids Hf3 (H) and H-Mordenite (H) did
not significantly modify their activity. Subsequently, the effect of the increasing WHSV on
productivity (kg solketal/kg catalyst h) was evaluated. The results showed that an increase
in WHSV led to an increase in productivity [75].

Few authors have reported the study of the esterification reaction of glycerol with
acetic acid in continuous processes. Most studies have focused on the reactive distillation
process; they are referred to in the following sections. Rastegari et al. are the only ones
who studied the esterification reaction of glycerol with acetic acid in a continuous process.
These authors employed a Pyrex glass reactor, showing that the main operating variables
were the AA/G molar ratio, temperature and feed flow rate. In addition, they used an HB
zeolite as the catalyst, achieving a glycerol conversion of 26%, with a selectivity towards
MAG of 91% [221].

6.2. Immiscibility of the Reagent Mixture

As previously explained, the glycerol ketalization reaction with acetone presents an
operational complexity: glycerol is not fully soluble in acetone, so the reaction mixture turns
out to be biphasic at the beginning. Rahamn et al. demonstrated that the low miscibility
of acetone in glycerol causes a slow supply of acetone for solketal formation and that,
when the glycerol conversion is above 30%, solketal acts as a solubilizer and the reaction
mixture becomes homogeneous, followed by a rapid product formation. For this reason, it
is advisable to carry out the reaction in the presence of excess acetone [83].

Figure 11 shows the glycerol-acetone—solketal phase equilibrium diagram that was
obtained experimentally by Esteban et al. [222]. As can be observed, for the initial glycerol-
acetone mixture to be totally soluble, the mole fraction of acetone should be approximately
0.9375, which is equivalent to a molar ratio A/G = 15. The authors also demonstrated
that solubility is not significantly affected by temperature in the 30-50 °C range studied;
therefore, the equilibrium diagram obtained at 40 °C is presented.

A molar ratio of A/G = 15 represents a significant excess of acetone with respect to
glycerol, so it is important to study what effect the excess of acetone in the initial reaction
mixture has on the achieved glycerol conversion in order to optimize the A /G molar ratio.
In order to overcome these disadvantages, some authors have used different solvents.
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Figure 11. Solubility of the glycerol-acetone-solketal system at 40 °C, in mole fractions, reported
by Esteban et al. [222]. Reprinted (adapted) with permission from J. Chem. Eng. Data 2014, 59, 9,
2850-2855. Copyright 2023 American Chemical Society.

In general, two types of polar solvents have been studied: protic and aprotic solvents.
As protic solvents, the use of tert-butanol, methanol and ethanol was evaluated. Pescar-
mona et al. carried out the solketal synthesis reaction using tert-butanol as the solvent [44].
As catalysts, they used mesoporous silicates TUD-1 and MCM-41 substituted with different
metals, such as Zr, Hf and Sn, conferring Lewis acidity. The synthesized solids were named
Zr-TUD-1, Hf-TUD-1 and Sn-MCM-41, respectively. Under the same reaction conditions,
the order of activity was as follows: Hf-TUD-1 > Zr-TUD-1 > Sn-MCM-41. This behavior
was attributed to the high specific surface area, the relative hydrophobicity of the surface
and the larger number of accessible sites in the more active solids. Under optimal reaction
conditions, the Hf-TUD-1 catalyst achieved 52% glycerol conversion with 100% selectivity
towards solketal.

Subsequently, the same authors synthesized Ga-MCM-41 in the form of nanoparticles
(<150 nm) with different Ga content [167]. The solids with a higher content of the metal
were named XS-Ga-MCM-41-H, and those with a lower content were subjected to ion
exchange with NH,OH and calcined to transform them into their protonated form (XS-
Ga-MCM-41-L). It has been shown that other similar materials improved their catalytic
properties due to the decrease in size at the nanoscale, which increased the specific surface
area and decreased the pore length. The synthesized catalysts were evaluated in solketal
synthesis by using tert-butanol as solvent. The results showed that, under the same reaction
conditions, both catalysts showed the same conversion. However, the solid X5-Ga-MCM-41-L
presented a higher TON value, which was due mostly to the presence of Brensted sites.

