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Abstract: Glycerol is one of the most crucial by-products in the production of biodiesel, and owing to
its oversaturation in the market, several synthetic strategies have been developed to transform it into
other higher value-added products such as glycerol carbonate, epichlorohydrin, 1,3-propanediol, etc.
Amongst them, glycerol carbonate is considered to be the most valuable product. Considering the
facile separation and reusability of catalyst, heterogeneous base catalysts have attracted considerable
attention due to the obvious advantages over Brénsted acid and homogeneous base catalysts in the
transesterification of glycerol. Herein, we will give a short overview on the recent development of
the heterogeneous catalysis in the transesterification of glycerol with dialkyl carbonate. Focus will
be concentrated on the heterogeneous base catalysts including alkaline-earth metal oxides (MgO,
CaO, and mixed oxides), hydrotalcites, zeolites, clinoptilolites, organic bases, etc. Their catalytic
mechanisms during the heterogeneous process will be elucidated in detail.

Keywords: glycerol; glycerol carbonate; heterogeneous catalysis; transesterification; metal
oxides; mechanism

1. Introduction

With the increasing demand for energy sources and environmental safety, biodiesel as a clean
and renewable energy is considered to be a potentially high alternative energy of traditional fuels.
The classical transesterification of vegetable oil and animal oil are the most widely used methods in
large-scale production of biodiesel (Figure 1) [1-4]. Accordingly, during the production of biodiesel,
glycerol is also generated simultaneously as a crucial by-product. According to the statistics [5],
every nine kilograms of biodiesel can produce one kilogram of glycerol. However, with the rapid
growing demand for biodiesel, glycerol is confronted with oversaturation in the market. Therefore,
seeking solutions for the full use of this excess of glycerol is highly urgent and desirable.
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Figure 1. Biodiesel syntheses via transesterification.

Since only a small proportion of glycerol goes directly into applications, it becomes highly
desirable to seek for strategies to transform it into higher value-added products [6-8], such as glycerol
carbonate, 1,3-dihydroxypropan-2-one, 1,3-propanediol, glycidol, epichlorohydrin, etc. (Figure 2).
As depicted in Figure 2, glycerol can easily and efficiently be transformed into various products via direct
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oxidation [9-11], hydrogenolysis [12,13], dehydration [14], acetalization [15], transesterification [16-19],
etc. Amongst these products, glycerol carbonate is considered to be the most valuable product [20-25].
As a high value-added glycerol derivative, 4-hydroxymethyl-1,3-dioxolan-2-one (also named glycerol
carbonate, GC) is widely used as a solvent, coating material, lubricant, and personal care product
attributing to its special physical properties in boiling point, melting point, and water solubility [19].
In addition, due to its specific structural characteristic and reactivity, glycerol carbonate, as a versatile
building block, also has valuable applications in carbon dioxide separation [20,21] and organic
syntheses [22-25], such as ring opening reaction, decarboxylation, esterification, polymerization, etc.
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Figure 2. Diversity in glycerol transformations.

The diverse applications of glycerol carbonate has attracted much attention from chemists, and
synthetic strategies for glycerol carbonate have developed rapidly in the past few decades. Traditional
chemical syntheses are the most widely used methods in the large-scale preparation of glycerol
carbonate directly from glycerol. With glycerol used as starting material, glycerol carbonate is obtained
via chemical processes, such as carbonation with carbon dioxide [26-28] or carbon monoxide in the
presence of oxidants [29,30], trans-carbonation with phosgene [21] or urea and its derivatives [31-35],
and transesterification with simple carbonate esters (Figure 3) [15-20]. Transesterification of glycerol
has significant advantages over other methodologies in the following aspects: (1) avoiding the
employment and release of poisonous gases and toxic reagents; (2) higher activity and selectivity;
(3) shorter reaction time and higher conversion; (4) free of solvent and simple separation of catalyst;
and (5) environmentally friendly and intrinsically safe.
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Figure 3. Diverse syntheses of glycerol carbonate.

The activity and selectivity of transesterification rely heavily on the utility of catalyst systems.
And catalysts often play crucial roles in the reaction, because they can promote the reactions in reducing
activation energy of reaction, increasing the reactivity of substrates, and shortening reaction time.
Various catalytic systems were developed over the past decades [36—41], and catalyst was concentrated
on Brénsted acid [37], ionic liquid [38], organic base [39,40], enzyme [41], and heterogeneous
base [15-18]. The traditional Br¢nsted acid catalyzed transesterification of glycerol was one of the
most widely used methods for a long time, but it is usually limited by the drawbacks of equipment
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corrosion, the difficulty in catalyst recovery, and low conversion and selectivity [36]. Base catalysts have
been extensively employed in the transesterification of glycerol carbonate in recent years. Although
homogeneous base catalyst conducted well in the transesterification, it was still confronted with
the similar matter of separation, recovery, and reusability of catalyst [36]. Therefore, heterogeneous
base catalysts have attracted much more considerable attention because of their obvious advantages
over homogeneous base catalysts in the transformation of glycerol especially in industry. Due to
the reversibility of transesterification of glycerol with dialkyl carbonate, the conversion of glycerol is
heavily dependent on the reaction temperature and molar ratio of starting materials [42]. This review
aims at providing a short overview on the recent development of heterogeneous catalysis in the
transesterification of glycerol to glycerol carbonate (Figure 4).
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Figure 4. Heterogeneous catalysis in the transesterification of glycerol.
2. Heterogeneous Catalysis in the Transesterification of Glycerol to Glycerol Carbonate

Heterogeneous catalysis in the transesterification of glycerol to glycerol carbonate has attracted
much attention in recent years. Mechanisms for heterogeneous base catalysis in the transesterification of
glycerol were completely different from the widely researched mechanism of traditional homogeneous
Brdnsted acid catalysis [43,44]. The general procedure for heterogeneous base catalysis in the
transesterification of glycerol is depicted as follows according to the literature [36,43,44] (Figure 5).
The base catalyst abstracts proton from the glycerol molecule, and the in situ generated glyceroxide
anion then attacks dimethyl carbonate (DMC) as a nucleophile, along with the loss of a methanol
molecule. Subsequently, followed by an intramolecular nucleophilic substitution, the target product
glycerol carbonate is formed.

]
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Figure 5. General procedure for the transesterification of glycerol.

2.1. Alkaline Earth Metal Oxides Catalyzed Transesterification of Glycerol

Heterogeneous base catalysts possess strong basic sites at the solid surface which can effectively
increase the reactivity of glycerol. Metal oxides, as the most important heterogeneous bases, tend to
exhibit excellent catalytic performance in the transesterification of glycerol with dialkyl carbonate
to glycerol carbonate, especially for alkaline earth metal oxides. Compared to other metal oxides,
alkaline earth metal oxides not only possess strong basicity, but also have better stability.

