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Abstract: Fossil additives are a primary energy source and their contribution is around 80% in the
world. Therefore, bioadditives that reduce their impact are each very important. This article dis-
cusses the chemical transformation of glycerol to carbonate, ethers, esters, ketals, and acetals, com-
pounds with high technological applications, especially in the fuel sector as bioadditives. Mainly,
heterogeneous catalysts are important in the production of more than 80% of chemicals in the word.
The focus is on demonstrating how the Keggin heteropolyacids (HPAs) are efficient catalysts in the
reactions of syntheses of glycerol-derived bioadditives, either in homogeneous or heterogeneous
phases. Although solid, HPAs have a low surface area and are soluble in polar solvents, hampering
their use as heterogeneous catalysts. Alternatively, they have been successfully used supported on
solid matrixes with a high surface area. Another option is converting the Keggin HPAs to insoluble
salts simply by exchanging their protons with large cations like potassium, cesium, or ammonium-
derivatives. Therefore, solid heteropoly salts have reduced the cost and the environmental impact
of bioadditive synthesis processes, being an alternative to traditional mineral acids or solid-sup-
ported catalysts. This review describes the most recent advances achieved in the processes of syn-
thesis of glycerol-derived bioadditives over solid-supported HPAs or their solid heteropoly salts.

Keywords: Keggin heteropolyacids; heteropoly salts; solketal; glycerol ethers; glycerol carbonate;
glycerol esters

1. Introduction

Biodiesel is a renewable and biodegradable origin fuel that is less pollutant than fos-
sil diesel and can be produced from esterification or transesterification of non-edible or
edible vegetal oils or animal fats [1]. Since it has similar properties to diesel, it can be
blended within the range of 20% in volume without compromising the properties of diesel
[2]. Despite its advantages, the production of biodiesel generates as a by-product, glyc-
erol, at 10 wt.% [3]. This surplus of glycerol has motivated the development of processes
to convert glycerol into products with higher value added [4]. Among the several glyc-
erol-derived products, those that can be used as bioadditives have raised a lot of attention.
Undeniably, to develop sustainable and clean pathways to upgrade glycerol into value-
added chemicals and fuels would boost the biodiesel industry [5].

The use of glycerol crude in combustion engines is not possible due to the combus-
tion properties (i.e., lower calorific value, higher viscosity, and/or auto-ignition tempera-
ture); therefore, it should be converted into products with more adequate properties to be
used as bioadditives [6]. There is a plethora of bioadditives that can be obtained from
glycerol; ethers, esters, ketals, acetals, and carbonates are the main examples [7]. These
glycerol derivatives can enhance the cold-flow properties of biodiesel or diesel because
they diminish their viscosity and reduce particulate emission and gum formation [8].
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They may be used as anti-knock additives and octane boosters in spark-ignition (SI) en-
gines [7]. These bioadditives may replace commercial fuel additives, such as methyl tert-
butyl ether (MTBE) [9].

In general, these syntheses are carried out in the presence of a mineral acid catalyst
under homogeneous conditions [10,11]. Nonetheless, these corrosive processes lead to a
large effluent generation in the steps of purification and product neutralization [12]. More-
over, although inexpensive, these soluble catalysts are difficult to recycle [13].

Solid acid catalysts are an attractive option because are easier to handle, are less cor-
rosive, and allow a simple recovery and reuse [14]. Metal salts and oxides, zeolites, clays,
sulfonic acid resins, and sulfonated carbon materials are only some examples of solid cat-
alysts used in esterification, etherification, acetalization, or ketalization processes [15-19].
To obtain an effective solid catalyst it is necessary to combine a high surface area with a
strong strength of acidity [20]. Nonetheless, the synthesis of a solid with a high surface
area is generally a multi-step process, laborious, and needs thermal treatment steps [21].
Mesoporous molecular sieves such as MCM—41, SBA-3, and SBA-15 are only some exam-
ples [22,23]. However, materials like these supports have no Brensted acidity strength,
thus being inactive catalysts. A strategy that is usually adopted is the supporting of active
dopants on these materials that have a high surface area [24]. The main challenge to be
overcome for these catalysts is to resist the leaching triggered by high medium polarity
and the deactivation problems [25].

Keggin heteropolyacids (HPAs) are active in several acid-catalyzed reactions when
solved, due to the high strength of acidity [26]. In nature, they are solid; nonetheless, they
have a very low surface area. Like other acid compounds, they have been used as solid-
supported catalysts [27]. Nonetheless, as earlier mentioned, they still need special atten-
tion due to the leaching problems [28].

An alternative that has been successfully used is to convert the Keggin heteropoly-
acids (HPAs) into insoluble salts that have a high surface area [29]. This can be achieved
by total or partial exchanging of the protons present in the HPAs with cations with an
ionic radius greater than 1.30 Angstroms [30]. Cesium, potassium, and ammonium-de-
rived cations are only some examples of solid heteropoly salt catalysts [31,32]. Keggin
HPAs have been extensively used as catalysts to produce biofuel and/or bioadditives [31-
33]. Esterification reactions of FFA, transesterification of vegetal oils, and conversion of
glycerol to bioadditives are only some examples [33].

In this review, the focus is to describe the most recent advances reached in the HPAs-
catalyzed reactions that produce bioadditives, starting from renewable glycerol. Both
HPA solid-supported catalyzed processes and those carried out in the presence of solid
heteropoly salts will be addressed. Esterification, etherification, carbonylation, acetaliza-
tion, and ketalization of glycerol will be the reactions discussed.

2. Main Processes to Convert Glycerol into Bioadditives
2.1. Esterification Reactions of Glycerol

The inevitable depletion of fossil fuels has contributed to a rapid increase in biodiesel
production, leading to a surplus of glycerol in the market. Therefore, it has become highly
desirable to develop processes to convert glycerol into more valued chemicals [33]. Glyc-
erol esters have several industrial applications (Figure 1).
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Figure 1. Industrial applications of glycerol esters (adapted from ref. [33]).

Among the several processes, converting glycerol to acetates has been a valuable
route to produce compounds that are useful for various industries. Mono-, di-, and tri-
glyceryl acetate (i.e., MAG, DAG, and TAG, respectively), are products widely applied as
antifreeze agents and are raw materials in the polyester and cosmetics industries (Scheme
1) [34].