Regarding the use of ethanol as a solvent, Dmitriev et al. [40] carried out the solke-
tal synthesis reaction by screening different catalysts, such as beta zeolite, HySO, as a
homogeneous catalyst and KU-2-8 and Amberlyst 35 dry-exchange resins, adjusting the
mass of each so as to maintain the same number of acid sites in the reaction. Under the
same conditions, the best results were obtained for H,SO,4 and beta zeolite, which reached
equilibrium after 50 min of reaction [40].

On the other hand, Moreira et al. studied the thermodynamics of the solketal synthesis
reaction by using ethanol as solvent, after experimentally evaluating methanol and ethanol
as protic solvents and dimethyl sulfoxide as aprotic solvent. In their study, they also
evaluated the performance of different catalysts, such as Amberlyst 35, Amberlyst 15 and
beta zeolite in its protonated form [39]. The combination of Amberlyst 35 resin with ethanol
as a solvent led to higher glycerol conversions and selectivity towards solketal, so this
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combination was selected for the thermodynamic study. With respect to dimethyl sulfoxide,
it led to lower conversions, which was attributed to its strong adsorption on the solid or
possible limitation to matter transport.

Recently, Mahreni et al. synthesized solids based on a polymer called alginate, a
polysaccharide that is present in the cell wall of brown seaweeds, precipitated by FeCls.
The solid was named Fe-Alg and was used as a catalyst in the synthesis of solketal, using
ethanol as solvent. As a result, a selectivity towards solketal of 56% was obtained, with no
report of the glycerol conversion achieved [223].

With respect to the use of aprotic polar solvents, only a few articles have been pub-
lished on the topic. In addition to the work of Moreira et al. described in the previous
paragraph, the only reports so far correspond to Timofeeva et al., who used acetonitrile as
solvent in two studies.

In their first work, they synthesized MIL-type MOFs (100, 53 and 47) to which a metal,
M, was incorporated, where M = V*+3, Al*3 Fe*t3, Cr*3 and V/Al, which were evaluated in
solketal synthesis by using acetonitrile as a solvent [198]. According to the results obtained,
it was concluded that the nature of the metal ion affects the catalytic activity of the catalyst.
In general, glycerol conversion decreases according to the following order: V+3 > Al*3 >
Fe*3 > Cr*3. This behavior was attributed to the difference in surface acidity conferred by
each metal and the difference in terms of the interaction of the ions with the water molecules
formed as a reaction product. In addition, they studied the simultaneous incorporation of
Aland V to the solid in different proportions, verifying that the addition of V in excess leads
to better activity, and the activity is maximal when only V is added. Under optimal reaction
conditions, the MIL-100-(V) solid led to 85.4% glycerol conversion with 97.7% selectivity.

Subsequently, the same authors acidified bentonites with HNOj3 for subsequent use
as catalysts in solketal synthesis, using acetonitrile as solvent [185]. In their study, they
evaluated the effect of HNOj; concentration (0.125-3 M) on the activity of the catalysts.
Under the same reaction conditions, catalysts treated with HNO3 from 0.125 to 0.5 M led to
an increase in glycerol conversion from 62% to 94%, respectively, which was attributed to
the higher number of Brensted sites generated by the acid treatment. Higher concentrations
of HNO; failed to increase catalyst activity, and this result was attributed to aluminum
leaching from the clay structure and the lack of new site generation. In all cases, the
selectivity towards solketal was higher than 96%. In this work, the activity of the catalysts
was compared in the absence of solvent and using acetonitrile. The results showed that the
use of a solvent improves the activity of the catalysts, allowing higher conversions to be
achieved. However, the reaction variables were modified between one experience and the
other, making it difficult to compare the activity under these conditions.