2.1.1. MgO Catalyzed Transesterification of Glycerol

Magnesium oxide with different sorts of morphologies is conventionally prepared from the thermal
decomposition of various magnesium precursors (Figure 6) [45]. The magnesium salt, precipitant,
additive, preparation condition, and calcination temperature all have significant effects on the physical
and chemical properties of MgO [46-50]. More importantly, the catalytic performance of MgO is
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proved to have a close relationship with the morphology, surface area, particle size, crystallinity,
and the concentration of basic sites of MgO catalyst.

Additives Calcination
_—

(Magnesium salt) + (Precipitant) (Magnesium precursor) —_— MgO

Figure 6. General method for preparation of magnesium oxide.

With commercially available MgO selected as a catalyst, transesterification of glycerol and dimethyl
carbonate was studied (Table 1, entries 1-3). Research shows that the transesterification of glycerol
can conduct DMF in the presence of sub-equivalent commercial MgO catalyst, providing glycerol
carbonate with a low yield [51]. However, in Wang and Yu's [52] research, transesterification can be
conducted much more smoothly with the commercial MgO free of solvent, producing the product
in a moderate yield. In order to further enhance the performance of the catalytic activity, a series
of preparation methodologies of MgO were developed. In 2014, Lee and co-workers [53] disclosed
the surfactant-assisted syntheses of MgO catalyst and the applications in the transesterification of
glycerol to glycerol carbonate. The catalyst was prepared from the reaction of Mg(NO3),-6H,O and
the surfactant Pluronic F127 (a triblock copolymer of ethylene oxide/propylene oxide/ethylene oxide)
in the presence of nitric acid (Table 1, entry 6). The results indicated that a much higher yield of
glycerol carbonate was obtained in 75.4% yield than the ones without any modification of catalysts with
surfactant. According to the titrating tests and CO,-TPD experiments of the catalyst, the high catalytic
activity of MgO is closely related with the higher basic site concentration of the surfactant-assisted MgO
catalyst. Besides, the catalyst could be easily recovered after centrifuging and reused after activating
the catalyst at 400 °C in the nitrogen atmosphere and calcining to remove glycerol carbonate residue
and avoid the decrease of catalytic activity. The yield of glycerol carbonate could be maintained at 68%
in the 5th reuse.

Table 1. MgO catalyzed transesterification of glycerol !.

OH 0 MgO ?
HOJ\/OH + MeoJ\OMe (}\\)O\/OH

- MeOH
Entry Catalyst Transesterification Conditions Yield  Sel Ref
Preparation Conditions Morpholo Cat/Gly. DMC/Gly. T7°G (%) (%) <
p p 8y (wt. Ratio) (mol Ratio) t/h; Sol.
1 C ial MgO - 0.54 5:1 100; 1 459 - [51]
ommercial Mg . : DMF .
Commercial MgO; . 100; 1;
2 calcined at 400 °C ) 0.54 51 DMF 90 . (511
3 Commercial MgO - 0.04 41 752 616 - [52]
none
4 Mg(NO3)2-6H,0; caleined gy e 0.05 21 005 111 95 (53]
at 680 °C none
Mg(NO3),-6H,O, KOH; . 90; 0.5;
5 calcined at 680 °C Irregular 0.05 2:1 none 16.0 898  [53]
Mg(NOg)zﬁHzO, 90: 0.5:
6 surfactant, HNOj; calcined Sphere like 0.05 2:1 L 754 988  [53]
none
at 680 °C
Mg(NOS)2'6HzO, Na,COs3, . . 70;1; _ A
7 50 °C; calcined at 550 °C Rod like 0.03 31 none <65 [54]
Mg(NO3)2'6H20, Na2C03, . . 70; 1; _
8 70 °C; calcined at 550 °C Spherical 0.03 31 BoH < [54]
Mg(NO3)2'6H20, N32CO3, . . 70; 1; _
9 70 °C; calcined at 550 °C Flower like 0.03 3:1 EtOH <6.5 [54]
10 Mg(NO3)26H,0, NagCOs, oy 4ipce 0.03 31 0L 65 - 4]

80 °C; calcined at 550 °C EtOH
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Table 1. Cont.

Catalyst Transesterification Conditions .
Entry Yield Sel. Ref
Preparation Conditions Morpholo Cat/Gly. DMC/Gly. T7°C (%) (%) )
p p 8y (wt. Ratio) (mol Ratio) t/h; Sol.
Mg(NO3)2'6H20, Na2C204, . . 70; 1; 2 _
11 30 °C; calcined at 550 °C Trapezoidal 0.03 3:1 EtOH 93.0 [54]
MgO@ZIF-8:

Mg(NO3),-6H,0, ZIE-8, . 75;2;

12 NaOH; calcined at 370 °C . 0.04 41 none 70.0 . 521
in argon

1 Gly. = glycerol; Sel. = selectivity; Sol. = solvent. 2999, yield after 3 h reaction.

Inspired by the previous work, Zhang and co-workers developed a series of micro-sized
MgO catalysts with different morphologies and explored their catalytic performances in various
organic syntheses in the past few years [48-50,54]. As expected, MgO catalysts with rod-like,
spherical, flower-like, nest-like, and trapezoidal morphologies were prepared via the precipitation
of Mg(NO3)2-6H,0 and precipitants NapCO3 or NapyC,Oy4 varying from 30-80 °C within 3 min of
stirring and further calcination (Table 1, entries 7-11). Recently, the trapezoidal MgO catalyst was
successfully applied to the transesterification of glycerol and dimethyl carbonate, providing glycerol
carbonate in more than a 99% yield. However, MgO with other morphologies could not perform well
in the transesterification. Compared to other morphologies of MgO, trapezoidal MgO possesses a
bigger crystallite size, lower specific surface area, weaker surface basicity, and less Mg atom vacancies.
Therefore, the perfect catalytic performance of MgO was attributed to the unique physicochemical
property and morphology of the catalyst.

In the past few years, metal-organic frameworks (MOFs), as new microporous materials, have made
great progress in heterogeneous catalysis [55-57]. Very recently, Wang and Yu [52] synthesized
MgO-loaded zeolitic imidazolate framework-8 (designated as MgO@ZIF-8) catalysts with various MgO
loadings through wet-impregnation and calcination (Table 1, entry 12). This MgO material maintained
the ZIF-8 structure and possessed physical property of high surface area and regular porosity, and decent
thermal/chemical stability. The catalytic performance of MgO@ZIF-8 in transesterification had a certain
enhancement compared to MgO, ZIF-8, and the physically mixed counterparts. An acid-base
bifunctional catalytic process was proposed by Wang and Yu et al. (Figure 7). The higher catalytic
activity could be attributed to the bifunctional sites on the surface of MgO catalyst. The low-coordinated
zinc atom and NH groups of imidazole provided acidic sites to activate dimethyl carbonate, meanwhile
MgO and nitrogen atoms in imidazole provided basic sites to activate glycerol by abstracting proton
to generate glyceroxide ion. Results also showed that more basic sites were generated on the ZIF-8
surface with the incorporation of MgO nanoparticles and the basic sites play much more important
roles in the catalytic transesterification.
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Figure 7. Plausible reaction mechanism for bifunctional catalysis in the transesterification of glycerol,
(reprinted with permission from Reference [52], Elsevier).

