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Abstract

Glycerol carbonate was produced by transesterification between glycerol and dif-
ferent esters (dimethyl carbonate, diethyl carbonate, ethylene carbonate and propyl-
ene carbonate), using CTA-MCM-41 hybrid silica as basic catalyst. CTA-MCM-41
hybrid silica was synthesized using a non-hydrothermal method and was character-
ized by X-ray diffraction, thermogravimetric analysis and scanning electron micros-
copy. The catalyst characterizations showed that it had a hexagonal structure, cata-
lytic sites concentration of 1.822 mmol g~! and particle size in the range of 1-5 pm.
The reactions for formation of glycerol carbonate were performed in a batch reactor,
with dimethylformamide as solvent, and the products were analyzed by gas chroma-
tography (GC-FID) and (GC-MS). Experiments were performed to study the effects
of ester, temperature, catalyst percentage, and molar ratio of the reactants. The
main products of the reactions with these esters were glycerol carbonate, glycidol
and small amounts of glycerol monocarbonates, glycerol tricarbonate and glycidol
carbonate. Cyclic-chain esters showed greater reactivity than straight-chain esters,
forming fewer co-products. The reactions with straight-chain esters presented seven
reaction steps, three more than the reactions with cyclic-chain esters. Straight-chain
and cyclic-chain esters formed the products and co-products following different
reaction mechanisms.
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Introduction

The industrial production of biodiesel has expanded in recent decades and now
accounts for a large part of the renewable diesel market, especially in countries
such as the United States, Brazil, Indonesia, and Germany. The manufacture of
this biofuel generates large volumes of glycerol, the main co-product, in a propor-
tion of 8-10%, relative to the volume of biodiesel [1-3]. For example, in 2021,
Brazil produced about 6.77 million m?® of biodiesel (B100) and 613 thousand m?
of glycerol [4]. Most of the applications for glycerol are found in the pharma-
ceutical and food industries. However, the expansion of the biodiesel industry
has broadened the horizons for the use of this co-product as raw material in the
manufacture of other valuable products in the chemical industry [2, 5, 6]. Nota-
bly, glycerol carbonate has become an industrially promising molecule, since it is
derived from biomass and has several direct and indirect applications, including
as a solvent or co-solvent [7], a building block in polymer manufacture [8], and a
fuel additive [9].

Glycerol carbonate can be obtained using processes such as carbonation, tran-
scarbonation, transesterification, and glycerolysis [10, 11]. Specifically, the trans-
esterification between glycerol and dimethyl carbonate has been viewed as the
simplest and greenest process [11, 12]. Nonetheless, despite being considered a
simple process, the production of glycerol carbonate by transesterification is com-
plex and, although dimethyl carbonate (DMC) is the most common reagent, other
carbonic acid esters can be used [11]. Irrespective of the ester used, the glycerol
and carbonic acid esters are poorly miscible, since the former is a polar protic
compound, and the latter is a polar nonprotic compound. Hence, the resulting
mixture is a biphasic liquid-liquid system [13, 14]. Furthermore, in the presence
of a heterogeneous catalyst, the complexity of the system increases to a triphasic
liquid-liquid—solid system. Therefore, there are many operational difficulties that
must be addressed from scientific and technological perspectives.

An important point is that the formation of glycerol carbonate by transesterifi-
cation can involve parallel and in series reactions, forming co-products that con-
taminate the desired product [8, 15]. Although the identification of the chemi-
cal species formed is crucial to understand the process, most research on this
transesterification process is not concerned with the formation of co products. In
fact, even for the most studied reaction, between glycerol and dimethyl carbon-
ate, there is no agreement in the literature about which chemical species can be
formed [13, 16, 17].