According to previous work, the use of solvents improves the solubility of the reagents
in the initial reaction mixture. However, the catalytic results are not significantly favored.
Moreover, the introduction of a third component to the system complicates the technological
scheme due to the need to separate the solvent from the rest of the components, coupled
with the fact that, as the initial concentration of the reactants decreases, the reaction rate also
decreases [40]. The combination of these negative aspects makes it more convenient to work
with excess acetone, which can subsequently be distilled and recirculated to the process.

As for the esterification reaction of glycerol with acetic acid, the reagents are completely
miscible, so the use of solvents in the reaction has not been reported.

6.3. Extraction of the Water Generated as a Reaction Product

As previously explained, one of the main disadvantages of ketalization and esterifi-
cation reactions is the formation of water as a reaction product. Since the first published
reports [57-59,224,225], strategies have been implemented for the elimination of water and
the shift of equilibrium towards higher conversions.

Deutsch et al. carried out the solketal synthesis reaction by using a Dean—Stark trap
to collect the water formed, using Amberlyst 36 resin as catalyst and dichloromethane as
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solvent. After 8 h of reaction at 40 °C, with a molar ratio A/G = 1.5 and a catalyst percentage
of 5.4% by weight with respect to glycerol, a solketal yield of 88% was achieved [226].

Roldan et al. studied the synthesis of solketal by using a NaA zeolite membrane
reactor, using K10 montmorillonite as catalyst. The experimental device consists of a
three-hole balloon that is equipped with a condenser in one of its holes, and, in the central
hole, it contains the NaA zeolite membrane. Water removal was carried out via the vapor
permeation method, since this avoids contact of the membrane with the liquid, which is
unstable in acidic media. After 50 h of reaction, for an A/G molar ratio of 2 and a catalyst
percentage of 1 wt.% with respect to glycerol, a solketal yield of 90% was obtained [227].

Vicente et al. carried out the solketal synthesis reaction in a two-stage batch process.
In the first stage, the reactants, together with the catalyst, were introduced into a balloon
equipped with a condenser, and the reaction was carried out at 70 °C. In the second
stage, the reaction water and excess acetone were extracted under vacuum. As catalysts,
mesoporous silicas functionalized with sulfonic groups were synthesized, which were
evaluated in solketal synthesis and compared with commercial solids. From all of them,
the Ar-SBA-15 catalyst was selected and functionalized with arenesulfonic acid, which
presented a similar activity to the commercial resin Amberlyst 15. Subsequently, the
number of batch stages required to significantly shift the equilibrium was studied. The
results showed that, after three stages, 89.5% glycerol conversion was achieved, while in a
simple batch process, 80% conversion was obtained [171].

On the other hand, Esposito et al. synthesized different Fe(Ill) complexes, which
were evaluated as homogeneous catalysts with Lewis acids in the synthesis of solketal. In
this case, the authors carried out the reactions by using a balloon as a reactor, equipped
with a condenser containing a small 3 A molecular sieve column at the top in order to
retain the water formed during the reaction. Of all the catalysts, the solid FeCl3(1-NO,)
presented higher activity, solubility in the reactive mixture and stability. Under optimal
reaction conditions, 99% glycerol conversion was achieved with 98% selectivity towards
solketal [228].

Recently, Li et al. carried out the reaction of glycerol ketalization with acetone in a
pilot-scale reactive distillation process, employing an NKC-9 resin as the catalyst. The
authors reported optimum results for five theoretical plates in the rectification zone and six
theoretical plates in the depletion zone, at a pressure of 101.325 kPa, A/G molar ratio of
2-3 and reflux ratio of 2.4, indicating that substantial improvement in glycerol conversion
was achieved by this type of process [229].

All of these previously described experiences demonstrate that it is possible to shift
the reaction equilibrium towards values close to 100% glycerol conversion if a correct
combination between an active catalyst and an adequate water removal method is used.