2.1.2. CaO-Catalyzed Transesterification of Glycerol

As an alkaline earth metal oxide, calcium oxide as an active catalyst has been extensively researched
in the transesterification of glycerol with DMC in the past few years. In 2009, Ochoa—-Gémez and
co-workers [37] gained insight in to a series of CaO catalysts and explored the relationships between
reaction parameters and reactivity (Table 2, entries 1-5). The calcination of CaO could increase the
reactivity of catalyst dramatically due to the removal of Ca(OH), from the surface. In addition,
in Li and Wang'’s [58] work, owing to the formation of basic calcium carbonate Cay(OH)y(COs),,
the activity of CaO catalysts decreased in the transesterification of glycerol. Considering the increased
cost from calcination in terms of industrial feasibility, the uncalcined CaO was then studied in detail
through a factorial design of experiment and a response surface methodology [37]. It revealed that
uncalcined CaO catalyzed transesterification of glycerol performed smoothly and effectively under the
optimized reaction conditions, giving the product glycerol carbonate in 95.3% yield [37]. Unfortunately,
the recycling and reusing experiments could not be conducted well, and the yield of products decreased
rapidly [58-60].

In order to gain further insight into the mechanism, a series of experiments were conducted with
CaO employed as a catalyst by Lee and Kim'’s group (Table 2, entries 7-15) [61]. They have successfully
isolated an active homogeneous Ca species in the CaO-catalyzed transesterification of glycerol with
DMC and characterized it as Ca(C3H;O3)(OCO,CH3) (II). The Ca species II was generated from the
interaction of CaO with glycerol and DMC as depicted in Figure 8 and proved to be an active species
of transesterification. With another glycerol molecule attacking the in situ generated Ca species II
and loss of methanol, Ca species III was then generated. Followed by an intermolecular nucleophilic
substitution, the target product glycerol carbonate was obtained and the catalyst precursor I was also
regenerated simultaneously. Therefore, the catalytic activity of recycled CaO decreased sharply and
the reusability of the catalyst was poor.
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Table 2. CaO-catalyzed transesterification of glycerol.
o)
OH . >\~o
Ent Catalyst Transesterification Conditions Yield  Sel. et
v Preparation Conditions Morpholo Cat/Gly. DMC/Gly. T/°C (%) (%) <
P PROIOEY  (wt. Ratio)  (mol Ratio)  t/h; Sol.
1 CaO (uncalcined) - 0.06 5:1 Y B £
none
; ° 75;1.5;
2 CaO; calcined at 900 °C - 0.06 5:1 91.1 - [37]
none
. o 75;1.5;
3 CaCQOg; calcined at 600 °C - 0.06 5:1 326 - [37]
none
4 CaCOs; calcined at 900 °C - 0.06 5:1 LS 906 - 37
none
1 . . 95;1.5;
5 CaO (uncalcined) - 0.04 3.5:1 953 - [37]
none
62 CaO (uncalcined) - 0.01 11 12002, gy L [eq
benzene
. 75;0.5;
7 Commercial CaO - 0.02 2:1 90.2 989 [61]
none
. ° 75; 0.5;
8 CaO; calcined at 900 °C - 0.02 2:1 940 99.7 [61]
none
93 Ca(C3H;03)(0OCO,CHs) - 0.02 2:1 750915 914 997 [61]
0%  Ca(C3H,05)(OCO,CHj) ; 0.02 21 7;’03165 418 904 [57]
115 Ca(C3H;03)(OCO,CHj) - 0.02 2:1 75025 25 920 [61]
126 KNO5/CaO - 0.06 3:1 702 852 858 [62]
none
65;1;
7 . _ ) ;1 _
13 LiCl/CaO 0.03 1:1 BroH 94.2 [63]
148 Ca0 - 0.01 1:1 8505 950 - [e4]
Benzene
152 CaO (uncalcined) - 0.03 41 85 - 990 - [65]
none
16 CaO_egg Plate like 0.03 31 8.2 45 - (66
none
17 CaO_gol Plate like 0.03 3:1 80; 2; 859 - [66]
none
18 CaO_coc Rod like 0.03 31 80; 2 21 - [66]
none

1 Reaction was conducted under an autogenous pressure at 6 bar. 2 Tower height: 20 cm. 3 Isolated from the reaction
of transesterification. * After 1 h exposure of catalyst to air. 3 After 3 h exposure of catalyst to air. ® 15% KNO;
loaded on CaO. 7 10% LiCl loaded on CaO. 8 The mass ratio of benzene to theoretically produced methanol is 2.0.

OH
Ca0 + Ho._L_oH
l

HO 0CaOH
o\)VOHY/ JV )

H3CO OCH3

CH4OH

H H
Hoy\/oc:ao OMOH OJ\/OC""O OCHs

o._~_OH

Figure 8. Plausible reaction mechanism for CaO-catalyzed transesterification of glycerol, (reprinted with

permission from Reference [57], Elsevier, 2011).
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In order to increase the stability of CaO catalyst, various inorganic salts were loaded on CaO
through dry impregnation or wet impregnation methods. In the catalytic system, neutral salts as key
guest species always generated strong basic sites on various porous materials. Wang and co-workers
disclosed that the KNOj3 loaded CaO catalyst was prepared by a dry impregnation method using an
aqueous solution of KNO3; and CaO powder (Table 2, entry 12) [62]. The research showed that the
KNOs3/CaO catalysts displayed much better stability than that of CaO. A 94.95% conversion of glycerol
was obtained after the fifth reuse of KNO3/CaO catalyst, and the leaching test also showed that both
the basic strength of CaO and the stability of the Ca" species were significantly improved. Recently,
the Tang group reported the LiCl/CaO-catalyzed transesterification of glycerol, providing glycerol
carbonate in a 94.2% yield (Table 2, entry 13) [63]. Pleasantly, the activity of the LiCl-modified catalyst
was much more stable compared with the commercial CaO catalyst obviously. At the same time,
with ethanol as the azeotropic agent, the best results were achieved at the ratio of DMC/glycerol 1:1.

