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Synthesis of glycerol carbonate by direct
carbonylation of glycerol with CO2 over solid
catalysts derived from Zn/Al/La and Zn/Al/La/M
(M = Li, Mg and Zr) hydrotalcites†

Hongguang Li,ab Xi Jiao,ab Lei Li,a Ning Zhao,*a Fukui Xiao,a Wei Wei,c Yuhan Sund

and Bingsheng Zhange

Zn/Al/La and Zn/Al/La/M (M = Li, Mg, Zr) mixed oxides were obtained by calcination of hydrotalcite

precursors and tested for glycerol carbonate (GC) synthesis from CO2 carbonylation. The results indicated

the catalytic activity may be associated with the large specific surface area, the high surface content of Zn

and the high binding energy of Zn atoms as well as the high density of moderately basic sites. The good

result was obtained on the catalyst with a molar ratio of Zn : La : Al = 4 : 1 : 1 and, within a certain range,

glycerol conversion and GC yield increase linearly upon the increase of the density of moderately basic

sites. In addition, the catalytic activity was obviously improved upon introduction of Li, Mg and Zr. The

effect of reaction parameters on the carbonylation of glycerol was also studied. The DRIFTS results suggest

that the activated CO2 may be in the form of a bridged bidentate carbonate that inserts into zinc

glycerolate to form an intermediate species of a seven-membered ring ester followed by intramolecular

rearrangement to produce GC. Theoretical calculation results indicated that the seven-membered ring

ester has good stability and the formation process happens spontaneously.
1. Introduction

The mixture of fatty acid methyl esters (FAMEs), known as
biodiesel, which can significantly decrease the emission of
CO2, SOx and unburned hydrocarbons from motor vehicles,1

has received much attention and as a result, its production
has increased greatly in recent years. However, a large amount
of glycerol has also been produced as a byproduct. World-
wide, the production of glycerol is in a surplus which has
resulted in the market price of glycerol dropping sharply.2–4

Consequently, new applications for the low-cost glycerol need
to be developed and/or the existing routes need to be
expanded.2 Recently, new pathways for the catalytic conver-
sion of glycerol, including selective oxidation, selective
hydrogenolysis, selective dehydration, thermal reduction into
syngas, selective etherification and synthesis of glycerol
carbonate (GC), have been developed.3–5 Glycerol carbonate,
an important glycerol derivative, can be widely used as a
novel component of gas separation membranes, polyurethane
foams, surfactant as well as the component in coatings,
paints and detergents, etc.5,6 Therefore, synthesis of glycerol
carbonate from glycerol becomes very meaningful.

Traditionally, GC was prepared by reaction of glycols with
phosgene. Due to the high toxicity and corrosive nature of
phosgene, alternative routes such as transesterification of
dialkyl or alkylene carbonates have been explored.7–13 How-
ever, the transesterification process involves dimethyl, diethyl
or propylene carbonates, which leads to lower economic
benefits. Although many heterogeneous catalysts showed
good catalytic activity for GC synthesis from glycerol and
urea,9,14–16 the reaction must be conducted at a pressure
below 20–30 mbar in order to remove the formed ammonia.
Moreover, the purification process is also complicated.17

Compared with the above-mentioned synthesis routes, the
carbonylation of glycerol with CO2 is a green process that
would convert two cheap raw materials into a valuable
product with only water as byproduct. The first attempts to
synthesize GC from glycerol and supercritical CO2 were
carried out using zeolites and basic ion-exchange resins as
Catal. Sci. Technol.
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catalysts and the GC yield could reach 32%.18 However, there
is no evidence that a direct CO2 insertion occurred, as only
glycerol carbonate was produced when another organic
carbonate was added as reactant.16 The direct reactions of
glycerol with CO2 were also studied using tin complexes,
CeO2/Al2O3 or CeO2/Nb2O5, as catalysts.19–21 Low conversion
of glycerol was obtained because of thermodynamic limita-
tions. In order to lift the thermodynamic limit, acetonitrile
was used as a coupling agent, and achieved enhanced
results.22–24 Although many research works have been
reported, it is still a challenge to develop new catalysts with
better performance for the synthesis of GC from CO2.

It is reported that the mixed metal oxides, obtained by
calcination of the hydrotalcite-like compounds (HTlcs)
Ĳ[M2+

1−xM
3+

x(OH)2]
x+(An−)x/n·mH2O), possess an homogeneous

dispersion of M2+ and M3+ at an atomic level, high specific
surface area and strongly basic properties,25–27 and the acid–
base properties of the catalysts can be modified by changing
the cations in the layers, compensating anions or activation
methods.28 As a result, they have been studied for various
catalytic reactions including the synthesis of GC by trans-
esterification or carbonylation with urea.8–10,13,29 In addition,
some researchers have reported that zinc-based catalysts
have a strong ability for glycerol activation,14,15,29–31 and
lanthanides favor metal dispersion and strengthen CO2

adsorption.32 To the best of our knowledge, the use of La modi-
fied zinc-based catalysts derived from HTlcs for the synthesis
of GC from glycerol and CO2 has not been reported before.

In the present work, Zn/La containing hydrotalcites
(Zn–Al–La and Zn–Al–La–M (M = Li, Mg and Zr)) are prepared
and their catalytic activities for the synthesis of GC from glyc-
erol and CO2 are investigated for the first time. The influence
of the introduction of La to the Zn/Al HTl structure, the Al
content and different metal elements (Li, Mg and Zr) into the
layered structure on the physicochemical properties are
discussed. The relationship between the physicochemical
properties and the catalytic performance is then discussed.
CO2 adsorption on the prepared catalysts and the interaction
between zinc glycerolate and CO2 are studied by DRIFTS. The
used catalysts are studied by FT-IR. The possible mechanism
for glycerol carbonate synthesis was thus proposed and
theoretical calculations are also performed with the Gaussian
09 program to verify the proposed mechanism.