OH
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OH

OH
Ho\)\/OH + 6 HOAc m———= ACO\)\/OAC +6 H,0
DAG

Scheme 1. Main products of glycerol acetylation with acetic acid (HOAc).

DAG and mainly TAG esters have adequate properties to be used as bioadditives for
liquid fuels because they can improve their cold viscosity and cetane number, reduce the
cloud point, and diminish the emission of particulate materials and production of green-
house effect gases [35]. Therefore, they are potential candidates to replace methyl tertbutyl
ether (MTBE), an additive whose use has raised several controversies [35].

Conventionally, glycerol esterification reactions with acetic acid occur in the presence
of homogeneous Brensted acids; notwithstanding, these processes have drawbacks such
as the large effluent generation, high corrosivity of the catalyst, and the necessity of neu-
tralization steps [36]. Although soluble liquid catalysts such as HCl and H250s are hard
to recover, Keggin HPA catalysts are solid when pure. Although they are soluble in polar
solvents and used in a homogeneous phase, they can be recovered from the reaction me-
dium after vaporization of the solvent or extraction with water, allowing cycles of recov-
ery/reuse [37].
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Nowadays, it has become highly desirable to develop heterogeneous acid catalysts
for greener esterification processes. Various solid acid catalysts have been developed, in-
cluding sulfated active carbon and metal oxides such as zeolites, alumina, zirconia, and
niobium, and applied in esterification reactions of glycerol with acetic acid [38-41]. None-
theless, in this work, we will focus only on the Keggin heteropolyacids, which are used as
solid-supported catalysts or as solid salts.

2.1.1. Esterification Reactions of Glycerol over Solid-Supported HPAs

Keggin HPAs have acidity strengths approximately 1000 times higher than sulfuric
acid, but are solids with low surface area and are soluble in polar solvents, aspects that
add difficulty to their use as heterogeneous catalysts. Therefore, HPA catalysts have been
supported on different metal oxides [41]. Although the proton exchanges with cesium
make the HPAs insoluble salts, sometimes these salts are supported on solid supports
such as mesoporous zirconia or silicon [42—44].

Zhu et al. synthesized a series of solid-supported HPA/ZrO: catalysts and evaluated
their activity in glycerol esterification reactions with acetic acid [45]. Figure 2 shows that
although their surface area was almost the same (from 49.3 to 52.5 m?/ g), the conversions
were very different; HiSiW12040/Z1rO2 >> HsPW12040/ZrOz, >> H3sPMo012040/ZrO2. Con-
versely, the selectivity of the reactions was very close; DAG was always the main product,
and MAG and TAG were the minor products formed.
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Figure 2. Catalytic performance of glycerol esterification with acetic acid over different HPA/ZrO>
catalysts (adapted from ref. [45]). Reaction conditions: reaction temperature (393 K); the molar ratio
of glycerol to acetic acid (1:10); catalyst amount (0.3 g).

Zhu et al. ascribed the best performance accomplished by the HsSiW12040/ZrO: cata-
lyst to the exact combination of surface Brensted acid sites and high thermal stability [45].

Lingaiah et al. prepared a series of HsPW12040/Nb20:s catalysts which were evaluated
in glycerol esterification reactions with HOAc [46]. The main effects evaluated were the
catalyst load on niobium oxide and the reaction time. Figure 3 shows that, the greater the
catalyst load, the higher the initial conversion, which was verified after 1 h of reaction.
Phosphotungstic acid has the strongest Brensted acidity strength; consequently, a higher
load leads to a higher number of acid sites available.
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Figure 3. Impact of HsPW12041load on niobium in the glycerol esterification with HOAc. Reaction
conditions: reaction temperature (393 K); catalyst weight (200 mg); glycerol/acetic acid molar ratio
(1:5); reaction time (1 h) (adapted from ref. [46]).

Those authors verified some important aspects in terms of selectivity; for the reaction
that reached the highest conversion (25 wt.%; 95% of conversion after 1 h; Table 1, Figure
3), the selectivities to MAG and DAG were close (44 and 51%, Table 1).

Table 1. Effect of reaction time during glycerol acetylation over 25% HaPW12040/ Nb20s catalysts

Time/h  Glycerol Conversion/% Selectivity/%
MAG DAG TAG
1 95 44 51 5
4 98 24 57 19

Reaction conditions: reaction temperature (393 K), catalyst weight (200 mg), glycerol to acetic acid
molar ratio (1:5) (adapted from ref. [46]).

Nonetheless, after this period, MAG and DAG continued reacting with the HOAc;
consequently, the selectivities toward DAG and TAG were progressively increasing, as
demonstrated by the selectivity that was reached after 4 h of reaction. This is evidence of
the consecutive character of these reactions (Table 1).

Castanheiro et al. prepared a series of HsPMo120sencaged in the NaUSY zeolite and
assessed their catalytic activity in esterification reactions of glycerol with acetic acid (Fig-
ure 4) [47]. Figure 4 shows the impact of variation of HiPMo120swloading encaged in the
NaUSY zeolite on the conversion and selectivity of glycerol esterification reactions. Addi-
tionally, the surface area data of various catalysts are also shown.
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Figure 4. Surface area, conversion, and selectivity to the products of the esterification of glycerol
with acetic acid over HsPMo12040 encaged in the NaUSY zeolite. (Adapted from ref. [47]).

The reaction conversions in Figure 3; Figure 4 were achieved under different con-
ditions, with HsPW012040/Nb20s or HsPMo012010/NaUSY catalysts; however, it is possible
to do a direct comparison of runs after 4 h of reaction. The last run in Figure 4 was per-
formed with 5.4 wt.% HsPMo12040/NaUSY, reaching 55% conversion, while the reaction
over HsPWo012010/Nb20s attained 93% conversion, suggesting this to be a more efficient
heterogeneous catalyst.

Castanheiro et al. prepared phosphotungstic acid supported on active carbon and
investigated its catalytic activity in the esterification of glycerol with acetic acid [48]. Fig-
ure 5 allows evaluation of the impact of HsPWo01204x loading supported on the active car-
bon on the conversion and reaction selectivity [48].

TAG DAG MAG

X conversion

percent / %

AC 35wt. %/AC 49wt %/AC 6.5 wt. %/ AC
wt. % H3PW12040/ AC

Figure 5. Conversion and selectivity to the products of the esterification of glycerol with acetic acid
over HsPW12040/AC catalyst (adapted from ref. [48]). Reaction conditions: molar ratio of glycerol to
acetic acid (1:16); temperature (393 K); catalyst loading (0.2 g).