In addition, Wang and co-workers proposed a new process for the synthesis of glycerol carbonate
via coupling reaction and azeotropic distillation [64]. The product could be obtained in a yield of 98%
at a low molar ratio of DMC/glycerol (1:1) with benzene as the azeotropic agent for both uncalcined
CaO and calcined CaO (Table 2, entries 6, 14). The in situ removal of methanol from the system was
favorable to the movement of chemical equilibrium of transesterification. However, the utility of
toxicity benzene is not environmental. Then, in 2015, Wang and co-workers reported the production of
glycerol carbonate via reactive distillation and extractive distillation processes (Table 2, entry 15) [65].
In the reactive distillation process, DMC was also used as an azeotropic agent to remove methanol from
the reaction without introducing new impurities, and in the extractive distillation process, DMC could
be effectively recovered. The dual function of the two processes reduced the cost and also saved raw
materials and energy resource.

With the increasing demand for green and environmentally friendly resources, researchers gained
insight into catalysts that derived from natural organisms. Recently, Roschat and co-workers first
disclosed a green and economical CaO catalyst which was applied to the catalytic transesterification
of glycerol with DMC [66]. The CaO catalysts were derived from natural sources, such as eggshells,
golden apple snail shells, and cockle shells, after cleaned, air-dried, crushed, sieved, and calcined
at 800 °C (Table 2, entries 16-18). The corresponding three types of catalysts obtained were named
CaO_egg, CaO_gol, and CaO_coc and they all exhibited excellent catalytic activity and performed
well in the transesterification of glycerol, and CaO derived from cockle shells could furnish glycerol
carbonate in a 92.1% yield within 2 h. The results also showed that the higher yield of product was
attributed to the higher total basic sites and the Brunauer—-Emmett-Teller (SBET) surface area of the
catalyst. It provides a concise, green, and environmentally friendly methodology for CaO preparation
and can also be used as an inspiration to various applications of CaO catalyst.

2.1.3. Mixed Oxides Catalyzed Transesterification of Glycerol

Mixed oxide catalysts have shown great potential for heterogeneous catalysis in the
transesterification of glycerol with dialkyl carbonate and has attracted growing attention in this
field (Table 3). The mixed oxide catalysts exhibited excellent catalytic performance due to strong basic
sites and the high density of these basic sites. Besides, mixed oxides also show advantages over single
metal oxide in catalytic activity. The catalytic activity of mixed oxides is associated with the ratio of
metals, precipitating agents, and calcination temperatures. Catalysts with different molar ratios are
generally synthesized via a co-precipitation methodology followed by decomposition and calcination
at different temperatures.

Both MgO and CaO exhibited good catalytic activity in the transesterification of glycerol with
dialkyl carbonate (Table 3, entries 1-2). In 2013, Hameed and co-workers [67] reported a reusable and
highly active heterogeneous catalyst in Mg;.,Caj_xO, type (Table 3, entry 1). The results showed that,
when Mg, ,Ca( sO, mixed oxide was used as a catalyst, glycerol carbonate could be obtained in a 100%
yield. The catalytic activity of a catalyst mainly depends on the molar ratio of Mg/Ca and calcination
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temperature which are closely related with strong basic sites. Compared with CaO, the catalytic
efficiency of mixed oxides increases due to the increased base amount and improves the stability of the
Ca’* species. Dolomite, as a mineral material that consists of MgCa(COj3),, was calcined to provide a
CaO-MgO catalyst for transesterification with excellent results by the Hameed group [68].

A series of Mg—Al mixed oxides were developed for the transesterification of glycerol with
dialkyl carbonate (Table 3, entries 3—6). In 2013, Liu and Hensen group reported the Mg—Al mixed
oxides derived from hydrotalcite-type layered double hydroxides for transesterification [69]. X-ray
diffraction patterns show that mixed oxides have MgO-like structures and Al*>* cations are dissolved
in the lattices. The catalytic activity was increased with the increase of the Al/Mg ratio which is
identical to the trend of the surface basic site density. Transesterification of glycerol over Mg—-Al mixed
oxides supported on the mesoporous crystalline material (MCM-41) was reported by Wang et al. [70].
There are three types of basic sites on the catalyst: (1) the weak basic sites of the OH™ group on the
surface of MCM-41; (2) moderate basic sites ascribed to Mg-O and Al-O pairs; and (3) strong basic
sites related to coordinatively unsaturated O?~ ions. The catalytic results showed that the high catalytic
activity was associated with the dispersed effect of MCM-41, which resulted in the basic sites being
drastically exposed. In addition, the transesterification of glycerol conducted with Mg/Al/Zr mixed
oxides was reported by Lingaiah et al., giving glycerol carbonate in a 94.0% yield [71]. The addition of
Cu to Mg/Al mixed oxides also exhibited excellent activity and stability in the transesterification of
glycerol [72]. The incorporation of Cu®* cations into the MgAl(O) periclase was responsible for the
strong basic sites and high activity. Furthermore, Ca—Al mixed oxide (Ca/Al = 2) was introduced to
the transesterification to give glycerol carbonate in a 90.2% yield (Table 3, entry 7) [73,74]. The XRD
patterns of fresh calcined catalyst and the 6 times recycled catalyst showed that the CajpAl;4O33
phase of the calcined catalysts was stable, but CaO was lost due to the leaching of the catalyst in the
recycled experiments, which was attributed to the deactivation of the catalyst. The Sr/Al mixed oxides
(Sr/Al = 0.5) catalyzed the transesterification of glycerol with full conversion and could be reused for
five cycles without serious deactivation (Table 3, entry 8) [75].

Several groups reported the alkali metal modified mixed oxides catalyzed transesterification of
glycerol (Table 3, entries 9-13, 20). Alkali oxides are not stable, but possess strong basic sites which can
initiate the reaction by abstracting proton from the primary hydroxyl group of glycerol. The LiNO3
modified Mg-Al oxide catalyzed transesterification of glycerol performed well, resulting in a 96.3%
yield, according Wang and Kang’s work [76]. Aluminium ion was well dispersed in the MgO lattice
and LiAlO, was formed at the same time. In addition, LINO3-modified ZnO catalyst was also proved
to be an efficient catalyst for the synthesis of glycerol carbonate [77]. Lithium was doped into the
lattice of ZnO to form the strong basic sites of (Li*O~) species. The basic strength and basicity of the
catalyst was both enhanced by the addition of LiNO3. Recently, He and co-workers disclosed that the
catalytic performance can be increased with Li-doped LayOj3 catalyst [78]. The doped Li can enter into
the lattice of La,O3 to enhance the interaction of Li and La;O3 and provide strong and abundant basic
sites. Furthermore, NaOH-modified y-Al,O3; and KF-modified a-Al,O5 catalysts were also applied to
the transesterification with excellent performance, respectively [79-81].
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Table 3. Mixed oxides catalyzed transesterification of glycerol.