2. Experimental
Catalyst preparation

La modified Zn-containing HTlcs with various Zn : La : Al
atomic ratios were synthesized by a co-precipitation method.
The Zn2+ : La3+ : Al3+ atomic ratio in the starting solution was
kept to 4 : 1 : x where x was varied from 1 to 3. Typically, two
aqueous solutions, a solution of Zn(II), Al(III) and La(III)
nitrates and a mixed solution of NaOH and Na2CO3 precipi-
tant, were added dropwise to 100 mL of deionized water
under vigorous stirring with a constant pH of 10. The
resulting slurry was aged at 60 °C for 15 h under stirring and
Catal. Sci. Technol.
then filtered and washed several times with deionized water
until the filter liquor reached a pH value of 7. Thus obtained
solids were dried at 80 °C overnight and then calcined in air
at 500 °C for 5 h with a heating-up rate of 5 °C min−1. The
obtained HTlcs were denoted as HT-x (x means the Al3+ : La3+

atomic ratio in the synthesis mixture), and corresponding
calcined HTlcs were denoted as CHT-x.

The same methodology was used for the preparation of
Zn/Al/La/M (Zn/Al/La/M = 4 : 1 : 1 : 1, M = Li, Mg, Zr), Zn/Al
ĲZn2+ : Al3+ = 2 : 1) hydrotalcites and the catalyst of Zn2+ :
La3+ = 4 : 1, which were denoted as HT-M, ZA-2, ZL-4 (before
calcination) and CHT-M, CZA-2, CZL-4 (calcined at 500 °C),
respectively. Furthermore, zinc glycerolate was prepared by
the reported method33 for the exploration of the interaction
with CO2 to understand the mechanism of the formation of
glycerol carbonate.
Characterization of catalysts

The surface area of the samples was determined by N2

adsorption–desorption at −196 °C on Micromeritics Tristar
3000 instrument. X-ray diffraction (XRD) patterns were
recorded on Panalytical X′Pert Pro X-ray diffractometer with
Cu Kα radiation over a range of 10–80°. Thermogravimetric
analysis (TGA) was performed on a Rigaku thermogravimetric
analyzer with 60 mL min−1 of air flow from 30 to 800 °C at a
heating rate of 10 °C min−1. The morphology of the samples
was determined on a JEOL JSM-7001F scanning electron
microscope (SEM) with an accelerating voltage of 10.0 kV.

X-Ray photoelectron spectroscopy (XPS) measurements
were performed over a Kratos AXIS ULTRA DLD spectrometer
equipped with Al Kα radiation (hν = 1486.6 eV) under
ultrahigh vacuum. The binding energies were calibrated
internally by adventitious carbon deposition C (1s) with Eb =
284.8 eV.

The surface basicity of the catalysts were measured by
temperature programmed desorption of CO2 (CO2-TPD) using
a TPD flow system equipped with an MS detector (Omnistar,
PFEIFFER VACUUM). Each sample (0.1 g) was pre-treated in
Ar flow at 500 °C. The adsorption of CO2 was performed at
40 °C and then followed by an Ar purge to remove the
physisorbed CO2. The desorption process was performed at a
heating rate of 10 °C min−1 from 40 °C to 500 °C.

CO2 adsorption was explored by a diffuse reflection infra-
red Fourier transform spectroscopy (DRIFTS) experiment with
a Nicolet Magna-II 550 spectrometer. The sample was heated
to 400 °C in Ar flow and held at this temperature for 1 h
prior to experiment in order to remove absorbed gas and
water. 100 scans were recorded after it cooled to 170 °C.
High-purity carbon dioxide was introduced to the cell at
50 mL min−1 for 1 h. Recording of the spectra of CO2 adsorp-
tion was followed by sweeping with a flow of 50 mL min−1 of
Ar for 5, 10, 20 and 30 min. 100 scans of adsorbed CO2 were
recorded at a resolution of 8 cm−1.

The interaction between zinc glycerolate and CO2 was also
explored by DRIFTS experiments on the Nicolet Magna-II 550.
This journal is © The Royal Society of Chemistry 2014
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Zinc glycerolate was loaded into the DRIFTS cell and 100
scans were recorded when high-purity CO2 was introduced to
the cell at 60 mL min−1. The corresponding spectra were
recorded after 15 min reaction at each temperature point (30,
60, 80, 100, 120, 140, 150, 160, 170, 180 and 190 °C). For
comparison, the spectra of zinc glycerolate and glycerol
carbonate were also recorded on the spectrometer.

The Fourier Transform Infrared spectra (FT-IR) of the used
catalysts were obtained using a Nicolet NEXUS 470 FT-IR
spectrometer by the KBr disc method over a range of
400–4000 cm−1 with a 4 cm−1 resolution.
Evaluation of catalysts

The GC synthesis was carried out in a 50 mL stainless-steel
autoclave equipped with a magnetic stirrer. In a typical exper-
iment, glycerol (4.60 g), the desired amount of catalyst
(0.14 g, 3 wt% of glycerol) and 5.0 mL CH3CN were added
into the reactor. Then CO2 was introduced into the autoclave
with an initial pressure of 4.0 MPa at 20 °C. The reactor was
then heated to 170 °C and kept for 12 h with magnetic
stirring. After reaction, the autoclave was cooled to room tem-
perature and the excess CO2 was vented slowly. For quantita-
tive analysis, an external standard of acetonitrile was used.
Considering the low solubility of glycerol and the products in
acetonitrile and the high solubility in ethanol, ethanol was
also added to dilute the reaction mixtures. Then the samples
were analyzed by a gas chromatograph equipped with a flame
ionization detector on a capillary column SHIMADZU CBP/20
(25 m × 0.22 mm).