Noticeably, a greater catalyst load increased the glycerol conversion and favored the
selectivity to DAG, although it was the main product in all the reactions. This can be at-
tributed to the higher number of acid sites present in the support when a large catalyst
load was used (Figure 5) [48].

Comparison of the conversion achieved in Figure 5 using 4.9 wt.% over
HsPW12010/AC with that achieved in Figure 3 (HsPW1201/Nb20s) allows the conclusion
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that the acidity of the niobium support may have been the responsible factor for the su-
perior performance of this last catalyst.

Glycerol has been esterified with acetic acid over different solid acid catalysts. For
instance, phosphotungstic, silicotungstic, and phosphomolybdic acids were prepared by
impregnating or supporting different solid matrixes. Lingaiah et al. evaluated this reac-
tion over tungstophosphoric acid supported on Cs-containing zirconia HzPW12010/Cs-
Z1rO:2 [49].

While in the absence of Cs, the HsPW12040/ZrOz-catalyzed esterification of glycerol
achieved 75% conversion; the addition of cesium made the conversion reach a minimum
of 90% (Figure 6) [49].

—C o
7 R—

H.PW, O, 0

0O 10 20 30 40 50 60 70 80 90 100
conversion / %

Figure 6. Esterification of glycerol with HOAc over phosphotungstic acid supported on Cs-con-
taining ZrO2 (HsPW12040/Cs ZrOz) (adapted from ref. [49]).

Ferreira et al. immobilized the HsPW120u catalyst into a silica matrix through two
different techniques: the sol-gel and impregnation methods [50]. Those authors assessed
the activity of these HPA catalysts in acetylation reactions of glycerol [50]. In Figure 7, the
conversions achieved in esterification reactions of glycerol were correlated to the meas-
urements of acidity strength, estimated from the values of initial electrode potential (i.e.,
Ei) obtained from titration curves with n-butylamine, the surface area obtained from ad-
sorption-desorption isotherms by the BET method, and the catalyst loading [50].

Ei

90 489 25
303 254 6.5
47 204 1.2

332 93 98

689 70 155

T T T 1
0 20 40 60 80 100
Conversion / %

Figure 7. Effect of acidity strength, surface area, synthesis method, and HsPW12040/SiO: catalyst
loading on the conversion of glycerol esterification reactions with acetic acid (adapted from ref.
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[50]). Reaction conditions: molar ratio of glycerol to acetic acid (1:16); temperature (393 K); catalyst
(2.0 ).

Acidity and surface area are key aspects for an active heterogeneous catalyst. Indeed,
the stronger acid (Ei = 689) eV attained the second highest conversion. However, it has a
lower surface area. Conversely, the catalyst with the highest surface area also achieved a
high conversion; however, it has a weaker acidity strength. The catalyst where these two
parameters were better combined achieved the highest conversion.

The reactions carried out over the HiPW12040/5iO2 catalyst prepared by the sol-gel
method attained the highest conversion (Figure 8). Among the catalysts obtained from the
impregnation route, those with the highest acidity strength (i.e., the highest initial elec-
trode potential (Ei)) achieved the greatest conversion. It was possible to conclude that the
surface area did not play an essential role in these reactions.

BN DAG B MAG X conversion
Silica /ﬁ(/////////& \\\\

so-gel 2.5 [ /////\\\ namnnangt
woss 7 A\
w2 AN
] 70\ AR

impreg.15.5 // 4 //\\\\ i \\X\\

0 10 20 30 40 50 60 70 80 90 100

H,PW_,0,/ SiO, / wt. %

percent / %

Figure 8. Impact of catalyst loading on the conversion and selectivity of the main reaction products
of the esterification of glycerol with acetic acid over HsPW12040/ SiO2 (adapted from ref. [50]). Reac-
tion conditions: molar ratio of glycerol to acetic acid (1:16); temperature (393 K); catalyst weight (2.0

8)

Regardless of the loading or method of synthesis, all the catalysts provided DAG as
the main product, except in the reaction in the presence of the catalyst prepared through
the impregnation with 1.2 wt.% [50]. This is evidence of the high efficiency of these cata-
lysts.

Magar et al. prepared different solid acid catalysts (i.e., phosphotungstic, silicotung-
stic, and phosphomolybdic acids), impregnating them on the polymeric material polyvi-
nylpyrrolidone [51]. The conversion and selectivity achieved in the glycerol esterification
reactions with acetic acid over these polyvinyl-supported HPAs are shown in Figure 9.
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Figure 9. Glycerol esterification with acetic acid over polypyrrole polymer-supported Keggin HPAs
(HPA/PVP) (adapted from ref. [51]).

Those authors verified that all the reactions carried out over the heteropolyacid-
polypyrrole support accomplished an almost complete conversion [51]. Nonetheless, the
HsPW12040/PVP-catalyzed reaction was the most selective toward the formation of the es-
ters, because the reactions in the presence of HsPMo012040/PVP and HisSiW1204/PVP cata-
lysts provided undesirable products. In addition, DAG, and TAG, which are the true fuel
bioadditives, were more selectively obtained in the HsPW12040/PVP-catalyzed reaction.

Pithadia and Patel anchored silicotungstic acid on the nanoporous MCM-48 molec-
ular sieves by the impregnation method and evaluated them in glycerol esterification with
acetic acid [34].

The reaction monitoring of glycerol esterification over HiSiW1204/nMCM-48 cata-
lysts showed that, while a high conversion was quickly achieved within the first hour of
reaction (78%), the selectivity of products changed during the process (Figure 10). MAG
and DAG were consecutively converted to DAG and TAG, respectively. Therefore, during
the initial period, MAG is the main product; afterwards, at the end of the reaction, DAG
becomes the major product [34].

EZImAG [T1DAG []TAG

& conversion

v

5 | x‘
< 4 lx‘
P
1S
=3 )x‘

0 10 20 30 40 50 60 70 80 90 100
Percent / %

Figure 10. Effect of time on the conversion and selectivity of HiSiW1204/nMCM-48-catalyzed es-
terification of glycerol with acetic acid (adapted from ref. [34]). Reaction conditions: glycerol: HOAc
molar ratio (1:6); catalyst load (50 mg); temperature (353 K).
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Kim et al. assessed the activity of phosphomolybdic acid supported on different solid
matrixes [52]. Figure 11 displays the results of conversion and selectivity of the reactions
carried out over HsPMo012040/SBA-15 and HsPMo12040/Nb20s catalysts.
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Figure 11. Conversion and selectivity of HsPM01204/SBA~-15 or HsPMo012040/Nb205-catalyzed re-
actions of glycerol esterification with HOAc (adapted from ref [52]). Reaction conditions: glycerol:
HOAc molar ratio (1:6); catalyst load (5 wt.%); time (8 h); temperature (353 K).