. . (0]
OH o Mixed oxide
+ O
Ho A oH Voo™ e  MeOH 0%)\/0"'
Entry Catalyst : Transesterification Condltlonso Yield  Sel. et
Composition Molar Ratio of Cat./Gl.y. DMC/G.ly. T/°C; (%) (%) :
M1/M, (wt. Ratio) (mol Ratio) t/h; Sol.
1 Mg 2CaggOs Mg/Ca 3:2 0.03 2:1 70; 1.5; none 100 - [67]
2 CaO-MgO Ca/Mg 1:1 0.06 3:1 75; 1.5; none 94.0 969 [68]
3 Mg-Al Mg/Al 2:1 0.10 31 100; 5; none 93.0 97 [69]
4 Mg-Al Mg/Al 3:1 0.03 31 100; 5; none 925 - [70]
5 Mg/Al/Zx Mg/Al/Zr 3:1:1 0.10 5:1 75; 1.5; none 94.0 - [71]
6 Mg/Al/Cu Néi/?lécéu 0.15 5:1 90; 1.5; none 91.2 - [72]
7 Ca-Al Ca/Al 2:1 0.04 3:1 70; 3; none 90.2 97 [73]
8 Sr-Al Sr/Al10.5:1 0.03 2:1 70; 1; none 100 - [75]
9 Li/Mg4AlOs5 5 Mg/Al 4:1 0.04 3:1 80; 1.5; none 96.3 100 [76]
10 Li-ZnO Li/Zn 0.01:1 0.05 2:1 95; 4; none 95.8 - [77]
11 NaOH/y-Al,O3 K/Al1:1 0.03 2:1 78; 1; none 969  99.0 [79]
12 KF/a—Al,O3 K/A13.8:1 0.05 2:1 75; 2; DMF 95.8 99.8 [80]
13 KF/La-Zr La/Zr 5:4 0.01 2:1 80; 1; none 91.7 99 [81]
14 MgO-ZrO, Mg/Zr 1:2 0.15 5:1 70; 3; none 880 - [82]
15 Mg/Zx/Sr Mg/Zx/Sr 3:1:1 0.15 5:1 90; 1.5; none 56.0 - [83]
16 Ti-SBA-15 Si/Ti 4:1 0.055 5:1 87.5; 4; none 82 87 [84]
17 Mg-La Mg/La 3:1 0.05 4:1 85; 1; none 83.1 - [85]
18 Ca-La Ca/La 3:1 0.108 5:1 90; 1.5; none 74.0 78.0 [86]
19 ZnO/Lay0O3 Zn/La 4:1 0.005 6:1 150; 2; none 95.7 972 [87]
20 Li-LayO3 Li/La 3.5:1 0.03 3:1 85; 3; none 869 921 [78]
21 MgO-CeO, Mg/Ce 3:1 0.15 5:1 90; 1.5; none 86.0 100 [88]
21 Ce(7Cdo30 Ce/Cd 7:3 0.05 3:1 90; 3; none 96.8 100 [89]
231 Ce-Ni Ce/Ni 0.2:1 0.05 3:1 85; 8; none 85.6 909 [90]

1 DEC/Gly. = 3:1 (DEC = diethyl carbonate).

Mixed oxides of alkaline-earth metals with transition metals were developed for the
transesterification of glycerol with moderate to good yields (Table 3, entries 14-16). Van Zyl et al. [82]
reported the nanocrystalline-ordered mesoporous MgO-ZrO; catalyst for transesterification. Mg?+ was
incorporated into the ZrO; lattice to form the highly dispersed MgO species which is attributed to
the high catalytic performance of the catalyst. However, the Mg/Zr/Sr mixed oxide did not perform
in the transesterification and only a moderate yield of glycerol carbonate was achieved [83]. Besides,
a novel Ti-SBA-15 (Ti-Si mixed oxide: Si/Ti = 4) catalyst was developed for the transesterification [84].
Transesterification results showed that the reaction rate for the Ti-SBA-15 catalyst was more than 10
times faster than the SBA-15 catalyst. Therefore, the activation of the carbonyl group of DMC via Lewis
acidic site Ti** was the major driving force toward the product.

Although Lanthanide metal oxides possess strong basic sites, the catalytic performance for
transesterification of glycerol was relative lower due to the low surface area (Table 3, entries 17-23) [91].
Lanthanide metal oxides are usually supported with various metal oxides to increase the surface area
and the catalytic activity. In 2013, various Mg-La mixed oxides were prepared for the transesterification
of glycerol with DMC by Kim and Lee et al. [85]. With the increasing loadings of Mg, the surface area
was increased along with the catalytic activity. When the Mg content was increased to a certain amount,
the concentration of basic sites decreased. With the optimized conditions, glycerol carbonate was
achieved in a 83.1% yield at a molar ratio of Mg/La = 3. Porous Ca-La mixed oxides with a hierarchical
structure were synthesized via an exo- and endo-templating method by Kumar et al. [86]. A yield of
74% was achieved with CagLa catalyst and the catalyst also showed good reusability. The ZnO/La;O3
mixed oxides were proved to be an effective and efficient catalyst for the transesterification [87].
With 0.5 wt. % loadings of ZnO/La;O3 catalyst, the product could be obtained in 95.7% yield at a
ratio of Zn/La = 4:1. The ZnO/La,O3 oxide exhibited much higher catalytic activity compared to
the single metal oxides. Cerium oxide, as one of the lanthanide metal oxides, was also explored in
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the transesterification of glycerol. Mixed oxides, such as MgO-CeO,, Ce(7Cd( 30, Ce-Ni, exhibited
good to excellent catalytic activity in the transesterification of glycerol with DMC or DEC [88-90].
Ce** doped to the CdO lattice or Ni lattice resulted in more oxygen atoms adsorbed on the surface of
catalyst and high reactivity.

A new hypothesized reaction mechanism for the transesterification of glycerol with DMC was
proposed by Rode et al., as depicted in Figure 9 [92]. It is believed that the higher catalytic activity
of mixed oxides than single metal oxides can be attributed to the higher number of acidic sites and
basic sites. The transesterification was promoted via two activation modes. Firstly, the Lewis basic site
BaCeO; phase (O°7) of the Ba—Ce catalyst abstracted the proton of the primary hydroxyl group of
glycerol to enhance the nucleophilicity of glycerol. Then, the Lewis acidic site (Ce**) activated the
carbonyl carbon of DMC simultaneously, followed by an intramolecular nucleophilic substitution,
after which the target product glycerol carbonate was achieved.
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Figure 9. Heterogeneous catalysis in the transesterification of glycerol, (reprinted with permission
from Reference [92], American Chemical Society, 2017).