Another fact that should be highlighted is that the catalyst selection represents
an important point in the viability of the process. The catalyst properties define
the reaction mechanism and can reduce or increase the products of the process.
Transesterification reactions are promoted by catalysts with basic properties, with
homogeneous catalysis being more widely used industrially, rather than hetero-
geneous catalysis [18]. More specifically, catalysts such as CH,ONa, CH;0K,
Na,CO;, metallic oxides (CaO, MgO, ZnO and NiO) and even lipase are widely
studied in the literature. However, CH;ONa is the more commonly used in the
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biodiesel industries, since it is very active, inexpensive and do not form soap
emulsions [18-23]. Nevertheless, on a laboratory scale, various types of catalysts
have been tested for the production of glycerol carbonate by transesterification,
including acid catalysts that are inefficient in transesterification reactions [11,
16]. Notably, the use of hybrid organic—inorganic catalysts with basic proper-
ties could be advantageous to produce glycerol carbonate, especially since these
materials can be synthesized using a range of procedures [24-28].

Therefore, the aim of this work was to investigate the reactions between glycerol
and different carbonic acid esters (dimethyl carbonate, diethyl carbonate, ethylene
carbonate and propylene carbonate), using CTA-MCM-41 hybrid silica as basic cat-
alyst. To understand the process from a molecular catalysis perspective, all chemical
species produced during the reactions were identified. Reaction steps and reaction
mechanisms were proposed for these reactions, together with determination of the
conditions to produce glycerol carbonate with maximum efficiency in terms of con-
version, selectivity, and yield.

Materials and methods
Materials

Cetyltrimethylammonium bromide (CTAB, 98.0%), ammonium hydroxide solu-
tion (NHj;, 28.0-30.0%), tetraethyl orthosilicate (TEOS, 98.0%), 1,2,3-propanetriol
(glycerol, GLY, 99.0%), dimethyl carbonate (DMC, 99.0%), diethyl carbonate (DEC,
99.0%), 1,3-dioxolan-2-one (ethylene carbonate, ECARB, 98.0%), 4-methyl-1,3-di-
oxolan-2-one (propylene carbonate, PCARB, 99.7%), dimethylformamide (DMF,
99.8%), methanol (CH,OH, MeOH, 99.9%), 4-hydroxymethyl-1,3-dioxolan-2-one
(glycerol carbonate, GCARB, 99.0%), and 2,3-epoxy-1-propanol (glycidol, GLYC,
96.0%) were obtained from Sigma-Aldrich (Merck).

Catalyst synthesis

The catalyst was synthesized according to the methodology described by Aratijo
et al. [29], using a reaction mixture with the following molar composition: 1 SiO,:
12.5 NH;: 0.4 CTAB: 174 H,0O: 4 EtOH. The synthesis was performed in a jacketed
batch reactor, under autogenous pressure, with magnetic stirring at~700 rpm and
constant temperature of 30 °C. Firstly, the CTAB was dissolved in distilled water,
with addition of NH,OH solution in the proportion shown above, and the mixture
was kept under stirring for 15 min. Tetraethyl orthosilicate (TEOS) was then added
dropwise and the mixture was stirred for 2 h. In the next step, the reaction mixture
with pH~ 11 was filtered, and the solid material obtained was washed with distilled
water until reaching pH~9. The final solid was dried for 24 h in an oven at 60 °C,
for use in the characterization analyses and the catalytic tests.
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Characterization of the catalyst

The structure of the catalyst was analyzed by X-ray diffraction (XRD), using a
Rigaku Multiflex diffractometer operating with Cu K radiation (A=0.15418 nm),
voltage of 40 kV, current of 40 mA, goniometer speed of 2.0° min~!, 20 angle from
1.0° to 10.0°, and step size of 0.01°. The use of Bragg’s law (Eq. 1) then enabled
determination of the interplanar distances (Eq. 2) and confirmation of formation of
the MCM-41 structure.

_0.15418
= 2 5in Oy @

Thermogravimetric analysis (TGA) was used to quantify the mass loss of the
organic material occluded within the mesopores of the catalyst, employing a TA
Instruments SDT-Q600 analyzer. A mass of 10 mg of sample was weighed into an
alumina crucible, followed by heating from ambient temperature to 850 °C, at a rate
of 10 °C min~!, under an oxidizing atmosphere provided by a flow of synthetic air at
40 mL min~". The organic material mass loss was used to calculate the mols of CTA
* cations present in the catalyst (Eq. 3), enabling estimation of the number of basic

sites per g of catalyst.
( Ry+Riy >
100 (3)
Dgites = Netat = T
res MM_ra+

In Eq. 3, nopa+ is the number of mols of the CTA™ cation present in the catalyst
(mol g~!), Ry and Ry are the percentage losses of organic material from the cata-
lyst, obtained by thermogravimetry (%), and MMp4+ is the molar mass of the CTA
* cation (g mol™!).