Those authors compared these results with others achieved in reactions over differ-
ent solids and concluded that the strength and different nature of acid sites are important
to  correlating the conversions obtained.  Remarkably, although the
HsPMo012040/Nb20s-catalyzed reaction presented the lowest activation energy among the
various solid-catalyzed reactions, it did not reach the highest conversion after 8 h [52].

Patel and Sing investigated the effect of support HsPW1204 in glycerol esterification
with HOAc [53]. MCM-41 and ZrO: were the solids selected to anchor the HsPW12040.
Figure 12 shows the results of conversion and selectivity of the reactions carried out over
HsPW12040/MCM-41 and HsPW12040/Z1O2 catalysts.
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Figure 12. Conversion and selectivity of HiPW12040/MCM-41 or HsPW12040/ZrO>~catalyzed reac-
tions of glycerol esterification with HOAc (adapted from ref [53]). Reaction conditions: glycerol:
HOACc molar ratio (1:6); catalyst mass (150 mg); HsPW1204 load (30 wt.%); time (6 h); temperature
(373 K).

The HsPW12040/MCM-41 reaction achieved the highest conversion selectivity to
DAG ester. The authors ascribed the difference in conversion and selectivity to the distinct
values of activation energy and the different nature of the supports [53].

2.1.2. Esterification Reactions of Glycerol over Heteropoly Salts

As verified in the reactions over solid-supported HPAs, the main reaction products
of phosphotungstic acid and their silver salts were the MAG, DAG, and TAG esters
(Scheme 2).

0
o /\(\o )I\CHS
OH
.
o o) 0
HO/\|/\OH )I\ AgH3.,PW 5,04 )I\ )I\
—>» o/\(\o CHs
OH

OH +  HiC OH

+
o) o)
Hsc)l\o O)I\CHS

(¢} O

CHs

Scheme 2. Main products of the AgnH3znPW120Ous-catalyzed glycerol esterification with acetic acid
[54].

Zhu et al. synthesized silver-exchanged phosphotungstic acid salts and evaluated
their catalytic activity in glycerol esterification reactions with acetic acid [54]. The conver-
sion and selectivity reached in the AgaH3nPW1:0x0-catalyzed reactions are presented in

Figure 13. Remarkably, the reaction carried out over silver partially exchanged salt
AgH:PW12040 achieved the highest conversion (Figure 13).
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Figure 13. Conversion and selectivity of glycerol esterification reactions with acetic acid in the pres-
ence of phosphotungstic acid or their silver salts Reaction conditions: temperature (393 K); glycerol
to the acetic acid molar ratio (1:10); catalyst load (1 wt.%); reaction time (15 min) (adapted from ref.

[54])-

Zhu et al. concluded that the main aspects that justify the best performance of
AgHPW120u0 catalyst in this reaction are an adequate combination of Brensted and Lewis
acidic sites, a high tolerance to water, and a strong stability under reaction conditions (i.e.,
the polar solvent) [54].

In addition, Zu et al. verified that glycerol esterification with HOAc is a consecutive
reaction; therefore, to maximize the yield of the bioadditives DAG and TAG, the reaction

time should be extended, as unequivocally demonstrated by the selectivity data in Figure
14 [54].

B Ac I vAG [ DAG .&. AGH,PW,040

selectivity / %

60 120 180 240
time / min

Figure 14. Impact of reaction time on the selectivity of AgH2PW12040—catalyzed glycerol esterifica-
tion with acetic acid. Reaction conditions: temperature (393 K); glycerol/acetic acid molar proportion
(1:10); catalyst loading (1 wt.%) (Adapted from ref. [54]).

This consecutive character can be explained by comparing the activation energy of
these three reactions. Veluturia et al. investigated the glycerol esterification over cesium
partially exchanged phosphotungstic acid salts and determined through kinetic study that
this reactivity sequence is a consequence of trends observed in the activation energy of
these reactions (Scheme 3) [55].

o
Csy2Hp sPW12049
HOMOH o~ )
» HO (0} CHj E; =24.99 kJ/mol
OH + HC OH
OH

o o [0} [¢]
)J\ )I\ Cs12H sPW 12049 )I\ )I\

HO/Y\O CHy 4 e oy —m HC o/ﬁ/\o CHs

OH OH

E, =28.10 kJ/mol

o} o] 9
)I\ )I\ )I\ Cs12Ho sPW12049 Q o
HsC 0 (o} CHy  HsC OH o )I\ )I\
+ HaC 0 o CH,
OH
o o

\l/ E; = 51.73 kJ/mol

CHy

Scheme 3. The activation energy of the formation reactions of MAG, DAG, and TAG [55].
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HO/Y\OH

OH

Zhu et al. also assessed the esterification of glycerol with other carboxylic acids (Fig-
ure 15) [54]. They found that an increase in the carbon chain size of an acid resulted in a
lower conversion of glycerol within the studied period. Conversely, the glycerol monoes-
ter selectivity was greater for the acids with three or four carbon atoms.

I olycerol conversion [0 monoester selectivity

Conversion and selectivity / %

acetic propionic butanoic
Carboxylic acid

Figure 15. Esterification of glycerol with carboxylic acids (i.e., C2-C4) with a AgH2PW120u0 catalyst
(adapted from ref. [54]). Reaction conditions: temperature (393 K); alcohol/acid molar ratio (1:10);
catalyst loading (1 wt.%); reaction time (15 min).

Other silver heteropoly salts were too active in glycerol esterification reactions. Xu et
al. synthesized silver salts of silicotungstic acid and evaluated their catalytic activity in
glycerol esterification reactions with lauric acid (Scheme 4) [56].

& o
0
AgoHpSiW 504 HsC
H3C‘I\/Ik 82H251Winda0 T2 \MJJ\O/\K\OH + H,0
OH 10
10 OH

Scheme 4. Glycerol esterification with lauric acid over silver partially exchanged silicotungstate cat-
alyst [56].