2.2. Hydrotalcite Catalyzed Transesterification of Glycerol

Hydrotalcite (HT) and hydrotalcite-like compounds have been widely investigated in the
transesterification of glycerol (Table 4) [51,93-102]. Hydrotalcite is a double-layered anionic clay
with the formula of (M2*1,M3*(OH),)** A"~ /,-mH,O, Where M2+ and M>* stand for divalent and
trivalent cations, A"~ is the layered anion [51]. Calcination of hydrotalcite could simultaneously
provide the corresponding mixed-oxide form product and the hydroxide form product. Therefore,
both the Lewis basic sites and Br¢nsted basic sites were produced and promoted the transesterification
of glycerol with a synergistic effect.

In 2010, an uncalcined Mg—Al hydrotalcite catalyst involving hydromagnesite was researched
for the synthesis of glycerol carbonate from transesterification of glycerol with DMC [51]. With an
Mg/Al molar ratio of five and DMF as a solvent, the product was obtained in the 98% yield (Table 4,
entry 1). However, hydromagnesite often showed poor catalytic activity in the transesterification
of glycerol. Therefore, the high catalytic activity of catalyst should be attributed to the hydrotalcite
structure and the relatively high surface areas. The reactivity dramatically decreased using the calcined
hydrotalcite catalyst. It is suggested that the reaction was promoted by moderate basic hydrogen
carbonate ions (HCO3 ™). Hydrotalcite-like compounds activated by calcination and rehydration under
ultrasound were investigated as catalysts (named as HTr4: prepared via calcination and rehydration of
Mg(OH), and Al(OH)3 with the molar ratio of Mg/Al 4) for transesterification by Medina et al. [93]
(Table 4, entry 3). With the prolonged reaction time, glycerol dicarbonate was, unfortunately, generated.
The high catalytic activity of the HTr4 catalyst was probably associated with the Brdnsted basic sites of
catalyst due to the better abstraction hydrogen activity than catalyst HTO4 (HTO4 was prepared via the
calcination of Mg(OH), and AI(OH); in air at 450 °C). Employing methanol as solvent, only a moderate
yield could be achieved with a Mg—Al hydrotalcite catalyst (Mg/Al = 2) [94]. Medina et al. then reported
a bulk and carbon nanofiber supported MgAIHTs (HT-CNFc) catalyst (Table 4, entry 5) [95]. However,
the transesterification could not be improved effectively. With calcined hydrotalcite supported on
hexagonal silica (CHT-HMS), the reaction performed smoothly with an 84.3% yield and the catalytic
activity of transesterification had a slight increase compared with a Mg—Al CHT catalyst (Table 4,
entry 6) [96]. The lower reaction activity was attributed to the employment of methanol or ethanol as a
solvent. The excess of methanol would prevent the transesterification toward to product.
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Table 4. Hydrotalcite catalyzed transesterification of glycerol !.

(0]
OH o Hydrotalcite }\
+ (0]
HO OH L
Q\/ MeO” “OMe  _1eoH O\)VOH
e Catalyst Transesterification conditions Yield  Sel. Rt
Y Composition Molar Ratio Cat./Gly. DMC/Gly. T/°C; (%) (%) ef.
4 of Mt (wt. Ratio) (mol Ratio) t/h; Sol.
1 Mg-AlHT Mg/Al 5:1 0.10 5:1 100; 9; DMF 98 - [51]
Mg-Al CHT: . . N ) .
2 (calcined at 673 K) Mg/Al 5:1 0.10 5:1 100; 9; DMF 10 [51]
Mg-Al CHT: 130; 10;
2 & . . ;1Y _
3 EHTrd) Mg/Al 4:1 0.16 17:1 O 65 [93]
4 Mg-Al CHT Mg/Al 2:1 0.11 3:1 70; 3; MeOH 65 97.1  [94]
52 HT-CNFc Mg/Al 2:1 0.35 17:1 130; 2; EtOH 58 58 [95]
63 CHT-HMS Mg/Al 2:1 0.15 4:1 170; 2.5; MeOH 84.3 - [96]
7 0.2Ni-CHT Mg/Al 2:1 0.10 31 fgglg; 95 100  [99]
Ca/Mg/Al . 80; 0.5;
8 KF/Ca-Mg-Al HT 1.51.5:1 0.05 3:1 none 99 - [100]
94 Ca-CHT Ca/Mg/Al 3:3:1 0.09 11 160; 5; 84 - [i01]
none
Mg-Al CHT: . . 110; 3;
10 CHT-1.0F Mg/Al 3:1 0.16 3:1 none 95.3 953 [102]

L HT = hydrotalcite; CHT = calcined hydrotalcite; > DEC:Gly. = 17:1; 3 CHT-HMS = calcined hydrotalcite supported
on hexagonal mesoporous silica; * propylene carbonate was employed instead of dimethyl carbonate.

Various modified HT catalysts have been studied over the past few years (Table4,
entries 7-10) [99-102]. In 2014, Liu and Hensen [99] prepared a series of transition metal-doped
HTs. Amongst them, Ni-modified HT gave the best results in the synthesis of glycerol carbonate
with a 95% yield and 100% selectivity. Hong et al. [100] reported a KF loaded Ca-Mg—-Al hydrotalcite
catalyst and it was proved to be an excellent catalyst for transesterification of glycerol in 99% yield.
Th eCa-HT was applied to the transesterification of glycerol and propylene carbonate by Rode and
co-workers [101]. The reaction was conducted with a carbonate/glycerol molar ratio of 1:1 at 160 °C,
giving the product an 84% yield. However, the reduction of the carbonate/glycerol ratio resulted
in the increase of temperature. In 2017, Zhang and Wang’s group [102] reported the fluorinated
Mg-Al HT-like compounds catalyzed transesterification of glycerol with a glycerol carbonate yield
of 95.3%. With the introduction of an appropriate amount of (AlF¢)?~ into the hydrotalcite structure,
the catalytic activity of transesterification was increased, and the side reaction was also inhibited
effectively. Fortunately, the modified HT catalysts all have excellent stability and reusability in the
transesterification of glycerol.