Scanning electron microscopy (SEM) was used to obtain images of the CTA-
MCM-41 hybrid silica particles. The analysis was performed on a FEI Company
microscope model Magellan 400L, operated at 25 kV. The silica was dispersed
in methanol, approximately 10 mg in 2 mL of methanol, and sonicated for 5 min.
Drops of the dispersion were then deposited onto an aluminum sample holder, and
once dried, the sample was covered with gold and analyzed. In previous studies,
the CTA-MCM-41 catalyst was characterized by nitrogen physisorption, 2°Si MAS-
NMR and by O 1s XPS to evaluate the catalyst porosity and the origin and strength
of the basic sites, siloxy sites (SiO7). [25, 30, 31].

Catalytic evaluation

The transesterification reactions of glycerol (GLY) with different carbonic acid
esters (CAE) to produce glycerol carbonate (GCARB), Fig. S1, were conducted in
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the presence of dimethylformamide (DMF), a polar nonprotic solvent. The proce-
dures consisted of adaptations of methods described elsewhere [32, 33].

The catalytic tests were performed using a jacketed batch reactor with capacity of
35 mL, made of glass, under atmospheric pressure and magnetic stirring (approxi-
mately 0.1 MPa and 1500 rpm). For vapor recovery, a condenser, made of glass,
maintained at around 20 °C was connected to the upper part of the reactor. The reac-
tor was loaded with suitable amounts of the reactants (CAE and GLY, Fig. S1) to
obtain a reaction mixture with the desired CAE:GLY molar ratio, diluted in DMF
at a proportion of 50 wt%. The mixture of reactants and solvent was then heated to
the desired temperature, under constant stirring. After reaching the operating tem-
perature, the required amount of catalyst, calculated based only on the mass of the
reactant mixture (CAE + GLY), was added to initiate the reaction.

The transesterification reactions were performed varying several parameters
(temperature, percentage of catalyst and molar ratio of the reactants), as follows in
Table 1.

The reactions were continued for up to 120 min, with 0.5 mL aliquots periodi-
cally removed from the reactor using a 1 mL syringe, with immediate separation
from the catalyst, prior to chromatographic analysis. The separation was performed
by attaching a microfilter containing a polytetrafluoroethylene (PFTE) membrane
(Millex-LG, 0.20 um, 13 mm diameter) to the syringe. All the evaluations were per-
formed in triplicate, in order to estimate the deviation of the results. Furthermore,
in order to test the stability of the catalyst, it was reused four times in the RDM
reaction, using the following reaction conditions: 80 °C; 4 wt% catalyst; 2 DMC:1
GLY molar ratio and 60 min of reaction. After each reaction cycle, the catalyst was
filtered, washed with methanol, dried in an oven at 80 °C for 3 h and reused for the
next reaction cycle.

Analysis of the reaction products

Quantitative analysis of the samples removed during the reactions was per-
formed using a gas chromatograph (GC-2010, Shimadzu, Tokyo, Japan) equipped

Table 1 Reaction conditions, chosen depending on the reactivity of the system

Reaction Reaction parameters

Temperature (°C) Catalyst (%) Molar ratio (CAE/ Time (min)

GLY)

RDM? 40; 60 or 80 1;2o0r4 1;20r3 120
RDE® 80 1 2 120
REC* 30; 50; 70 or 80 1 lor2 60 or 120
RPCY 80 1 2 120
YCAE=DMC
®CAE=DEC
‘CAE=ECARB
dCAE=PCARB
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with a flame ionization detector (FID) and a Restek RTX-WAX capillary column
(30 mx0.32 mmx 0.25 pm). Aliquots of around 1.0 pL of the samples were injected
in split mode, with a split ratio of 50:1. The injector and detector temperatures were
260 and 280 °C, respectively. The carrier gas was high purity helium, at a flow rate
of 2.62 mL min~". The optimized column temperature program for separation of the
components was as follows: initial 50 °C for 1 min; ramp to 60 °C at 10 °C min~';
hold at 60 °C for 2 min; ramp to 240 °C at 15 °C min~"; hold at 240 °C until the end
of the analysis. Calculations of the conversions, selectivities, and yields of the reac-
tions were performed by the external standards method, using calibration curves for
glycerol (GLY), glycerol carbonate (GCARB), and glycidol (GLYC). The equations
are provided in the Supplementary Material. The other chemical species formed
(glycerol monocarbonates, glycerol tricarbonate, and glycidol carbonate) were not
quantified, due to the unavailability of commercial analytical standards.