Theoretical methods

Theoretical calculations were used to explore the reaction
mechanism. All calculations were carried out with the Gauss-
ian 09 program.34 Full geometry optimizations were
performed at the MP2ĲFull)/aug-cc-pVDZ level. Harmonic
vibrational frequencies were then computed using the same
method to confirm that the obtained structures were stable.
This journal is © The Royal Society of Chemistry 2014

Fig. 1 (a) XRD patterns of precursors of the Zn/Al/La catalysts. (b) XRD pa
(JCPDS 48-1113); (○) hexagonal La2O2CO3 (JCPDS 37-804); (◊) Zn6Al2O9 (JC
The ΔrG was calculated as the difference in the energy
between the reactants and products.
3. Results and discussion
Textural properties of the prepared catalysts

The XRD patterns of HT-x, ZA-2 and ZL-4 are shown in
Fig. 1a. The HTl structure is not formed on the catalyst of
ZL-4, and LaĲOH)3 is the main crystal phase. For ZA-2, only
the diffraction peaks of HTlcs are observed. In addition, for
La-containing hydrotalcites, the crystallinity of the HTlcs
increases upon increase of Al content, reaching a maximum
for HT-2 and then decreases with further increase of Al
content. The results suggest that a greater amount of
hydrotalcite-like structures are formed in HT-2, which is also
confirmed by the SEM results (Fig. S1†). The morphologies of
the Zn/Al/La precursors in Fig. S1† show that the crystallinity
of the HTl structure decreases with the introduction of La,
while HT-2 shows high crystallinity of the HTl structure. Pre-
vious reports suggested that an atomic ratio of M2+/M3+

between 2 to 4 was favorable for the synthesis of the HTl
structure.35,36 As a result, a lower atomic ratio of M2+/M3+ in
HT-3 (Zn2+/Al3+ = 1.3) is not favorable for the formation of
single phase HTl structures, so the intensity of the diffraction
peaks of the HTl structure decreases for the HT-3 sample.

For the La-containing HTlcs, besides the major phase of
the HTl structure, the patterns of LaCO3OH (JCPDS 26-815)
and ZnO (JCPDS 36-1451) are also observed. Benito et al.37

have reported that it is impossible to hinder ZnO segregation
in Zn/Al HTlcs when the Zn2+/Al3+ atomic ratio was higher
than 2. So, the appearance of ZnO diffraction peaks in HT-1
may result from the high atomic ratio of Zn2+/Al3+. Moreover,
despite the same atomic ratio of Zn2+/Al3+ in ZA-2 and HT-2,
the appearance of the diffraction peaks of ZnO in HT-2 may
be ascribed to the introduction of La, which is not favorable
for the formation of the HTl structure. However, the diffrac-
tion peaks of ZnO disappeared in HT-3, which may exist in
an amorphous state.
Catal. Sci. Technol.

tterns of calcined Zn/Al/La catalysts. (*) ZnO; (♦) monoclinic La2O2CO3

PDS 51-37).

http://dx.doi.org/10.1039/c4cy01237b
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The unit cell parameters a and c are calculated by using
the reported method38 and the results are listed in Table 1. It
can be seen that both the lattice parameters a and c increase
with the introduction of La. The increase of parameter a can
be attributed to the isomorphous substitution of Al3+ (ionic
radius 0.053 nm) in the octahedral sites by La3+ (ionic radius
0.103 nm),39,40 which is in accordance with the FTIR results
of the Zn/Al/La HTls (Fig. S2†). The parameter c, correspond-
ing to interlayer separation, increases from 22.65 to 22.84 Å
with the introduction of La which might be ascribed to the
following reasons. Firstly, La prefers to locate in the inter-
layer gallery of HT as separate hydroxide and hydroxyl
carbonate phases which result in the decrease of the electro-
static attraction between the layers and the interlayer anions,
leading to the increase of the layer spacing.38 Moreover, the
spacing between the HTl layers might increase if a smaller
cation (Al3+) is substituted by a larger cation (La3+).39,40

Fig. 1b shows the XRD patterns of CHT-x, CZA-2 and
CZL-4. It is observed that upon thermal decomposition at
500 °C, the HTl structure collapses and forms the corre-
sponding metal oxide/carbonate. With the increase of Al
content, the peak intensity of ZnO decreases and broadens,
suggesting that the ZnO particle size becomes smaller.
Besides, La2O2CO3 experiences a crystal transformation from
hexagonal to monoclinic. Diffraction peaks ascribed to Al2O3

are not found in the calcined catalysts, indicating that Al2O3

may exist in an amorphous state. For the CZA-2 catalyst, no
other crystalline phases are observed except Zn6Al2O9 (JCPDS
51-37). In addition, ZnO and monoclinic La2O2CO3 are the
main crystal phases in the CZL-4 catalyst.

The specific surface area and pore volume of the calcined
samples are listed in Table 1. Prescott et al.41 and Meher
et al.42 have reported that a high content of Al2O3 in the cata-
lysts is favorable to increase the specific surface area. Similar
results are found on Zn/Al/La samples, e.g. an increase Al
content leads to a marked increase in the BET surface area
from 36.4 to 168.3 m2 g−1. Pore volume also increases with
Catal. Sci. Technol.

Table 1 Texture properties and crystallographic parameters of prepared

catalystsa

Sample

Unit cell
parameters
(XRD)/Å

Surface area
of calcined
samples/m2 g−1

Pore volume
of calcined
samples/cm3 g−1a c

ZL-4 — — 20.6 0.14
ZA-2 3.069 22.65 62.5 0.082
HT-1 3.078 22.84 36.4 0.069
HT-2 3.073 22.68 79.5 0.29
HT-3 3.073 22.65 168.3 0.19
HT-Li 3.078 22.73 47.4 0.20
HT-Mg 3.078 22.87 82.5 0.45
HT-Zr 3.080 22.96 26.4 0.10

a The unit cell parameters a and c were calculated from the
peak position of (110), (003) and (006) reflections by using the
formulas: a = 2dĲ110) and c (basal spacing between the layers) =
3/2[d(003) + 2d(006)].
increase of Al content. As described by Cantrell et al.,43 Al
favors higher CO3

2− contents in the interlayer, therefore more
open porous networks are produced after thermal treatment.
By comparing the samples of CZA-2 (Zn2+/Al3+ = 2) and CHT-1
(Zn2+/(Al3+ + La3+) = 2), it is found that the introduction of La
leads to the decrease of specific surface area.38 In addition,
the lowest surface area of CZL-4 can be ascribed to the forma-
tion of large particles (see SEM profiles) which is not favor-
able for the exposure of more active sites.