2.3. Other Inorganic Base Catalyzed Transesterification of Glycerol

2.3.1. NaAlO, Catalyzed Transesterification of Glycerol

A series of inorganic base catalysts for the synthesis of glycerol carbonate via transesterification
was summarized in Table 5. NaAlO, as a heterogeneous base catalyst is considered to be the best choice
for transesterification of glycerol (Table 5, entries 1-3) [103-105]. In 2017, Debecker and co-workers
prepared a spray-dried nanostructured NaAlO, microsphere catalyst and applied it to the catalytic
transesterification of glycerol [103]. The catalysis performed well at room temperature with a 94% yield
(30 °C). Due to the highly hygroscopic and corrosiveness of pure NaAlO,, Debecker et al. [104] then
reported a new type of basic hydrotalcite catalyst promoted by NaAlO,. Compared to the calcined
hydrotalcite catalyst, the transesterification performed more smoothly with NaAlO, as an additive
and the product was achieved with 92% conversion and 100% selectivity after 30 min. This compatible
combination of hydrotalcites and NaAlO, enables an efficient methodology for the transesterification
of glycerol to glycerol carbonate, and the catalyst also shows excellent stability and reusability. Besides,



Catalysts 2019, 9, 581 13 of 22

waste red mud calcined at 500 °C (RM-500) possessed abundant active NaAlO, and Ca,SiOy sites and
also exhibited excellent catalytic performance in the transesterification with a 92.0% yield of glycerol
carbonate [105]. Therefore, red mud would be a potential alternative to traditional metal oxides for the
synthesis of glycerol carbonate via transesterification.

Table 5. Other inorganic base catalyzed transesterification of glycerol.

OH ] Inorganic base

o)
0
Ho._J_oH * Meo/mOMe  MeOH O%)\/OH

Transesterification Conditions

Yield Sel.
Entry Catalyst Cat/Gly.  DMC/Gly. TG ) (%) Ref.
(wt. ratio)  (mol Ratio) t/h; Sol.
1 NaAlO, 0.03 2:1 30; 0.5; none 94 100 [103]
2 NaAlO,/Hydrotalcite 0.03 2:1 90; 0.5; none 93 100 [104]
3 Red mud (RM-500) 1 0.125 3:1 90; 1.5; none 92.0 - [105]
4 Na,SiO3 0.05 4:1 75;2.5;none 955 97.6 [106]
5 Na,SiO3 0.05 4:1 95;0.25; none  94.3 97.5 [107]
61 NaSiO3 0.01 4:1 95,50 s; none  94.2 - [107]
7 Naz POy, 0.03 2:1 70; 1; none 99.5 99.5 [108]
Na-based zeolite:
8 Nay ss(AbLSis sO013.5) 0.10 3:1 70; 4; MeOH 80 99 [43]
9 K-zeolite 0.04 3:1 75; 1.5; none 96 - [109]
102 Li-OPAZ 0.02 2:1 70; 1.5; none 98.1 100 [110]
Dealuminated

113 Cinoptilolite 0.09 3:1 100; 0.25; H,O 28 - [111]
12 K,Mg(SiOy) 0.05 31 90;0.75; none ~ 95.7 - [112]
134 Ni/METS-10 0.05 2:1 90; 2; none 97.1 - [113]
14 BaCO3/C 0.54 5:1 140; 2; DMF 96.4 98.5 [114]

! Calcined at 500 °C. 2 Li-OPAZ = lithium-impregnated oil palm ash zeolite, 10 wt.% Li. Microwave irradiation
input power: 175W. 3 Sodium bicarbonate was used instead of dimethyl carbonate, H,O/Gly. = 3:1, 28% conversion
of glycerol. 4 Ni/METS-10 = Ni modified hierarchical ETS-10.

2.3.2. NapSiO3-Catalyzed Transesterification of Glycerol

Calcined sodium silicate exhibited excellent catalytic performance for transesterification of glycerol
(Table 4, entries 4-6) [106,107]. Li et al. reported the Na,SiO3-catalyzed transesterification of glycerol,
giving glycerol carbonate in a 95.5% yield at 75 °C [106]. Increasing the reaction temperature to
95 °C, the reaction time could be shortened within 15 min. Subsequently, Wang et al. disclosed
a microwave-assisted transesterification of glycerol over Na,SiO5 catalyst in the sealed reaction
system [107]. The reaction was performed smoothly in 50 s in the power constant mode with
microwave irradiation input power of 175 W, providing the corresponding product in a 94.3% yield.
The transesterification rate was much faster than results reported previously. Besides, trisodium
phosphate with strong basic sites showed great catalytic activity, stability, and reusability in the
synthesis of glycerol carbonate. The catalyst could be reused for nine cycles without deactivation [108].

2.3.3. Zeolite/Clinoptilolite-Catalyzed Transesterification of Glycerol

Natural zeolite with the structure of A/q)((AlO2)x(S102)y)n(H20) was considered to be an
appropriate base catalyst for transesterification of glycerol in terms of environmentally friendly
and green chemistry (Table 4, entries 8-10) [43,109-115]. In 2012, Hou et al. [43] reported a series
of Na-based zeolites for transesterification. The glycerol carbonate achieved an 80% yield with
commercial Naj gg(AlySig gO135) used as catalyst. Subsequently, Hameed and co-workers reported
the synthesis of glycerol carbonate by transesterification of glycerol with DMC over K-zeolite derived
from coal fly ash in 96% yield [109]. Then, they employed lithium-oil palm ash zeolite as catalyst in
the transesterification in a 98.1% yield. The strong basicity of catalyst was attributed to the increased
lithium impregnation [110].
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Compared to natural clinoptilolite, dealuminated clinoptilolite has lower activation energy for
the transesterification of glycerol with sodium bicarbonate (Table 4, entry 11) [111]. With sodium
bicarbonate used as reactant and water as solvent, glycerol carbonate was achieved with 28% conversion
in 15 min. Recently, Li et al. reported that the main composition of calcinated oil palmempty fruit
bunch ash was K,Mg(5iO4) which was proved to be excellent catalyst for transesterification (Table 4,
entry 12) [112]. K* was incorporated into the Mg**O, connected tetrahedral framework of SiO,,
and the concentration of basic sites increased and the basic strength enhanced simultaneously. A series
of transition metal modified hierarchical ETS-10 (ETS-10: 1.0TiO,/5.5510,/3.5Na,O/1.6K,0/181.0H,0)
zeolite catalysts were prepared for the transesterification of glycerol by Wu et al. [113] (Table 4, entry 13).
Glycerol carbonate could be obtained using a nickel modified METS-10 (Ni/METS-10) catalyst in a
97.1% yield. Results revealed the catalytic activities of the catalysts in the following order: Ni/METS-10
> Zn/METS-10 > Mn/METS-10 > Fe/METS-10 > Co/METS-10 > Cu/METS-10 > METS-10 > ETS-10.
The catalytic activities of catalysts were not only related to the nature of the metal, but also the zeolite
structure. The mechanism showed that Ni” species could accelerate the abstraction of proton from
the primary hydroxyl group of glycerol towards to the basic sites’ TiOg>~. Meanwhile, the carbonyl
group could be activated by the in situ generated TiOg'"H. Therefore, the transesterification performed
smoothly with the Ni/METS-10 catalyst.