Regarding the esterification reaction of glycerol with acetic acid, Liu et al. carried
out the reaction by using a three-necked balloon coupled to a distillation column, which
allowed the water product of the reaction to be constantly removed. In this way, it was
possible to achieve a TAG selectivity of more than 90%, with complete conversion of
glycerol [230]. Li et al. simulated a reactive distillation process for TAG production. The
results showed that it is possible to achieve complete conversion of glycerol with high
selectivity towards TAG, using an AA/G molar ratio of 4, 50 theoretical plates for the
reactive section, a reflux ratio between 4 and 6 and a top pressure of 35 kPa [231].

Recently, Bhaduri et al. carried out the esterification reaction of glycerol with acetic
acid by employing a catalyst based on a silica—carbon nanocomposite prepared by the
modified evaporation-induced self-assembly (EISA) method, subsequently pyrolyzed at
400 and 550 °C and finally functionalized with phosphoric acid. To displace the water
product of the reaction, the tests were carried out using a Dean-Stark trap, achieving a TAG
selectivity of 36% after 3 h of reaction at 110 °C [232].
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6.4. Use of Crude Glycerol

The economics of solketal and acetylglycerols synthesis are directly related to the
price of the raw material (glycerol). Therefore, the excessive purification of glycerol could
compromise the profitability of the process. For this reason, it is necessary to evaluate the
catalytic activity of the synthesized solids in a more realistic context, which includes the
use of crude glycerol as feedstock.

Crude glycerol contains a large number of impurities, including inorganic sodium or
potassium bases; traces of methanol (MeOH); and non-glycerol organic matter (MONG)
such as free fatty acids, traces of oils and non-transesterified fats [233]. The nature of these
impurities and their concentration can have, to a greater or lesser extent, a different impact
on glycerol esterification and ketalization reactions, mainly linked to the effect they have
on the catalysts used.

Da Silva et al. were among the first researchers to study the effect of impurities in
crude glycerol on the activity of beta zeolites and an Amberlyst 15 resin in the reaction
of glycerol ketalization with acetone. As a result, they concluded that the presence of
water and NaCl in the reaction medium drastically reduces the activity of both catalysts,
attributing this result to the mobility of Na* ions into the pores of the solids, which would
facilitate the diffusion of water and thus the neutralization of the acid sites. In their study,
the authors concluded that beta zeolite is more resistant to the presence of water than
Amberlyst 15 resin [234].

Vicente et al. evaluated the activity of an SBA-15 functionalized with arenesulfonic
groups by using crude glycerol as a reagent and compared these results with those obtained
using analytical- and pharmaceutical-grade glycerol. As a result, they concluded that the
activity of the solids is similar in all cases, emphasizing that, if crude glycerol is used as
reagent, the solid must be regenerated to be reused. The authors attributed this deactivation
to the cation exchange that occurs between the Na* and H ions of the active sites of the
catalyst [171].

Talebian-Kiakalaieh et al. evaluated the effect of crude glycerol impurities on the
activity of a NaY zeolite modified with citric acid to impart mesoporosity. In conclusion,
they reported that the presence of methanol and NaCl led to a decrease in selectivity to-
wards solketal from 97.75% to 88.21%, although the glycerol conversion remained relatively
constant. The authors did not justify this decrease [147].

Kowalska-Kus et al. evaluated the activity of different zeolites (BEA, MFI and FAU) in
the presence of crude glycerol, using a continuous reactor. The authors reported that the
presence of salts and MONG negatively affects the glycerol conversion and the selectivity
towards solketal, due to their adsorption on the surface of the catalysts. In this sense, since
the process is continuous, as time progresses, the number of adsorbed impurities increases,
evidencing a decrease in glycerol conversion and selectivity towards solketal. In turn, the
authors concluded that the presence of water or only inorganic salts does not significantly
modify the activity of the catalysts [235].