In order to identify the reaction products, the samples were also analyzed quali-
tatively by gas chromatography coupled to mass spectrometry, using a GCMS-
QP2010 Plus instrument (Shimadzu, Tokyo, Japan) fitted with a SUPELCOWAX®
10 Capillary GC Column (30 mx0.25 mmx0.25 pm). The column temperature
program was similar to that used in the quantitative analyses (GC-FID). The ion
source and spectrometer interface temperatures were 280 and 200 °C, respectively.

Results and discussion
Characterization of the catalyst

The diffractogram of the hybrid silica synthesized according to the methodology
described by Aratijo et al. [29] confirmed that it presented the typical MCM-41
structure (Fig. S2) [34-37]. The micrograph of the hybrid silica, Fig. S3, shows that
the sample consisted of an agglomeration of particles with variable size, in the range
of 1-5 pum, and undefined shape. The observed morphology was one of many that
MCM-41 silica can present [29, 31, 38].

Fig. S4 shows the results of TGA of the as-synthesized silica heated in an oxidiz-
ing atmosphere, revealing four distinct mass loss regions. According to Zhao et al.
[39], these regions were associated with the following events: (I) desorption of water
adsorbed on the surface of the catalyst; (II) Hoffmann elimination of the organic cat-
ion (CTA*); (IlI) combustion of residual organic matter; and (IV) dehydroxylation
of silanol groups. The percentage mass losses in each region are shown in Table S6.
The number of mols of cations present in the hybrid silica was calculated consider-
ing the organic matter percentages obtained for regions (II) and (III) (Eq. 3). Since
each CTA™ cation compensated a siloxy anion (SiO7), it was considered that the
total number of mols of catalytic sites present in the silica was equal to the number
of mols of CTA™ cations (Eq. 4).

Dies = Ngio- = Neray = 1.822 mmol g™ )
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Finally, in order to provide a better understanding of the catalyst properties, it
should be highlighted that the pores of CTA-MCM-41 hybrid silica are obstructed
by the CTAY micelles, and that the basic catalytic sites, siloxy anions SiO~, are part
of the inorganic exoskeleton of the hybrid silica. As reported in the literature, 2°Si
MAS-NMR and O 1s XPS analyzes proved that the silica has strong basic sites and
nitrogen physisorption shows that it has a very low surface area (1.04.1 m? g7}
[25, 40, 41]. Therefore, any reaction performed using this catalyst must occur on its
outer surface. Hence, there is no internal diffusion of the reactants and products, and
the catalytic sites located within the mesopores are not accessible to the reactants.

Catalytic evaluation
Transesterification between glycerol and dimethyl carbonate

Fig. 1a shows the effect of the reaction system temperature on the conversion of
glycerol (GLY), for an initial reactants ratio (DMC:GLY) of 2:1. At all the tempera-
tures studied, there was an initial very rapid consumption of glycerol, followed by a
slower rate after several minutes. Interestingly, the initial selectivity towards glyc-
erol carbonate (GCARB) was very low (Fig. 1b), indicating that it was not a primary
product. Kumar et al. [32] observed similar behavior for the glycerol consumption
rate, using hydrotalcite and hydromagnesite as catalysts, without formation of glyc-
erol carbonate, which was attributed to strong adsorption of glycerol on the catalyst.
It can also be seen from Fig. 1a that increase of the temperature led to an increase in
the rate of glycerol consumption, with conversions of 49, 58, and 75% obtained after
120 min of reaction at temperatures of 40, 60, and 80 °C.