The combination of Lewis and Brensted acid sites plays a vital role in these reactions;
the runs in the presence of pristine heteropolyacid or their partially exchanged silver salts

achieved conversions close to or higher than 90%, with a selectivity of 78 to 84% toward
monolaurate (Figure 16).
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Figure 16. Catalytic performances of silicotungstic acid and their silver total or partially exchanged
salts in the esterification of glycerol with lauric acid (adapted from ref. [56]). Reaction conditions:
glycerol to the lauric acid molar ratio (4:1); amount of catalyst (4 wt.%); reaction time (150 min);
reaction temperature (423 K).

Only the reaction in the presence of totally exchanged salt reached 70% conversion.
Although the HsPW12040 acid achieved conversion and selectivity close to those achieved
by the mono and di silver silicotungstate, these two last acids are insoluble, an important
aspect of these reactions [56].

Da Silva et al. investigated the glycerol esterification with HOAc using Sn(Il) ex-
changed heteropoly salts (i.e., Sn32PW12040, H32PMo012040, and Sn25iW12040) [57].

They verified that, in the absence of a catalyst, a poor conversion was achieved (Fig-
ure 17). Conversely, in the presence of tin(II) heteropoly salts, the conversion significantly
increased. Regardless of the Keggin anion, MAG and DAG were always the main prod-
ucts. This superior performance of Sns2PW12040 can be attributed to its higher strength of
acidity.

BN MAG [Z7]pAG [l TAG x  Conversion

0 50 100
percent / %



Energies 2023, 16, 1332

15 of 31

Figure 17. Tin-heteropoly-salt-catalyzed reactions: effect of the anion (adapted from ref. [57]). Re-
action conditions: glycerol (24.0 mmol); HOAc (72.0 mmol); temperature (333 K); catalyst (0.10 mol
% Sn?*); volume (10 mL).

The SnszpPWi12040 was the most active and selective toward MAG and DAG. Aiming
to enhance the performance of the Sns2PW120u catalyst, the authors thermally treated the
stannous phosphotungstate salt. The main results are depicted in Figure 18.

x  Conversion 4 MAG L] DAG [l TAG
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Figure 18. Impact of thermal treatment on the activity of Sn32PW12040 catalyst in esterification reac-
tions of glycerol with HOAc (adapted from ref. [57]). Reaction conditions: glycerol (24.0 mmol);
HOACc (72.0 mmol); temperature (333 K); catalyst (0.10 mol % Sn?*); volume (10 mL).

The thermal treatment at 573 K of the Sn32PW1204 catalyst improved its catalytic
performance. However, temperatures greater than 673 K led to a strong decrease in the
conversion of glycerol. The authors verified that the heteropolyanion structure collapsed
when it was treated at these temperatures [57].

2.2. Etherification Reactions of Glycerol

Traditionally, glyceryl ethers have been synthesized from the reaction of glycerol
with isobutylene [58]. However, although highly selective, this route has as the main
drawbacks the use of fossil-origin raw material and the inconvenience of the high level of
polymerization undergone by the olefine at reaction conditions.

Alternatively, the use of fert-butyl alcohol in substitution of isobutylene dispenses
additional solvents, avoiding three-phase systems and their inconvenience. Moreover,
tert-butyl alcohol can be produced from lignocellulosic biomass, being thus a renewable
origin reactant [59].

The etherification of glycerol produces compounds with a lower polarity and viscos-
ity and, therefore, greater volatility. This gives glycerol ethers numerous applications, es-
pecially as additives for fuels and solvents. Mono-, di-, and tri-tert-butyl glycerol ethers
(MTBG, DTBG, and TTBG, respectively) are potential fuel additives, mainly DTGB and
TTGB ethers, which can be directly used in the formulation of diesel or biodiesel fuel [60].
Remarkably, these oxygenated additives can mitigate the emission of carbon monoxide,
particulate matter, and unburned hydrocarbons by diesel fuel [61]. Moreover, glycerol
ethers can reduce the viscosity of biodiesel, enhancing the properties of cold flow [60,61].
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2.2.1. Etherification Reactions of Glycerol over Solid-Supported HPAs

DTBG and TTBG are additives that can potentially be blended either with diesel or
biodiesel at 30—40%. They have been produced using different solid acid catalysts such as
nanostructured zeolites [62]. However, herein we focus only on the solid-supported HPAs
catalysts.

Srinivas et al. supported the cesium-exchanged phosphotungstic acids (i.e., general
formulae Cs3:nHnPW12040, n =0, 1, 2, or 3) on tin(IV) oxide and evaluated their catalytic
activity in the synthesis of glycerol ethers using tert-butyl alcohol as an alkylation agent
(Figure 19) [63].

OH CH;
OH
HO OH +
H;C CH;
glycerol tert-butyl alcohol

SIIOZ

-H,0

CstPW12040

Figure 19. Etherification of glycerol with tert-butyl alcohol over CsH2PW12010/SnO: (adapted from
ref. [63]).

Those authors varied the dopant loading (CsH2PW12040) on the SnO: support and
evaluated the impact on the conversion and reaction selectivity (Figure 20) [63].

[ 'Monoethers [ Diether [ Triether % Conversion

309%Cs,H,PW,,0, /SO,

1240

25%Cs,H,PW,,0, /SN0,

1240

209%Cs,H,PW,,0, /SO,

12740

15%Cs,H,PW,,0, /SnO,

1240

=1
——
k
—

10%Cs,H,PW,,0, /SO, x

12740

wrpwogo,  [ETE

1240

0 10 20 30 40 50 60 70 80 90 100
percent / %



Energies 2023, 16, 1332

17 of 31

Figure 20. Impact of variation of CsH2PW12040 loading on the SnO2 in the conversion and selectivity
of glycerol and etherification with tert—butyl alcohol (adapted from ref. [63]. Reaction conditions:
glycerol (1.84 g); tert—butyl alcohol (17.84 g); catalyst weight (0.5 g); reaction temperature (373 K);
and reaction time (1 h).

The SnO: support was almost inactive in this reaction. Conversely, the doping with
10 wt.% of CsH2PW12040 was enough to achieve 70% conversion (Figure 20). The authors
concluded that the activity of the catalyst depends on the amount of surface acidic sites
and the dispersion amount of CsH2PW12040 over SnOz; consequently, when a high load
was used (25 or 30 wt.%), the reaction conversions were lower than those achieved with
15 or 20 wt.% (Figure 19) [63].