Recently, Saini et al. employed a NaOH-modified H-MOR-type zeolite to partially
remove silicon from the structure. This catalyst proved to be tolerant to water and other
impurities present in crude glycerol, as well as stable after three uses. The good results
were attributed to the high strength of the acid sites in combination with a high specific
surface area [79].

With respect to the esterification reaction of glycerol with acetic acid, very few articles
have been reported where glycerol is used as a raw material.

Zhu et al. evaluated the activity of a HSiW-supported zirconia in the esterification
reaction of glycerol with acetic acid, using crude glycerol. The authors reported that the
presence of NaCl and methanol did not affect glycerol conversion and product distribution.
On the other hand, the presence of water slightly decreased the glycerol conversion and
selectivity towards TAG, confirming the good tolerance of the catalyst to water, which was
attributed to the strong interaction between the highly dispersed H5iW compounds and
the =Zr- OH groups on the surface of the solid [55].
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Popova et al. synthesized KIL-2-type silica-impregnated zirconia nanomaterials, which
were evaluated using crude glycerol. The results showed that the presence of impurities
in the crude decreased the conversion of glycerol and led to a higher selectivity towards
MAGs. The authors did not study the effect of each impurity [236].

Finally, Oh et al. employed Novozym 435 enzymes for the esterification of glycerol
with acetic acid, obtaining a decrease in glycerol conversion when compared to the use of
analytical glycerol. However, the authors did not discuss these results [237].

6.5. Latest Technological Advances

Within the latest advances related to the reaction of glycerol ketalization with acetone,
photocatalysis and the simulation of the large-scale production process have played a
leading role in this research field.

On the one hand, heterogeneous photocatalysis has been studied in recent years as
an alternative for the conversion of glycerol into different compounds, such as solketal,
because the reactions are carried out under moderate conditions and a relatively low energy
consumption is required [238]. In this context, Hidalgo-Carillo et al. recently carried out, for
the first time, the photocatalytic reaction of glycerol ketalization with acetone, calling it the
fourth-generation solketal synthesis, after the synthesis using homogeneous, heterogeneous
and solvent-free catalysts. The authors used the commercial TiO, Aeroxide® Evonik P25
TiO; catalyst, carrying out the reaction under simulated solar irradiation, using an Xe lamp.
The results showed that a solketal yield of 87% at 30 °C can be achieved, although with high
reaction times (24 h), due to the low energy utilization by the catalyst (about 5%). These
results open the possibility of studying new sources of active radiation in photocatalysis,
as well as of studying continuous processes and reaction mechanisms [239].

Following this line, Gomes et al. carried out the reaction by photochemically exciting
an Nb,Os catalyst with UV-C radiation. In this paper, the authors developed a dual
process in which the catalyst first converts isopropyl alcohol to acetone, generating H* as
a by-product, which then catalyzes the synthesis of solketal. The results showed glycerol
conversions of 47.8%, with a selectivity towards solketal of 69.8% [240].

In addition to the catalytic studies, it is important to analyze the technical and economic
feasibility of the production process, in order to think of a large-scale process. In this sense,
Vannucci et al. carried out a feasibility study of a small-medium plant capable of processing
between 4000 and 20,000 tons of glycerol per year. The authors demonstrated that, if the
price of solketal remains above 2400 USD/Tn, even plants processing 4000 Tn/year of
glycerol are economically viable. Furthermore, they noted that the reduction in the cost of
cooling water required to condense the excess acetone used in the process is more critical
than the lifetime of the catalyst [241].

In addition to technoeconomic studies, it is important to consider aspects related to
process intensification, an area of chemical engineering that has grown exponentially in
recent years, whose objective is to improve existing technologies to allow greater efficiency,
reducing energy consumption, costs and environmental impact, involving downsizing and
efficient integration with other equipment [242]. In this regard, Li et al. proposed a reactive
partition wall distillation (RDWC) process for solketal synthesis, whose scheme is shown
in Figure 12. The authors divided the column into four zones: zone I is reaction, zone II
is product purification, zone III is distillation and zone IV is rectification. By optimizing
the total annual cost (TAC) and energy consumed, the authors concluded that the RDWC
process achieves a 13.9% reduction in energy consumption, an 18.2% reduction in TAC and
a 16.4% reduction in CO, emissions compared to conventional reactive distillation [229].