Fig. 1b shows the selectivity towards the two main products of the reaction. It
can be seen that the selectivity towards glycerol carbonate (GCARB) was initially
low, at all the temperatures studied, followed by an increase. The mass spectros-
copy (GC-MS) analysis (Fig. S5) enabled the identification of two products whose
molecular masses corresponded to glycerol monocarbonates. Two parallel reactions

a) 100 pMc: 1GLY b) 100> pme: 16LY
90 41 wt.% catalyst ;\'e‘ 90 41 wt.% catalyst
80 > 801
= 3 = %00 ©
S s s ° ° Z 70 98°888°° 88 8 §
é 60 - nnaon o o ';T; 604 gggoooooooo o o © 9 9|
= 1 o o © o ©° 0
E 50 U:agu °:;:° o © © o 9 = 018
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5 304 g 30{o
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Fig. 1 Effect of temperature on RDM reaction: a glycerol conversion (circle) and b glycerol carbonate
selectivity (diamond) and glycidol selectivity (triangle). Reaction conditions: 2 DMC: 1 GLY and 1 wt%
catalyst
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(R1 and R2) resulted in the formation of these two primary products (glycerol mono-
carbonates, isomers P1 and P2). These two primary products could then undergo
cyclization reactions (R3 and R4), forming glycerol dicarbonate (commonly known
as glycerol carbonate) as the secondary product S1 (Fig. 2). Although the formation
of the two primary products has been proposed in several previous studies [13, 15,
33], none of them succeeded in identifying these molecules, due to the speed with
which they were consumed. It can also be seen from Fig. 1b that at 40 °C, the selec-
tivity towards glycerol carbonate was constant (60%) after 10 min, while at 60 °C,
the selectivity towards glycerol carbonate was constant (72%) after 45 min of reac-
tion. At 80 °C, maximum selectivity towards glycerol carbonate (78%) was obtained
after 70 min, followed by a subsequent decrease to 70%.

In parallel with the decrease in selectivity towards glycerol carbonate observed at
80 °C, two tertiary products were formed, namely glycidol (GLYC, T1) and glycerol
tricarbonate (T2), according to reactions RS and R6 (Fig. 2). Reaction RS involved
the decomposition of glycerol carbonate to produce glycidol and carbon dioxide,
while reaction R6 was due to another transesterification between dimethyl carbonate
and the hydroxyl in glycerol carbonate.

The results for glycidol formation (Fig. 1b) showed that when the reaction was
performed at lower temperatures (40 and 60 °C), the selectivity towards this product
was low, at around 3% after 120 min of reaction. However, at 80 °C, the production
of glycidol was more important, especially after 60 min, with 14% selectivity after
120 min. As noted above, in parallel with the increased selectivity towards glycidol,
there was a decrease in selectivity towards glycerol carbonate, due to reaction RS.
The formation of glycidol as a reaction product was reported by Gade et al. [42], but
was contested by Bai et al. [17]. The present results confirmed that the decomposi-
tion of glycerol carbonate to glycidol is, in fact, one of the reaction steps. Additional
information has been provided in the Supplementary Material (Figs. S5, S6).

The use of gas chromatography coupled with mass spectroscopy enabled identifi-
cation of the presence of glycerol tricarbonate. As described previously, this tertiary
product (T2) was probably formed by the transesterification reaction of glycerol
carbonate with dimethyl carbonate. It was not possible to quantify the formation of
glycerol tricarbonate, although it was evident that it was present at a very low con-
centration, as indicated by the small size of the chromatographic peak correspond-
ing to this product. Rokicki et al. [8] also detected the formation of glycerol tricarbo-
nate (T2) under specific conditions using a large excess of dimethyl carbonate, with
DMC:GLY ratios greater than 5:1. However, the present results demonstrated that
reaction R6 could occur even using lower DMC:GLY ratios.