The morphologies of the prepared materials calcined at
500 °C for 5 h are shown in Fig. 2. It can be seen that the
large particle size in CZL-4 (Fig. 2A) should be responsible
for its small surface area (Table 1). The aggregated plate-
shaped crystals are also observed in CZA-2, CHT-1 and
CHT-2. The small particles appeared in CHT-1 and CHT-2
also indicates that the introduction of lanthanum is not
favorable for the synthesis of HTl structure, which is in accor-
dance with the XRD results. In addition, the amount of
small particles decreases with the increase of Al content for
CHT-x catalysts, reaching a minimum for CHT-2 (see Fig. 2D)
and then increases with further increase of Al content.
Small particles become the main morphology for CHT-3
(see Fig. 2E) which is in accordance with the results of the
morphology change in HT-x catalysts (Fig. S1†). The most
likely explanation for the change is that a suitable molar ratio
of Zn/Al is essential for the formation of the HTl structure,
which is consistent with the XRD results and previous
reports.35,36 Moreover, more small particles in CHT-3 result
in the increasing of BET surface area.

Fig. 3 presents the TG profiles of the prepared samples.
For ZL-4, the three major weight losses can be ascribed to the
elimination of physically adsorbed water (around 95 °C), the
decomposition of lanthanum carbonate (around 310 °C) that
forms La2O2CO3, and the decomposition of La2O2CO3 that
forms La2O3 (about 640 °C), respectively.44,45

The TG curves of HTlcs consists of three weight losses: the
elimination of physically adsorbed or interlayer water mole-
cules (100–200 °C), the removal of both the hydroxyl groups
from the HTl network and the carbonate anions from the
interlayer anion (200–340 °C), and the decomposition of
metal carbonates (380–630 °C) formed during the former
steps of the thermal decomposition. Furthermore, another
weight loss is also found at around 690 °C in HT-x catalysts,
which may be ascribed to the decomposition of La2O2CO3.

The weight losses of the prepared catalysts are compared
in Table 2. For HT-x catalysts, the second and third weight
losses reach the maximum for HT-2, suggesting that more
HTlcs are formed. In addition, the TG profiles show that the
introduction of La3+ results in a decreasing of the decomposi-
tion temperatures, especially for the third step (e.g., ZA-2:
600 °C; HT-3: 462 °C; HT-2: 458 °C; HTs-3: 446 °C). Further-
more, compared with ZA-2, the second step in HT-x catalysts
also shifts to lower temperatures. The results reflect a gradual
decrease of the thermal stability of the catalysts. It can be
ascribed to the presence of separated lanthanum hydroxide
and hydroxyl carbonate phases in the interlayer space, which
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images of different samples: (A) CZL-4, (B) CZA-2, (C) CHT-1, (D) CHT-2, (E) CHT-3.
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lead to a decrease of the electrostatic attraction between the
layers and the interlayer anions38 that results in the increase
of the interlayer space and lower thermal stability.
This journal is © The Royal Society of Chemistry 2014

Fig. 3 TG-DTG analysis of ZA-2, ZL-4 and HT-x catalysts.
XPS investigations

The oxides of Zn/Al/La catalysts are analyzed by XPS, and
the binding energies (BE) of Zn 2p3/2 and La 3d are presented
in Table 3. For all samples, XPS peaks are found at
around 834.2–834.7 eV (BE) for La 3d. The Zn 2p3/2 peak at
1020.6–1021.9 eV can be assigned to the Zn2+ species on the
catalyst surface. The highest BE of Zn 2p3/2 in CZA-2 can be
ascribed to the formation of Zn6Al2O9 which leads to the
formation of strong interaction between Zn, Al and O. For
CZL-4 and CHT-x catalysts, the BE of Zn 2p3/2 and La 3d
decrease with the increase of Al content, especially for
CHT-3, while the BE of Al 2p decreases first and then
increases for CHT-x catalysts. The results reveal the complex
interactions between Zn, La, Al and O atoms.

The surface compositions of the catalysts, as determined
by XPS, are shown in Table 3. It is found that the surfaces
Catal. Sci. Technol.

Table 2 Weight loss of different stage of ZA-2, ZL-4 and HT-x catalysts

Sample

Weight loss (%)

First Second Third Fourth

ZL-4 1.0 3.3 4.7 —
ZA-2 15.2 11.1 4.2 —
HT-1 7.5 5.0 8.7 3.7
HT-2 12.5 8.5 10.0 3.5
HT-3 14.0 7.6 8.5 3.8

http://dx.doi.org/10.1039/c4cy01237b


Table 3 Binding energy and surface composition of different samples

Sample

Binding energy/eV Surface percentage (at.%) Surface atom ratio

Zn 2p3/2 La 3d Al 2p Zn Al La M Zn2+ : Al3+ : La3+

CZA-2 1021.7 — 74.1 23.3 8.3 — — 2.8 : 1 :—
CZL-4 1020.9 834.7 — 23.6 — 6.9 — 3.4 :— : 1
CHT-1 1020.8 834.4 74.6 17.9 4.4 3.8 — 4.7 : 1.2 : 1
CHT-2 1020.8 834.3 73.7 16.2 6.6 2.8 — 5.8 : 2.3 : 1
CHT-3 1020.6 834.2 73.9 17.6 9.1 1.6 — 11.0 : 5.7 : 1
CHT-Li 1021.6 834.6 74.1 18.9 5.2 1.3 10.9 14.5 : 4 : 1
CHT-Mg 1021.4 834.6 73.9 13.0 4.9 4.2 0.2 3.1 : 1.2 : 1
CHT-Zr 1021.6 834.8 74.0 17.7 5.4 2.1 2.7 8.4 : 2.6 : 1