2.2.2. Etherification Reactions of Glycerol over Heteropoly Salts

In this topic, several processes for converting glycerol to tert-butyl ethers using tert-
butyl alcohol over heteropoly salts are addressed. The main ethers formed are depicted in
Figure 21. The steric hindrance explains why vicinal ethers were not obtained.

ne

'3‘}2
3 =
«
— ‘ , s
Sn2t) i Sn2t )i i
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Q HO\)\/OH P
o) -H,0
+

_H2

———
OH

HO HO—% o

Figure 21. Main tert—butyl glycerol ethers obtained in the Sn(II) heteropoly salts [64].

HO

Da Silva et al. synthesized different tin(II) heteropoly salts (i.e., phosphotungstate,
phosphomolybdate, and silicotungstate) and assessed their catalytic activity in glycerol
etherification reactions with fert-butyl alcohol [64]. Figure 22 shows a comparison of
tin(II) heteropoly salt with their respective pristine heteropolyacids.
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Figure 22. Conversion and selectivity of glycerol etherification reactions in the presence of Keggin
heteropolyacids or their Sn?* salts (adapted from ref. [64]).

Regardless of the type of Keggin anion, the heteropolyacids were less active than
their tin(Il) exchanged salts (Figure 22). The more noticeable effect was observed when
the protons of phosphomolybdic acid were exchanged with Sn(II) cations, this salt being
much more selective to ethers. At these reaction conditions, oligomers were also obtained,
compromising the selectivity toward glycerol tert-butyl ethers.

Da Silva et al. assessed the effect of the level of exchange of the H* cations with Sn*
on the activity of Keggin heteropoly salts in glycerol etherification reactions with tert-bu-
tyl alcohol [65]. The conversions and MTBG selectivity obtained in these reactions are pre-
sented in Figure 23.
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Figure 23. Impact of variation in the Sn?": H* proportion on the conversion and selectivity of glycerol
etherification reactions with tert—butyl alcohol (adapted from ref. [65].

Remarkably, the variation of the Sn?: H* proportion has an effect that was more no-
ticeable in the phosphomolybdate-catalyzed reactions (Figure 23). For these catalysts, an
increase in Sn load increased the conversion and MTBG selectivity [65]. The authors as-
signed this to the lower Bronsted acidity strength of the HsPMo12040 catalyst. A high tin
load gives these salts more Lewis’s acid sites, which compensates their weakness.

2.3. Ketalization and Acetalization Reactions of Glycerol

Acetals and ketals are substances obtained from the reaction of alcohols with alde-
hydes or ketones, respectively, under the action of acid catalysts. Ketals and acetals de-
rived from glycerol have diverse applications, highlighting their use as an additive for
fuels. Glycerol acetals or ketals can improve oxidation stability and reduce the pour point
and the viscosity of biodiesel [66]. Solketal, a five-membered ring product of the conden-
sation of glycerol with acetone, deserves highlighting because it reduces the formation of
gum, enhances the cold flow properties, and decreases the emission of particulate material
[67]. In addition, its addition to gasoline improves the octane number [68]. Several solid
acid catalysts have been used to produce solketal or glycerol acetals [69]. Herein, only
those based on heteropoly compounds are discussed.

2.3.1. Ketalization and Acetalization Reactions of Glycerol over Solid-Supported HPAs

Ketals or acetals are prepared from the reaction of aldehyde or ketone, respectively.
This reversible reaction involves a mechanism of two steps (Scheme 5). In the first step,
the protonation of the carbonyl group gives a protonated intermediate, which, after un-
dergoing a nucleophilic attack from alcohol, releases water and the hemiacetal.

(0} o OH
I T s e I om
Ry H Ry R,
Aldehyde or Ketone l Glycerol
OH
RZYO\H\/OH
OH R,
Hemiacetal
OH OH
RZYOw)\/OH I I RZYOw)\/OH
R, R2 o OH
b ]
1
O\)\/OH #\O
R,
[1,3]Dioxolan-4-yl-methanols [1,3]Dioxan-5-ol

Scheme 5. Probable reaction pathway of solketal isomers [21,66].



Energies 2023, 16, 1332

20 of 31

Castanheiro et al. stated that the acetal formation is strongly impacted by electronic
and steric factors [21]. Those authors verified that the rate-determining step is the for-
mation of a cation from the protonated hemiacetal. Moreover, they suggested that the
acidity strength of the medium should be enough to promote the formation of protonated
intermediates. In the second step, the hemiacetal is protonated and, after generating a
protonated intermediate, gives acetal and another water molecule [21,66].

The glycerol acetalization with acetone provides two isomers as shown in Scheme 5.
After the formation of hemiacetal, the intramolecular attack of the hydroxy group can
happen through two pathways: the cyclization involving the secondary hydroxy group
provides the five-membered ring, while the cyclization with a terminal hydroxy group
leads to the six-membered ring.

Castanheiro et al. immobilized the HzPWi12010, HsPMo012010, HiSiW12040, and
H1SiMo120u4 acids in silica by the sol-gel method and evaluated their catalytic activity in
glycerol condensation with acetone to produce solketal [21].

The strongest acid catalyst, demonstrated by the highest Ei value (HsPW12010/SiO2),
was the most active and achieved the highest TOF. The tungstate catalysts were more
acidic and consequently were more active than molybdate catalysts (Table 2) [21].

Table 2. Impact of HPA load, the strength of acidity, and surface area on the activity and TON
achieved in reactions of glycerol condensation with acetone <4 (adapted from ref. [21]).

Catalysts HPA Load/ TOF/ Activity/ Ei/ BET/
wt.% 2 ()P mol/h. Catalyst ¢ mV 4 m? g-
H:PW12040/S102 4.2 4.4 0.19 290 458
H3PMo012010/5102 5.7 3.4 0.17 189 332
Ha1SiW12040/S102 3.7 1.8 0.14 158 478
Ha1SiM012040/SiO: 3.9 1.2 0.12 137 466

2aHPA load was determined through ICP analyses. ® Initial activities (TOF) taken as the maximum
observed reaction rate, calculated from the maximum slope of the glycerol kinetic curve. <Reaction
conditions: glycerol to acetone molar ratio (1:6); temperature(343 K); catalyst loading (0.2 g). ¢ De-
termined from curves of n-butylamine potentiometric titration.