Fig. 3 shows the effect of the mass percentage of catalyst fed to the reaction sys-
tem on glycerol conversion and selectivity towards the two main products. Increase
of the catalyst mass acted to increase glycerol conversion, with values after 120 min
of 75, 86, and 90% obtained using 1, 2, and 4 wt% catalyst (Fig. 3a), as expected
due to the greater quantity of available catalytic sites. Increase of the catalyst con-
centration led to lower selectivity towards glycerol carbonate and higher selectivity
towards glycidol, with the latter compound becoming the second main product of
the process. When 2 wt% catalyst was used, there was a gradual decrease in the
selectivity towards glycerol carbonate and an increase in the selectivity towards
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glycidol, reaching values of 52 and 21%, respectively, after 120 min. Similarly, in
the presence of 4 wt% catalyst, the selectivities to glycerol carbonate and glycidol
reached values of 38 and 28%, respectively, after 120 min.

Finally, the GC-MS analysis identified the presence of glycidol carbonate, formed
in reaction R7 (Fig. 2). This quaternary product (Q1) was most evident when there
was greater formation of glycidol, after 80 min in the reaction using 4 wt% catalyst.
The formation of Q1, which was the last reaction step detected in the process, was
accompanied by slight decreases in the selectivity towards glycidol (Fig. 3b) and
the glycidol yield (Fig. S28). It should be highlighted that the formation of glycidol
carbonate has not been reported in the literature. Although it was not quantified, the
concentration of this product must have been very low, considering the small size of
the chromatographic peak.

Fig. 4 shows the effect of the DMC:GLY molar ratio (i.e., excess dimethyl car-
bonate) on reaction performance. As expected, increase of the molar ratio increased
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Fig. 4 Effect of DMC: GLY molar ratio on RDM reaction: a glycerol conversion (circle) and b glycerol
carbonate selectivity (diamond) and glycidol selectivity (triangle). Reaction conditions: 80 °C and 1 wt%
catalyst
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glycerol conversion (Fig. 4a), since the excess of DMC shifted the reaction equi-
librium, favoring formation of the products. Conversions of 48, 75, and 91% after
120 min were obtained using DMC/GLY =1, 2, and 3.

Fig. 4b shows the influence of the DMC:GLY ratio on the selectivity towards the
two main products. When the reaction was performed with an equimolar DMC:GLY
ratio, the selectivity towards glycerol carbonate showed an increasing temporal
trend. This confirmed that GCARB was a secondary product and that its formation
was slower at the start of the reaction, due to lower conversion of glycerol mono-
carbonates to glycerol carbonate. As the reaction proceeded, the selectivity towards
glycerol carbonate became constant, at 60%, and there was the initiation of forma-
tion of glycerol tricarbonate from the transesterification reaction between glycerol
carbonate and dimethyl carbonate. Rokicki et al. [8] reported similar behavior using
DMC:GLY ratios up to 10:1. As the excess of DMC in the system increased, more
glycerol carbonate was consumed and greater quantities of glycerol tricarbonate
were formed.

When the reaction was performed using a DMC:GLY ratio of 2:1, the selectiv-
ity towards GCARB increased, since the excess of DMC favored the conversion of
glycerol to form the primary products P1 and P2, according to the fast reactions
R1 and R2. Subsequently, as the process continued, the rates of reactions RS and
R6 increased, leading to lower selectivity towards glycerol carbonate, as explained
above (Figs. 1, 2). When the reaction was performed with increase of the DMC:
GLY molar ratio to 3:1, the initial selectivity towards glycerol carbonate increased
very similarly to that observed using a DMC:GLY ratio of 2:1. However, after
15 min of reaction, the selectivity towards glycerol carbonate remained constant at
60%, as observed for the DMC:GLY ratio of 1:1, due to its consumption according
to reaction R6, generating glycerol tricarbonate.

Finally, regarding the selectivity towards glycidol (Fig. 4b), when an equimolar
ratio was used, the selectivity towards glycidol reached 5% after 120 min of reaction.
When an excess of DMC was used (DMC:GLY =2:1), the formation of glycidol was
favored, since there was greater formation of glycerol carbonate, from which gly-
cidol was formed, with 14% selectivity reached after 120 min of reaction. When
the amount of DMC was increased further (DMC:GLY =3:1), the glycidol selectiv-
ity became very similar to that obtained using the previous ratio (DMC:GLY =2:1),
reaching 15% after 120 min of reaction. This was because the formation of glycidol
was independent of the dimethyl carbonate content. Rokicki et al. [8] reported that
increase of the dimethyl carbonate content only acted to increase the transforma-
tion of glycerol carbonate to glycerol tricarbonate, with subsequent transformation
of glycerol tricarbonate to diglycerol hexacarbonate.