Recently, Corréa et al. proposed a continuous process of the Simulated Moving Bed
Reactor (SMBR) type. This type of technology is recommended when the reaction is limited
by the thermodynamic equilibrium, as in the case of glycerol ketalization with acetone,
since the SMBR combines the chemical reaction with the separation by adsorption of some
compound involved in it. In the case of solketal synthesis, the equilibrium is shifted by the
adsorption of the water product of the reaction. In their work, the authors proposed the
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Eluent

scheme shown in Figure 13, where a process with several feeds is used, in which the eluent
is ethanol, obtaining two output streams: a binary mixture of solketal-ethanol and another
of acetone-ethanol. The inputs are the reactive mixture (glycerol + acetone) and the eluent
(ethanol). The authors studied the effect of temperature on the efficiency of the process,
using an Amberlyst 35 as catalyst and adsorbent, concluding that 30 °C turns out to be the
optimum temperature. Previous studies have shown that, if an efficient process integration
strategy is achieved and the eluent is recirculated to the process, production costs could
be decreased by 44% compared to conventional processes [243]. Subsequently, the same
authors carried out a process improvement, finding that, under optimum conditions, the
maximum productivity is 10 kg of solketal per liter of adsorbent per day, with the desorbent
(ethanol) consumption being below 6 L per kg of solketal produced [244].
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Figure 12. Reactive split-wall distillation (RDWC) process for solketal synthesis proposed by

Li et al. [225]. Zone 1 is reaction, zone II is product purification, zone III is distillation and zone IV is
rectification.
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Figure 13. Continuous Simulated Moving Bed Reactor (SMBR)-type process proposed by
Corréa et al. [244].
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7. Conclusions, Perspectives and Future Work

Glycerol obtained as a by-product in biodiesel synthesis is configured as a platform
molecule for the production of a wide variety of industrial chemical compounds through
energetically integrated processes in the biorefinery environment. In particular, the re-
actions of ketalization and esterification of glycerol have gained increasing interest in
recent years because the compounds that are obtained can be used in several industrial
applications. In this work, a literature review of more than 200 publications on the reactions
of glycerol ketalization with acetone and esterification with acetic acid was carried out,
covering mechanistic, thermodynamic, catalytic and kinetic aspects.

With respect to the products obtained, the reaction of glycerol ketalization with ace-
tone leads to the generation of solketal with a selectivity higher than 90% in most of the
articles. On the other hand, in the esterification reaction of glycerol with acetic acid, a
mixture of mono- (MAG), di- (DAG) and tri-substituted (TAG) acetylglycerols is obtained,
with selectivity values that vary according to the catalyst and reaction conditions. Most
articles report selectivity values for TAG of 35%, which is the most commercially valuable
compound, with only a few reporting selectivity values close to 90%.

Both reactions have been studied in liquid phase, using batch and continuous flow
reactors. The ketalization reaction has been studied between room temperature and 90 °C,
while the esterification reaction was studied between 80 °C and 170 °C, which implies that
higher operating pressures are required in this case to maintain the liquid phase condition.

Both the ketalization reaction with acetone and esterification with acetic acid are
globally exothermic. For ketalization, reaction enthalpies in the range of —6.43/—30.0 k]
mol~! have been reported, while for esterification, no thermodynamic properties have
been reported for the individual reactions in liquid phase.