Chansorn et al. prepared a catalyst based on nanodispersed HsPW1:04 in polymer
grafted on silica nanoparticles and evaluated their catalytic activity in condensation of
glycerol with acetone to produce solketal [70].

Those authors verified that, regardless of reaction time, the reaction over nanodis-
persed HsPW1Ow grafted on silica nanoparticles-poly(N-methyl-4-vinylpiridium)
achieved always the highest solketal yield (Figure 24) [70].

B4 H,PwW,,0,, [ nanosSio,-NH,/ H,PW,,0,. NN nanoSiO,-polymer/ H,PW,,0

12740 12740 12740
100

Z

80

60

40

Solketal yield / %

204

0000000000000

\
\
\
\
\
\
\
\
\
\

%

/,

60 120 180
Time / min



Energies 2023, 16, 1332

21 of 31

Figure 24. Solketal yield achieved in glycerol condensation with acetone over HsPW12040, nanodis-
persed HaPW12040 grafted on silica nanoparticles-NHs, and nano-dispersed HsPW120x grafted on
silica nanoparticles-poly(N-methyl-4-vinylpiridium (adapted from ref. [70]). Reaction conditions:
glycerol/acetone molar ratio (1:8); temperature (343 K); catalyst loading = 5.0 wt.

2.3.2. Ketalization and Acetalization Reactions of Glycerol over Heteropoly Salts

Sandesh et al. synthesized a series of organic-inorganic hybrid catalysts obtained
from metathesis reactions of an organic ammonium salt and Keggin heteropoly acids and
evaluated their catalytic activity in ketalization reactions of glycerol with acetone at room
temperature [71]. Among the several acid solids tested, the ((CsH7)sN*)sPW12040 was the
most active and selective catalyst Scheme 6.

(C3H7)4N 3 : ‘ "
OH 0] w O
HO\)\/OH +)I\‘=;><OJ\/OH 10

Scheme 6. (C3H7)aN*)sPW120u0-catalyzed glycerol ketalization with acetone (adapted from ref.
[71]).

Sandesh et al. investigated the impact of cationic radium on the activity of phospho-
tungstate salts [71]. In Figure 25, it is possible to compare the performance of ammonium-
derived heteropoly catalysts. Although the HsPW120u0-catalyzed reaction was faster than
reactions in the presence of ammonium salts, it was carried out in homogeneous solutions,
as this acid is soluble in acetone. The (CsH7)sN*)sPW12040 catalyst was easily recovered and
successfully reused three times without loss of activity [71].

| |Solketal selectivity ~ [B888 Glycerol conversion

+
(C3H7)4N ")3PW150,0

+
(CoH5)4N ")3PW1204

+
(NH4 )3PW 1204

L e |
0 20 40 60 80 100

percent/ %
Figure 25. Catalytic activities of ammonium phosphotungstate and organic phosphotungstate salts
in carbonation reactions of glycerol with urea. Reaction conditions: Glycerol: acetone molar ratio
(1:6); temperature (303 K); catalyst load (3 wt% related to the glycerol); reaction time (120 min)
(adapted from ref. [71]).

An increase in radium cations enhanced the conversion and reaction selectivity, con-
sequently, the activity obeyed the following trends: (CsH7)N*)sPW120s0 >
(C2H5)sN*)sPW12040 > (NH4*)sPW12040 [71]. Sandesh et al. also investigated the effect of a
Keggin heteropolyanion on the catalyst activity (Figure 26).
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Figure 26. Impact of the Keggin anion on the catalytic activity of organic—inorganic heteropoly salts
in carbonation reactions of glycerol with urea (adapted from ref. [71]).

The tert-butyl ammonium phosphotungstate salt was the most active catalyst, reach-
ing the highest TON. These data are suggestive that the Keggin heteropolyanion’s nature
had a minor role in these reactions.

Da Silva et al. assessed the activity of tin(Il) silicotungstate on the acetalization of
glycerol with acetone [72]. The impact of the main reaction variables was assessed. Figure
27 shows the effect of the proportion of acetone to glycerol on the reaction conversion. The
authors verified that an increase in acetone load enhanced the conversion of the reactions.
This is a reversible reaction, and an acetone excess shifts the equilibrium toward ketal
formation.

100 - conversion
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Figure 27. The impacts of variation on the stoichiometry of reactants on Sn25iW12040-catalyzed glyc-
erol condensation with acetone (adapted from ref. [72]). Reaction conditions: glycerol: acetone (var-
iable); volume (10 mL); catalyst (0.01 mol%); 298 K.

The impact of catalyst load was also assessed (Figure 28). An increase in catalyst load
of 1 x 10-% to 6.0 x 10 mol% had a positive effect; however, greater loads did not trigger
significant changes, since the reaction had achieved the maximum conversion.
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Figure 28. The effects of catalyst load on the kinetic curves of Sn2SiW12040-catalyzed glycerol con-
densation with acetone (adapted from ref. [72]. Reaction conditions: glycerol: acetone (1:12); volume
(10 mL); Sn2SiW12040 catalyst (variable); 298 K.

Da Silva et al. investigated the glycerol acetalization with acetone in a homogenous
phase using various metal cations to replace the protons of silicotungstic acid [73]. Alt-
hough these salts are solid when pure, in the presence of solvent, they are soluble because
they have a cationic radium smaller than 1.3 Angstrom. Therefore, all these reactions hap-
pen in a homogeneous phase. The reaction conversions are shown in Figure 29.
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99 % conversion

HO
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83 % conversion
HO

21 % conversion| [ Ni,SiW,,0,, O><O
X »

HO

C0,SiW 1,04

Figure 29. Synthesis of solketal catalyzed by metal-exchanged silicotungstic acid salts (adapted from
ref. [73]).

Among the reactions tested, the one performed in the presence of Fes3SiW1204 salt
reached the highest glycerol conversion. Measurements of pH in the reaction medium
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showed that this heteropoly salt triggered the highest increase in acidity of the reaction
medium [73]. Impacts of variation in glycerol to acetone proportion and FessSiW1204 cat-
alyst load were also investigated ( Figure 30; Figure 31, respectively).
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Figure 30. Impact of the glycerol: acetone molar ratio on the conversion of Fess5iW12040-catalyzed
glycerol ketalization with acetone (adapted from ref. [73]). Reaction conditions: glycerol: acetone

(variable); temperature (298 K); Fes3SiW120u0 catalyst (0.30 mol%); volume (10 mL); and reaction
time (1 h).
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Figure 31. Impact of the Fe43SiW12040 catalyst load on the conversion of glycerol ketalization with
acetone (adapted from ref. [73]). Reaction conditions: glycerol: acetone (variable); temperature (298
K); Fe435iW120u0 catalyst (0.30 mol%); volume (10 mL); and reaction time (1 h).