Transesterification between glycerol and different esters

Fig. 5 shows the effect of the ester type on the conversion of glycerol. It can be seen
from Fig. 5a that cyclic-chain esters (REC and RPC, Fig. S1) have a much higher
reactivity than straight-chain esters (RDM and RDE, Fig. S1). It can also be seen
that the increase in the alkyl chain of the ester, straight or cyclic, causes a reduction
of its reactivity, either by inductive effect or by the increase of diffusional effects
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Fig.5 Effect of carbonic acid ester type on a the conversion of glycerol to b glycerol carbonate selec-
tivity, ¢ glycol selectivity. RDM reaction (CAE=DMC); RDE reaction (CAE=DEC); REC reaction
(CAE=ECARB) and RPC reaction (CAE=PCARB). Reaction conditions: 80 °C, 2 CAE: 1 GLY and 1
wt% catalyst

during the reaction on the surface of the catalyst [43]. Fig. 5a also shows that the
reactions with ethylene carbonate and propylene carbonate (ECARB and PCARB,
Fig. S1), both cyclic-chain esters, reached equilibrium after 5 min of reaction, with
conversions of 94% and 83%, respectively. Reactions with dimethyl carbonate and
diethyl carbonate (DMC and DEC, Fig. S1), both straight-chain esters, achieved
much lower conversions, 75% and 31% after 120 min of reaction.

Fig. 5b shows the selectivity towards the formation of glycerol carbonate. It can
be seen that for the cyclic-chain esters (REC and RPC) the selectivities towards this
product tend to be 100% when the reaction starts. This behavior is typical for the for-
mation of a primary product of a reaction, meaning, therefore, that the cyclic-chain
esters are directly transformed into glycerol carbonate (reaction R1 in Fig. S22). As
the reaction time increases, the selectivity towards glycerol carbonate decreases and,
in parallel, the glycidol selectivity increases (Fig. 5c), suggesting that this last one
is a secondary product, derived from glycerol carbonate (reaction R2 in Fig. S22).
Fig. 5b also shows that the behavior of the selectivity towards glycerol carbonate
for the straight-chain esters (RDM and RDE) is opposite to the cyclic-chain esters,
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in other words, it tends to be 0% when the reaction starts. This behavior suggests
that, in this case, glycerol carbonate is a secondary product, formed, therefore, from
another intermediary product. In fact, analysis of the reaction products shows that
straight-chain esters form glycerol monocarbonates (P1 and P2 in Figs. S5 and S21).

Interestingly, the production of glycidol as the main co-product of these reactions
becomes interesting, since this molecule is industrially promising and can be used in
several applications [44, 45], as well, short-chain alcohols, which are products of the
reactions and can be reused in different chemical processes [46—49].

Based on the above discussions, two mechanisms have been proposed for the
transesterification of glycerol with cyclic-chain and straight-chain esters, in the pres-
ence of a strong basic catalyst, Figs. S26 and 6.

According to Schuchardt et al. [50], the transesterification between an alco-
hol and an ester, in the presence of a basic catalyst, starts with the formation of
an alkoxide. Therefore, according to Ochoa-Gdémez et al. [33], the reaction between
dimethyl carbonate and glycerol starts from the adsorption of glycerol at the basic
site, generating a glyceroxide anion and the conjugated acid (BH) of the base (steps
1 and 2 in Fig. S26). Then, the glyceroxide anion attacks the carbonyl carbon of the

P — 0 oH o {\ 0\)01/()“
) R)\/ O\[]/O\)\/OH \[0>=
HB HB

Fig.6 Possible reaction mechanism for glycerol carbonate formation from transesterification of glycerol
with cyclic-chain esters
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ester (step 3), forming a glycerol monocarbonate as a primary product (step 4) and
a methoxide anion that attacks the conjugated acid (BH), regenerating the basic site
and forming a molecule of methanol. Finally, glycerol monocarbonate undergoes a
cyclization reaction, without interacting with the catalyst, forming glycerol carbon-
ate and one more methanol molecule. However, it should be highlighted that the
glycerol monocarbonate can adsorb on the basic site (step 5) generating a glycerox-
ide monocarbonate anion and the conjugated acid BH (step 6). Finally, the glycerox-
ide monocarbonate anion undergoes cyclization, generating the glycerol carbonate
and a methoxide anion that attacks the acid (BH), regenerating the basic site and
forming methanol. This mechanism explains our results, aids in the understanding
of previous work [32], and can be applied to all straight-chain esters.