M represents Li, Mg and Zr in CHT-Li, CHT-Mg and CHT-Zr, respectively.
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are depleted considerably of La and enriched in Zn and Al,
except for CZL-4. In addition, the actual value of the atomic
ratios of Zn and La are higher than the theoretical value for
CHT-x catalysts, and the degree of deviation increases upon
the increase of the Al content, especially for CHT-3, which
can be explained as follows. On the one hand, as described
by previous reports,40,46 Zn prefers to aggregate on the sur-
face of the catalysts. On the other hand, the atomic ratio of
M2+/M3+ (Zn2+/Al3+) in CHT-3 is not suitable for the formation
of the HTl structure,35,36 which leads to the enrichment of Zn
on the surface, and then results in a higher degree of devia-
tion of the Zn/La ratio. Moreover, the percentage of Zn con-
tent on the surface of CHT-x decreases with increasing of Al
content, especially for CHT-2, which can be ascribed to the
formation of a higher amount of aggregated plate-shaped
crystals (see Fig. 2D) that results in a reduced exposure of
Zn atoms.
Fig. 4 CO2-TPD profile of CZA-2, CZL-4 and CHT-x catalysts. The
values of the second peak area of CZL-4, CZA-2, CHT-1, CHT-2 and
CHT-3 were multiplied by 1010 and the results are 1.983, 0.252, 3.019,
3.707 and 8.632 (a.u.) g−1, respectively.
The basicity of the catalysts

The basicity of the catalysts was measured by CO2-TPD
(Fig. 4). According to previous reports,36,47,48 CO2 desorption
peaks can be roughly divided into three regions, e.g. the
weakly (50–150 °C), moderately (200–400 °C) and strongly
(>400 °C) basic sites. All profiles in Fig. 4 can be
deconvoluted into two Gaussian peaks assigned to weakly
and moderately basic sites. CZL-4 shows small amount of
weakly basic sites and more moderately basic sites derived
from the formation of La2O2CO3 according to previous
reports.45,49 In addition, the amount of weakly basic sites
increases with the increase of Al content, which can be
assigned to the increase of the amount of OH− groups.36,50

Compared with ZA-2, the CHT catalysts shows more moder-
ately basic sites with increasing Al content which can be
explained as follows:

The increase in the specific surface area could account for
the increase of the basicity.40,50 Despite the higher specific
surface area for CZA-2 than CHT-1, more moderately basic
sites in CHT-1 can be formed with the formation of
La2O2CO3. In addition, the amount of metal–oxygen pairs
(such as Zn–O, Al–O and La–O) related to the moderately
basic sites for metal oxides50 increases with the increase of Al
Catal. Sci. Technol.
content within the unit mass because of the smaller molar
mass of Al. Moreover, the desorption temperature of moder-
ately basic sites shifts to lower temperatures with the
increase of Al content, which suggests that a greater amounts
of Al content results in the decrease of moderately basic
intensity.
Catalytic performance of CHT-x catalysts for GC synthesis

The catalytic performances of the Zn/Al/La catalysts are sum-
marized in Table 4. Acetonitrile was employed since previous
reports suggested that it is an effective coupling agent for the
process.22–24,49 Monoacetin and diacetin generated from the
reaction of glycerol and acetic acid obtained by the hydrolysis
of acetonitrile are detected.49 Although the formation of
acetins as byproducts cannot be avoided, the wide applica-
tions of the byproducts may reduce the cost of the synthesis
route, e.g. monoacetin can be used in the manufacture of
dynamite and tanning leather, as a solvent for various dyes,
This journal is © The Royal Society of Chemistry 2014
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Table 4 The catalytic activities of prepared catalysts for GC synthesis
from CO2 and glycerol

Sample
Glycerol
conversion (%)

Selectivity (%) GC yield
(%)Monoacetin Diacetin GC

CZA-2 23.2 49.4 5.5 45.1 10.4
CZL-4 25.1 50.5 6.2 43.2 10.8
CHT-1 30.4 50.9 5.2 43.8 13.3
CHT-2 29.2 50.7 6.5 42.8 12.5
CHT-3 27.2 52.7 6.9 40.3 10.9
Used CHT-1 23.9 46.5 — 53.5 12.8
CHT-Li 35.7 52.2 5.6 42.2 15.1
CHT-Mg 33.9 51.9 7.7 40.4 13.7
CHT-Zr 32.7 49.8 7.0 43.3 14.1
Li2CO3

a 24.3 55.3 5.1 39.6 9.6
MgOa 5.3 100 — — —
ZrO2

a 1.2 100 — — —

Reaction conditions: glycerol 4.60 g, CH3CN 5.0 mL, catalyst 0.14 g,
initial pressure PCO2

= 4.0 MPa, 170 °C, 12 h.a Catalyst 0.23 g.
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as a food additive, a plasticiser and a softening agent,51 while
diacetin can be used as a solvent, softening agent and fuel
additive for viscosity reduction.52

Compared with CZA-2, the higher glycerol conversion and
GC yield as well as lower GC selectivity on CZL-4 may be asso-
ciated with a greater amount of moderately basic sites which
improve both CO2 activation53 and acetonitrile hydrolysis.22

As a result, greater amounts of acetic acid are formed which
lead to a high selectivity for acetins and a low selectivity for
GC. CHT-x catalysts exhibited better catalytic performance
than CZL-4 and CZA-2. A maximum GC yield of 13.3% with a
glycerol conversion of 30.4% and GC selectivity of 43.8% is
obtained over CHT-1. In addition, the higher selectivity of
acetins than GC can be ascribed to the water contained in
the reagents of glycerol and acetonitrile, which were analyti-
cal agents; there was no dehydration processing and similar
results were obtained in the previous report.54

On the one hand, compared with CZA-2, the introduction
of La2O2CO3 improved the surface basicity, which plays
an important role in CO2 activation and acetonitrile
hydrolysis.22,53 On the other hand, the obtained mixed metal
oxides derived from the HTl structure have a larger specific
surface area, which favors the exposure of more active sites
that improve the catalytic activity. However, in association
with the results in Table 1, CHT-1 with a moderate surface
area exhibited a higher catalytic activity than CHT-2 and
CHT-3, suggesting that the catalytic activity is not correlated
simply with the specific surface area. The decrease of the
catalytic activity can be ascribed to the following reasons:
firstly, because ZnO has a strong ability to activate
glycerol,29,31 the decrease of surface Zn content with increas-
ing of Al content leads to a low catalytic activity. In addition,
according to the XPS results, zinc shows a higher valence
state in the CHT-1 sample, which favors the activation of
glycerol and thus improves the catalytic activity.29,49 More-
over, although the amount of moderately basic sites increases
with the increase of Al content (Fig. 4), the large specific
This journal is © The Royal Society of Chemistry 2014
surface area of CHT-2 and CHT-3 also leads to a low density
of moderately basic sites. Fig. 5 shows that within a certain
range, glycerol conversion and GC yield increase linearly
upon increasing the density of moderately basic sites, which
is probably due to more activated CO2 as well as the
promoted hydrolysis of CH3CN over basic sites.22 Therefore,
the low catalytic activities of CHT-2 and CHT-3 can be
ascribed to the low density of moderately basic sites. Despite
the high density of moderately basic sites on CZL-4, the low
specific surface area (Table 1) may responsible for its low
catalytic activity.49 Furthermore, it seems that the good activ-
ity of CHT-x catalysts may also be associated with the CO2