From the mechanistic point of view, both reactions are catalyzed by acid sites, both
Brensted and Lewis. In this regard, both reactions have been catalyzed by acidic solids of
the same nature, including ionic liquids, zeolites, exchange resins, carbonaceous materials,
sulfated zirconia, heteropolyacids, silica-based catalysts and clays. Regardless of their
nature and the strength of the acid sites, their density and pore size have been found to be
determining factors in catalytic activity. It turns out that the higher the density and acidic
strength of the sites, the higher the activity of the catalyst. In addition, more porous solids
allow for the diffusion of reactants and products, facilitating the transport processes and
improving their performance.

In particular, for the reaction of glycerol ketalization with acetone, the most active
solids are exchange resins, functionalized carbons and heteropolyacids, reaching glycerol
conversions and selectivity values to solketal higher than 95%. For the esterification reaction
with acetic acid, most solids lead to complete glycerol conversion, but functionalized
carbons, ionic liquids and clays allow higher selectivity values to TAG.

It has been reported that the main causes of the deactivation of solids used as catalysts
have been attributed to the adsorption of reagents and/or products on the surface of the
catalysts, water generated during the reaction, modifications of the specific surface area
and pore size of the solids and leaching of active sites and attrition due to mechanical wear
from agitation during the reaction.

With respect to kinetic expressions, for the reaction of glycerol ketalization with
acetone, the power law, the pseudo-homogeneous model, Eley-Rideal and Langmuir—
Hinshelwood-Hougen—Watson have been proposed as models. These expressions have
allowed the determination of activation energies, depending on the solid used.

In order to scale up the reactions for industrial application, it is necessary to take
several aspects into account, such as the immiscibility of the glycerol-acetone mixture in
the case of ketalization, and the formation of water as a product of both reactions. In the
first case, the use of solvents to improve miscibility has been evaluated, determining that
the activity does not improve significantly. This fact, added to the need for separating the
solvent after the reaction, makes it preferable to work with excess acetone, which shifts
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the thermodynamic equilibrium towards the products and, after being separated, can be
recirculated to be used again as a reagent.

With respect to the formation of water as a product, several strategies have been
reported to remove it from the reaction medium and shift the thermodynamic equilibrium
to the products, such as reactive distillation, the use of membrane reactors, Dean-Stark
traps and molecular sieves. Other authors have carried out the reactions in several stages
until equilibrium is reached, with water extraction between stages. All of these experiences
have shown that it is possible to obtain values close to 100% conversion of glycerol for
the ketalization reaction and more than 90% selectivity towards TAG for the esterification
reaction if a correct combination of an active catalyst and an adequate water removal
method is used.

Another aspect studied and of great importance for process scale-up is the use of crude
glycerol as a reagent. It has been determined for both reactions that, depending on the solid
used, the presence of water, salts, methanol and non-glycerol organic matter (MONG) can
affect the activity and stability of the catalysts, so that it is of great importance to study the
effect of impurities when synthesizing new materials as catalysts.

Among the latest advances related to the reaction of glycerol ketalization with acetone,
the research has focused on photocatalysis and the simulation of production processes.

The need to develop industrially applicable technologies leads to several challenges in
relation to both glycerol conversion reactions. Firstly, simulation studies need to be carried
out to determine whether these processes are economically viable and what yields they
will produce at market levels. Secondly, experimental tests should be carried out in the
presence of catalyst pellets to assess the loss of activity due to the effect of internal and
external resistances on mass transport and energy transfer. The possibility of carrying out
the reactions in the presence of crude glycerol and its impurities should then be evaluated,
since these impurities affect the catalytic activity. Then, when thinking about process
scale-up, a technology should be considered that allows for the easy and efficient removal
of water from the reaction medium to increase the achievable conversions. Finally, as these
processes are limited to glycerol biorefineries, the intensification of energy-saving processes
with other catalytic biorefinery processes could be considered.

It is hoped that this work will be the starting point for the search for new technologies
that will allow for the efficient integration of glycerol conversion processes in the environ-
ment of new biorefineries, reducing the investment and equipment maintenance costs, as
well as the energy consumption and environmental impact.
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