2.3.4. Others

Ordered mesoporous BaCOs3/C using phenolic resol as a carbon source and triblock copolymer
Pluronic F127 as a template has also been researched for the transesterification of glycerol to glycerol
carbonate with a conversion of 97.8% and selectivity of 98.5% (Table 4, entry 14) [114]. The high
catalytic activity was attributed to the well dispersed BaCOj in the carbon framework. Unfortunately,
the catalyst was deactivated due to the decomposition of carbon.

2.4. Heterogeneous Organocatalysis for Transesterification of Glycerol

Organocatalysis has been rapidly and widely developed in the past few decades. With the
exception of inorganic base, amines as organic bases are often chosen as catalysts in transesterification,
and DABCO (1,4-diazabicyclo(2.2.2)octane) has proved to be a highly active and efficient homogeneous
organic catalyst for the transesterification of glycerol with DMC to afford glycerol carbonate [115]. As a
homogeneous catalyst, DABCO is still confronted with problems of catalyst recovery and reusability.
Therefore, Kim and Lee et al. synthesized a series of heterogeneous polyamine-anchored Merrifield resin
catalysts and the DABCO-anchored catalyst exhibited excellent activity and selectivity [116] (Figure 10).
The resin catalyst can easily be recovered after simple manipulation and directly reused without any loss
inyield and selectivity. Subsequently, Lei and co-workers reported an organocatalytic transesterification
of glycerol with DMC using a bifunctional and robust catalyst with a DABCO-embedded porous organic
polymer structure [117]. With this excellent solubilization capacity polymer catalyst, comparative
results were achieved in both activity and selectivity. Besides, the improvement of catalyst can easily
be achieved in chemistry through the modification of polymer precursors.
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Figure 10. DABCO-derived heterogeneous catalysis in the transesterification of glycerol.

According to the results of the computational calculation and experiments, Simanjuntak and
co-workers proposed a plausible mechanism for the DABCO-anchored Merrifield resin-catalyzed
transesterification of glycerol [116] (Figure 11). The high activity and selectivity of the reaction could
be attributed to the following respects: 1) glycerol could be activated via the formation of strong
hydrogen bonds with the chloride anion of catalyst (I); 2) hydrogen bonding interactions of DMC with
the nitrogen atom and the remaining hydroxyl group of glycerol (II); 3) electrostatic interaction of
contact counter ions in catalyst (III) which would effectively promote the intramolecular cyclization in
the activity and selectivity of the reaction.
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Figure 11. Plausible mechanism of DABCO-anchored Merrifield resin-catalyzed transesterification of
glycerol, (reprinted with permission from Reference [116], Elsevier, 2015).

N-heterocyclic carbene (NHC), as an active organic base catalyst, has been used as an efficient
homogeneous organocatalyst for the transesterification of glycerol with DMC for a long time [118,119].
Considering the facile recovery and reusability of catalyst, NHC was immobilized on silica-supported
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mesostructured cellular foam (MCF) with hydrogen carbonate as protecting group by Bruijnincx and
co-workers [120]. This “masked” NHC pre-catalyst performed smoothly in the transesterification of
glycerol with 75% yield and 91% selectivity, and could be easily recovered and reused up to three times
(Figure 12). Based on studies with '*C-labelled dimethyl carbonate, the catalyst could be regenerated
after the reaction between carbene and DMC. These organic methodologies provide novel and concise
access to glycerol carbonate from glycerol with heterogenized masked organic base and also give
inspiration for various organocatalyst for transesterification.

O... @ )
OH 0 O:O/S'\;E/\ NEN~ o%
. — o + MeOH
o _L_oH Haco)kocm 1 mol% o—jO;o o_J._oH
) . 90°C, 24 h
glycerol : DMC = 1:5 75% yield

91% selectivity

Figure 12. NHC-catalyzed transesterification of glycerol.

3. Future Prospects of Heterogeneous Catalysis in the Transesterification of Glycerol

Heterogeneous bases catalyzed transesterification of glycerol has achieved great progress in
the past decades. The heterogeneous base catalysts were focused on the alkaline-earth metal
oxides, hydrotalcites, zeolites, clinoptilolites, and organic base catalysts. Despite much progress
in heterogeneous catalysis, there still remain great opportunities for progress and developments in
catalysis. In order to acquire the catalyst with high reactivity and stability, the catalyst always needs
to be calcined at high temperature. Future efforts may focus on the following aspects: 1) exploring
cheaper metal oxide catalysts for the catalysis, such as Fe, Cu, etc.; 2) reducing the molar ratio of
DMC/glycerol and the loading of catalysts to avoid the waste of resources, such as the addition of
environmentally friendly azeotropic agents; 3) research on various new types of organocatalysts with
bifunctional groups filled with acidic and basic sites to activate glycerol and dialkyl carbonate for
the transesterification; and 4) thorough understanding of mechanistic details of transesterification
which will eventually lead to the next generation of general transesterification methods. In view of the
development of catalysts, we believe that there will be more breakthroughs in this area.

4. Conclusions

With the increasing demand for the clean energy of biodiesel, glycerol as the main byproduct
is confronted with a saturated state of the market. Glycerol carbonate, as one of the promising
downstream products, is gaining widespread concern. This review has documented recent advances in
heterogeneous catalysis in the transesterification of glycerol to glycerol carbonate. The heterogeneous
catalysts are focused on alkaline-earth metal oxides, hydrotalcites, zeolites, clinoptilolites, organic base
catalysts, etc. Heterogeneous base catalysts, especially for alkaline-earth metal oxides, possess strong
basic sites and exhibit excellent catalytic performance in transesterification. Mixed oxides are
particularly preferred for transesterification due to their higher contents of acidic and basic sites,
which are essential for the reaction. Hydrotalcite with a double-layered anionic clay structure contains
abundant Lewis basic sites and Bré¢nsted basic sites. With the synergistic effect of Lewis basic sites
and Br¢nsted basic sites between hydrotalcite and substrates, the transesterification of glycerol was
performed smoothly. Althoughheterogeneous organocatalytic transesterification of glycerol is a
challenging process for the synthesis of glycerol carbonate, it also raises concerns from chemists
withprogress due to the prospects in synthetic strategy. In brief, the catalytic performance of catalyst
in transesterification is closely related with the basicity, stability, and concentration of basic sites of
catalyst. Moreover, from the perspective of the reaction mechanism, both the acidic sites and basic sites
of catalysts could promote the transesterification. Catalysts, especially for heterogeneous catalysts,
as essential factors for the transesterification of glycerol, will be the key focus of future research,
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and future efforts will be centered on the development of novel heterogeneous catalytic systems that
are effective and efficient.
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