adsorption species (see the reaction mechanism discussion
section). The bridged bidentate carbonate (BBC) species,
adsorbed on CHT-x, seems to be more favorable for the
reaction than chelating bidentate carbonate (CBC) species.

Moreover, the used CHT-1 was washed several times with
ethanol, dried and reused to explore the recyclability (results
listed in Table 4). It can be found that the glycerol conversion
decreases while the GC selectivity increases, which can be
ascribed to the existence of zinc glycerolate on the surface of
the used catalyst. In addition, the decrease of glycerol conver-
sion may result from the loss of the active component (Zn2+)
by leaching.29 The reaction solution (catalyst: CHT-1) was
detected by ICP (Thermo iCAP 6300), and the result shows
that the content of zinc ions in the reaction solution is
about 0.59%.
Effect of introduction of Li, Mg and Zr on CHT-1 catalyst

It is well known that the acid–base properties of the catalysts
can be modified by changing the cations in the layers; the
compensating anions or activation method.28 Therefore, in
order to improve further the catalytic performance, the
CHT-1 sample was modified by Li, Mg and Zr, and investi-
gated for the synthesis of GC. The physical–chemical proper-
ties and their relationship with the catalytic performance
were also studied.

Fig. 6a shows the XRD patterns of the precursors. Com-
pared with HT-1, the crystallinity of the HTlcs decreases with
the introduction of a fourth element (Li, Mg and Zr), espe-
cially for HT-Zr, probably due to the distortions of the HTl
layers as a result of the replacement of Al3+ (ionic radius
0.053 nm) by Zr4+ (ionic radius 0.072 nm).40 The lowest peak
intensity of ZnO in HT-Li suggests the highest dispersion of
ZnO. Furthermore, the strongest peak intensity of ZnO in
HT-Mg can be ascribed to the high M2+/M3+ ratio ((Zn2+ +
Mg2+)/Al3+ = 5); previous reports suggested that an atomic
ratio of M2+/M3+ between 2 to 4 was favorable for the synthe-
sis of HTlcs.36

Fig. 6b shows the XRD patterns of the calcined samples. It
is observed that upon thermal decomposition at 500 °C, the
HTl structure collapses and forms the corresponding metal
oxide/carbonate. The sharp diffraction peaks of ZnO
appearing on CHT-Mg suggest that the introduction of Mg
leads to the aggregation of Zn atoms. The La prefers to locate
Catal. Sci. Technol.
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Fig. 5 The relationship between catalytic activity and density of moderately basic sites. The density of moderately basic sites can be obtained by
division of the peak area value of moderately basic sites (Fig. 4) by the specific surface area (in Table 1), and the calculated results multiplied
by 1010.

Fig. 6 (a) XRD patterns of HT-1 and HT-M samples. #: LaCO3OH (JCPDS 26-815); *: ZnO; Δ: La2ĲCO3)2ĲOH)2 (JCPDS 70-1774). (b) XRD patterns of
calcined catalysts. ○: hexagonal La2O2CO3 (JCPDS 37-804); ♦: monoclinic La2O2CO3 (JCPDS 48-1113).
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in the interlayer gallery of HT as separate hydroxide and
hydroxyl carbonate phases.38 The smallest value of the
parameter c in HT-Li (Table 1) leads to the lowest interlayer
La content which results in the strongest peak intensity of
La2O2CO3 appearing in CHT-Li. In the same way, the biggest
value of the parameter c in HT-Zr leads to greater amounts of
La located in the interlayer space and results in the lowest
peak intensity of La2O2CO3. Moreover, according to the
results of TG analysis (Fig. S3†), Mg may exist in the form of
MgCO3 in the CHT-Mg.

The textures of the calcined samples are listed in Table 1.
Compared with CHT-1, the specific surface area increases sig-
nificantly from 36.4 to 82.5 m2 g−1 with the introduction of Li
and Mg, while it decreases to 26.4 m2 g−1 for CHT-Zr. The
pore volume and pore radius also increase with the introduc-
tion of Li, Mg and Zr. The increase of specific surface area,
pore volume and pore radius for CHT-Li and CHT-Mg can be
ascribed to the greater content of hydroxyl groups and car-
bonate anions with the introduction of cations (see Fig. S3,†
the weight loss of the second stage), because more open,
porous networks are produced after thermal treatment. In
Catal. Sci. Technol.
addition, the decrease of the specific surface area in CHT-Zr
can be related to the introduction of Zr which is not favorable
for the synthesis of hydrotalcites,40 as described in XRD
results.