An increase in acetone load led to a higher conversion of glycerol (Figure 30). Alt-
hough omitted herein, the solketal selectivity was greater than 90% in all of the reactions.
The FessSiW120w0-catalyzed glycerol ketalization reactions showed that high TON

was achieved even when the lowest catalyst load was used. This is evidence of the high
activity of this heteropoly salt.

2.4. Carbonatation Reactions of Glycerol
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Glycerol carbonate has several industrial applications, being used to produce sol-
vents, polycarbonates, polyesters, polyurethanes, and polyamides. The most environmen-
tally benign route to produce this compound involves the reaction of glycerol with urea
[74].

Carbonatation Reactions of Glycerol over HPA Catalysts

Srikanth et al. prepared a series of solid Cs-exchanged phosphotungstic acid salt cat-
alysts impregnated with Sn(NOs)2 and evaluated their catalytic activity in glycerol car-
bonation reactions with urea [75].

The reactions carried out over gave as main products glycerol carbonate (I), glycidol
(II), and glycerol urethane (III), as described in the reaction pathway in Figure 32. Alt-
hough all the catalysts were calcined to 773 K, no decomposition of the Keggin anion was
noticed; however, certainly, the Sn(NOs)2 was decomposed to SnO and/or SnOs.

<> Sn-Cs )
Sn-Cs
N
N
S
s . :
o .

urea

Sn-w

Figure 32. Main products of glycerol carbonation with urea over CssPW12010/SnO catalyst (adapted
from ref. [75]).

In Figure 33 the conversion and selectivity achieved in reactions with a different mo-
lar ratio of Sn to CssPW120u are shown. The impregnation of cesium salt with Sn led to an
increase in the conversion of glycerol; the highest conversion (91%) and glycerol carbonate
selectivity (83%) were achieved using a 3:1 ratio of Sn to CssPW10w. However, this hap-
pened only until the 3:1 proportion; above this proportion, there was a decrease in the
conversion.
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Figure 33. Impact of mora ratio of Sn to CssPW12040 on the conversion and selectivity of glycerol
carbonation with urea (adapted from ref. [75]).

Srikanth et al. also investigated the effect of reaction temperature on the conversion
and selectivity of glycerol carbonation with urea (Figure 34) [75].

1
I o] glycldol glycerol urethane

glycerol carbonate

3Sn: 1

Selectivity / %

I
Selectivity / %

Figure 34. Impact of temperature on the conversion and selectivity of Sn/CssPW12040-catalyzed
glycerol carbonation with urea (adapted from ref. [75]).

At temperatures lower than 413 K (i.e., 393 K), both conversion and selectivity toward
glycerol carbonate were diminished; the same happened at greater temperatures (433 K);
however, this was due to the urea decomposition (Figure 35).
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Figure 35. Effect of calcination temperature of Sn/CssPW12040 (3 Sn: 1 Cs) catalyst on the conversion
and selectivity of catalyzed glycerol carbonation with urea (adapted from ref. [75]).

The Sn/CssPW12040 catalyst, when calcinated at temperatures higher than 773 K, has
the Keggin anion collapsed and consequently loses catalytic activity (Figure 36). Srikanth
et al. investigated the effect of Keggin anion type on the catalytic activity of Sn/ Cs-HPAs
solid catalysts (Scheme 7) [75].
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Figure 36. Effect of the Keggin anion on the conversion and selectivity of glycerol carbonatation
with urea over Sn/Cs supported solid catalysts (adapted from ref. [75]).
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Scheme 7. NaSiW110s9/zeolite-catalyzed carboxylation of glycerol with urea [76].

Regardless of the Keggin anion, glycerol carbonate was always the main product.
However, among the three types of tin-impregnated cesium heteropoly salts, the phos-
photungstate salt was the most active and selective toward the goal product.
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Patel et al. synthesized salt lacunar NaSiW1Os and supported it on the Hp zeolite
[76]. This catalyst was evaluated in the carbonation of glycerol with urea (Scheme 7). Table
3 summarizes the main results of reactions.

Table 3. Effect of % NaSiW1Os9 loading on zeolite using a 1:1 proportion of glycerol to urea; time,
8 h; temperature, 413 K; catalyst amount, 100 mg. (adapted from ref. [76]).

Loading/% Conversion/% Selectivity/%
GlyC GlyU Others
10 12.2 77.5 18.2 4.3
20 42.6 74.5 16.6 8.9
30 59.3 78.2 10.6 11.2
40 62.3 67.7 14.0 18.3

An increase in catalyst load enhanced the glycerol conversion; however, the selectiv-
ity toward glycerol carbonate was gradually reduced. Glycerol oligomers namely as “oth-
ers” were possibly favored by a higher catalyst load.

The Keggin heteropolyacid salts rise as a very nice option to synthesize bioadittives,
as solid-supported catalysts or as solid salts. They efficiently catalyze the esterification,
etherification, acetalization, ketalization, and carbonylation reactions of platform mole-
cules such as glycerol, a biodiesel byproduct. Their versatility allows their use to produce
either biofuels or bioadditives. In particular, liquid-phase reactions under mild conditions
achieve high conversions and selectivity toward the goal products in the presence of Keg-
gin heteropolyacid salts in nature or with solid support.

3. Conclusions

The recent advances achieved in the glycerol conversion processes to bioadditives
over solid Keggin heteropolyacid catalysts were described. The processes selected to syn-
thesize bioadditives were esterification, etherification, acetalization, ketalization, and car-
bonation of glycerol. The reactions over two types of solid catalysts were addressed: solid-
supported Keggin HPAs and solid heteropoly salts. A comparison of the main results
achieved in these two types of processes shows that Keggin heteropolyacids are efficient
catalysts either when solid-supported or when converted to solid heteropoly salts. Most
of these solid catalysts are easily recovered and reused without loss of activity. It was
possible to note that only the processes of glycerol carbonation still have a few routes
where Keggin HPAs have been used.
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