Similarly, the transesterification using cyclic-chain esters starts from the adsorp-
tion of glycerol at the basic site, generating a glyceroxide anion and the conjugated
acid (BH) of the base (Fig. 6, steps 1 and 2). Subsequently, the glyceroxide anion
attacks the carbonyl carbon of the ester, generating a glyceroxide monocarbonate
anion (steps 3 and 4). Then, the glyceroxide monocarbonate anion, through an attack
on its second hydroxyl, forms a second glyceroxide monocarbonate anion (steps 4
and 5). Afterwards, this anion attacks the carbonyl carbon generating glycerol car-
bonate and alkoxide (steps 5 and 6). Finally, the alkoxide attacks the conjugated
acid (BH), regenerating the basic site and forming a glycol molecule (step 6). Thus,
through this proposed reaction mechanism, unlike the straight-chain esters (Fig.
S26, step 4), glycerol monocarbonate is not formed as a stable molecule in the sys-
tem and, therefore, glycerol carbonate is the primary product of these reactions.

Finally, based on the above discussions, two mechanisms were proposed for the
formation of glycidol, glycerol tricarbonate and glycidol carbonate, in the pres-
ence of a strong basic catalyst, Figs. S31 and S32. Furthermore, it should be high-
lighted that catalyzed by CTA-MCM-41 hybrid silica, the RDM and REC reactions
showed apparent activation energies with values of 1.24 kJ mol~! and 6.75 kJ mol~!
(R*>0.99), respectively. These results, obtained from the linearization of the
Arrhenius equation (Fig. S23, related to Figs. 1 and S24), confirm the high reac-
tivity of cyclic-chain ethylene carbonate, which presented a much lower activation
energy than the straight-chain dimethyl carbonate. These very low activation ener-
gies results suggest that CTA-MCM-41 hybrid silica has very high catalytic activity,
which is due to the very strong basicity of the siloxy sites. However, due to weak
interaction between siloxy anions and the CTA™ cations, the catalyst has a slow
deactivation, due to partial CTA* leaching to the liquid medium during the transes-
terification reaction (Fig. S33).

Conclusions

This work investigated the reactions between glycerol and different carbonic acid
esters, straight-chain esters and cyclic-chain esters, using CTA-MCM-41 hybrid
silica as basic catalyst. CTA-MCM-41 hybrid silica, with particle size in the range
of 1 to 5 um and catalytic sites concentration of 1.822 mmol g~!, presented high
catalytic activity. In the presence of this strong basic catalyst, straight-chain esters
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and cyclic-chain esters formed glycerol carbonate following different reaction
mechanisms.

Among all the esters, ethylene carbonate and dimethyl carbonate showed higher
reactivity and their reactions showed apparent activation energies with values of
1.24 kJ mol~! and 6.75 kJ mol ™!, respectively. Straight-chain esters formed six prod-
ucts: two isomers of glycerol monocarbonate as primary products, glycerol carbon-
ate as secondary product, glycidol and glycerol tricarbonate as tertiary products and
glycidol carbonate as a quaternary product. On the other hand, cyclic-chain esters
formed four products: glycerol carbonate as primary product, glycidol and glycerol
tricarbonate as secondary products and glycidol carbonate as tertiary product.

The formation of co-products, glycidol carbonate and glycerol tricarbonate, is
reduced when a small excess of ester is used, and the reactions are conducted for
short reaction times. Glycerol carbonate was produced most efficiently under mild
reaction conditions, while maximum glycidol production was achieved when a
higher loading of catalyst was used in the reaction system.
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org/10.1007/s11144-023-02349-4.
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