The calcined samples were analyzed by XPS, and the
binding energies (BE) of Zn2p3/2, Al2p and La3d are
presented in Table 3. For all samples, peaks are found at
around 834.4–834.8 eV (BE) for La3d. The Zn2p3/2 peak at
1020.8–1021.6 eV can be assigned to the Zn2+ species on the
catalyst surface. It can be seen that the BE of Zn2p3/2 and
La3d increase with the introduction of Li, Mg and Zr while
the BE of Al decreases. The results reveal that the interactions
between ZnO, La2O2CO3 and Al2O3 changed with the intro-
duction of Li+, Mg2+ and Zr4+. Compared with CHT, the BE
of Zn increases with the introduction of Li, Mg and Zr,
especially for CHT-Li and CHT-Zr. For CHT-Li, the high BE
of Zn2p3/2 can be ascribed to electron transfer from Zn atoms
to Li acceptors,55,56 while the high BE of Zn2p3/2 in CHT-Zr
might be attributed to electron transfer from Zn atoms to
Zr atoms or oxygen atoms. The high BE of Zn2p3/2 in CHT-Li
and CHT-Zr is favorable for the activation of glycerol.49
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 O 1s XP spectra for CHT-1 and CHT-M catalysts. Fig. 8 CO2-TPD profiles of the prepared catalysts. The values of peak
(β and γ) area of CHT-1, CHT-Li, CHT-Mg and CHT-Zr were multiplied
by 1010 and the results are 3.019, 2.431, 3.837 and 6.613 (a.u.) g−1,
respectively.
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Surface compositions of the catalysts, as determined by
XPS, are also shown in Table 3. It is found that the surface
content of Zn2+ in CHT-Li is higher than in CHT, suggesting
that the introduction of Li favors the enrichment of Zn atoms
on the surface of the catalysts. For CHT-Mg, the introduction
of Mg decreases the surface content of Zn atoms. In addition,
the high surface content of Li in CHT-Li favors the enhance-
ment of the interaction with surface Zn atoms, and then
results in the increase of the BE of Zn2p3/2 in CHT-Li.

Fig. 7 shows the O 1s XPS results over CHT and CHT-M
catalysts. The peak can be deconvoluted into three peaks,
which are referred to the oxygen ions in the crystal lattice
(~530.0 eV), adsorbed oxygen species (~530.7 eV), as well as
hydroxyl and carbonate species (~531.9 eV).57 The quantifica-
tion of each surface oxygen species was calculated and shown
in Table 5. It can be seen that the amount of lattice oxygen
species increases with the introduction of Li, Mg and Zr. For
metal oxides, the lattice oxygen on the surface is considered
to act as Lewis basic sites.58 Therefore, the increase of the
amount of lattice oxygen may increases the amount of basic
sites and thus favors CO2 adsorption and activation. In addi-
tion, due to the imbalance of oxidation state between LiĲ+)
and Zn(2+) site, oxygen vacancies are created in CHT-Li,
resulting in the increase of the amount of surface adsorption
oxygen species (O2− and O−/O2−).57

The basicity of the catalysts was measured by CO2-TPD
(Fig. 8). All profiles can be deconvoluted into three Gaussian
peaks assigned to weakly (α peak) and moderately (β and γ

peak) basic sites, and the values of the peak area can be con-
sidered to the relative amount of basic sites. The increase of
This journal is © The Royal Society of Chemistry 2014

Table 5 Amount of each surface oxygen species on CHT-1 and CHT-M cataly

Catalysts

Amount of oxygen speciesa

Lattice oxygen Ad

% BE/eV %

CHT-1 31.6 530.1 32
CHT-Li 32.0 530.0 33
CHT-Mg 32.5 529.9 32
CHT-Zr 33.8 530.0 31

a Measured by XPS
peak area in CHT-Mg and CHT-Zr suggests the increase of
the amount of weakly basic sites with the introduction of Mg
and Zr. Compared with CHT, the values of peak area of β and
γ decrease for CHT-Li, while they increase for CHT-Mg and
CHT-Zr which can be explained as follows:

Previous reports described that the number of lattice oxy-
gens was related to the Lewis basic sites for metal oxides.58

For CHT-Li, the decrease of the amount of moderately basic
sites can be ascribed to the high surface content of Li (+)
which results in the decrease of the amount of surface lattice
oxygen. The highest specific surface area and the introduc-
tion of alkaline earth metal oxides did not significantly
improve the surface basicity for CHT-Mg. The TG analysis
(Fig. S3†) suggests that MgCO3 is formed during the decom-
position process of hydrotalcites at 500 °C and then
decomposed at around 536 °C. Therefore, the formation of
MgCO3 might be responsible for the reduced improvement of
moderately basic sites. For CHT-Zr, the obvious increase of
moderately basic sites can be attributed to the increase in the
amount of surface lattice oxygen with the introduction of
Zr (4+).

The catalytic performances of the Li, Mg and Zr modified
catalysts are summarized in Table 4. Compared with CHT-1,
the catalytic activity improves with the introduction of Li, Mg
and Zr, especially for CHT-Li. A maximum GC yield of 15.1%
with a glycerol conversion of 35.7% is obtained over CHT-Li.
For comparison, the catalytic activities of Li2CO3, MgO and
ZrO2 were also studied (Table 4). It can be found that MgO
Catal. Sci. Technol.

sts

sorbed oxygen Hydroxyl/carbonate

BE/eV % BE/eV

.5 531.0 35.8 532.0

.9 530.7 34.1 532.0

.3 530.7 35.1 531.8

.6 530.8 34.6 531.9
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and ZrO2 are inactive toward the reaction, while Li2CO3

shows low activity for the synthesis of glycerol carbonate. The
results suggest that the improvement of the catalytic activi-
ties for CHT-M can't be ascribed simply to the introduction
of Li2CO3, MgO and ZrO2. The improvement of the catalytic
activities with the introduction of Li, Mg and Zr can be esti-
mated from the catalyst characteristics.

In association with the results of N2 adsorption, the intro-
duction of Li and Mg improves the specific surface area
which favors the exposure of more active sites, and then
improves the catalytic activities. Despite the smallest surface
area of CHT-Zr, the improvement of the catalytic activity sug-
gests that this property is not just correlated to the surface
area of the catalysts. Considering the XPS results, the
increase of the BE of Zn2p3/2 in CHT-M, especially in CHT-Li
and CHT-Zr, favors the activation of glycerol.49 In addition,
the increase of the surface Zn content in CHT-Li is also help-
ful to improve the glycerol activation. Furthermore, according
to the results of CO2-TPD, the amount of moderately basic
sites increases for CHT-Mg and CHT-Zr. Because of the
smallest surface area of CHT-Zr, the improvement of the cata-
lytic activity can be associated with the large amount of mod-
erately basic sites, which favors CO2 adsorption and
activation. However, the best catalytic performance and
smallest amount of moderately basic sites of CHT-Li indicate
that the amount of moderately basic sites is not the key fac-
tor for catalytic activity. As described by previous reports,49

the catalytic activity relates to the surface area, the BE of Zn
atoms, and the amount of moderately basic sites. In this
case, the best catalytic activity for CHT-Li may result from the
high binding energy of Zn 2p3/2 as well as the high surface
Zn content. Moreover, the improvement of catalytic activity
for CHT-Li may be also related to the activity of Li2CO3 itself.
The lower catalytic activities of CHT-Mg and CHT-Zr may be
attributed to the low surface Zn content (Table 3) and small
surface area (Table 1), respectively.
Effect of reaction conditions

CHT-Li was chosen as a typical catalyst to investigate the
effect of the reaction conditions on the catalytic activity. It
has been stated that CH3CN is very important for the reac-
tion. Therefore, the effect of the amounts of CH3CN on the
yield of GC was investigated in detail. As shown in Fig. 9a,
the glycerol conversion and GC yield increase remarkably
with the increase of the CH3CN amount from 3 to 7 mL, and
when the amount of CH3CN increases form 7 mL to 11 mL
the conversion of glycerol does not increase significantly. As
described in previous reports,22,24 CO2 was easily dissolved in
CH3CN, and the CO2 concentration in the liquid increases
with the increase of the amount of CH3CN, which leads to
higher catalytic activity. In addition, CH3CN can shift the
equilibrium of the reaction, which improves the catalytic
activity by removing the formed H2O.

Fig. 9b shows the effect of catalyst amount on the reac-
tion. The results demonstrate clearly that GC selectivity and
Catal. Sci. Technol.
GC yield increase with the increase of catalyst amount from 1
to 3 wt% of glycerol and decrease with the further increase of
catalyst amount, especially for GC selectivity. The glycerol
conversion increases with the increase of catalyst amount.
The dropping of the GC selectivity may be ascribed to the
enhancement of acetonitrile hydrolysis with the increase of
catalyst amount. Greater amounts of catalyst favor the hydro-
lysis of acetonitrile and then produce higher amounts of
acetic acid, which results in the formation of more byproduct.

As shown in Fig. 9c, the conversion of glycerol and GC
yield increase with the increase of reaction temperature in
the range of 150–170 °C. But further increase of temperature
leads to the decrease of the GC yield which can be ascribed
to the remarkable decrease of GC selectivity. A previous
report16 described that the decomposition or transformation
of glycerol carbonate could occur at high temperature or in
the presence of amino groups (e.g. acetamide in our experi-
ment). Therefore, the higher temperature leads to lower cata-
lytic activity. A suitable reaction temperature for the reaction
should be about 170 °C.

Fig. 9d shows the effect of reaction time on the reaction.
The conversion of glycerol and GC yield increase rapidly
within the first 12 h, and then change little afterwards, indi-
cating the approach of thermodynamic equilibrium. The glyc-
erol conversion and GC yield are not obviously improved
after 14 h. Thus, 14 h is the optimal reaction time for the
reaction.

As described by previous reports,22,59 increasing the CO2

pressure improves the conversion of glycerol, GC yield and
GC selectivity (Fig. 9e). In our experiment, a high CO2 pres-
sure is favorable for achieving high GC yield, which could be
ascribed to the increase in CO2 dissolved in CH3CN with the
increase of CO2 pressure; a high CO2 concentration in the liq-
uid could promote the conversion of glycerol. With the
increase of the pressure in the range 2.0–6.0 MPa, the conver-
sion of glycerol increases from 27.3% to 39.5%, and the yield
of GC increases from 11.5% to 18.7%.
The possible mechanisms of glycerol carbonate synthesis

In order to understand the reaction mechanism, the CO2

adsorption species were performed by DRIFTS and the spec-
tra of CO2 adsorbed on mixed oxides are shown in Fig. 10.
The CO2 adsorption modes identified in previous work are
shown in Scheme 1.60–62 The formation of different species
might stem from different basic sites: e.g. monodentate
(unidentate) carbonate (MC), adsorbed on oxygen ions with
the lowest coordination number, can be attributed to strongly
basic sites. Bridged bidentate carbonate (BBC) and chelating
bidentate carbonate (CBC) adsorbed on Mn+–O2− pairs can be
assigned to moderately basic sites.61 Moreover, the weakly
basic sites may be associated with the surface hydroxyl
groups (OH−) over which the CO2 adsorption species is pres-
ent in the form of bicarbonate.

For CZA-2, the spectra show four main peaks at around
1701, 1657, 1272 and 1228 cm−1. The peaks at 1657 and 1272 cm−1
This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Effect of reaction conditions (a: CH3CN amount, b: reaction temperature, c: catalyst amount, d: reaction time, e: CO2 pressure) on the
catalytic activity.
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are assigned to BBC species,60 while 1701 and 1228 cm−1 are
associated with the CBC species adsorbed on Al2O3,

62 as well
as the νas(C–O) mode of HCO3

− (bicarbonate species),63

respectively. Most of the adsorbed CO2 species desorbed after
sweeping with Ar for 5 min which indicates the surface of
CZA-2 was dominated by weakly basic sites. For CZL-4, the
band at 1587 cm−1 can be ascribed to the CBC species, while
This journal is © The Royal Society of Chemistry 2014
1309 cm−1 can be assigned to the MC species. In addition,
the band at 1201 cm−1 is characteristic for BBC species.62

Even after purging by Ar for 30 min, the adsorption peaks
still exist which indicates that the introduction of La
improved the basicity of the catalyst, especially for moder-
ately basic sites. For CHT-x catalysts, the formation of BBC
bands at 1621–1651 cm−1, MC bands at 1302–1321 cm−1 and
Catal. Sci. Technol.
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Fig. 10 DRIFTS spectra of CO2 adsorbed on the catalysts at 170 °C after the purging gas was switched to Ar from CO2 for 0.0, 5.0 10.0 20.0 and
30.0 min.
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1020 cm−1, and free carbonate bands at 1075, 1096 and
1099 cm−1 (ref. 62, 64) can be observed. BBC is the main
species upon CO2 adsorption at 170 °C.

Compared with CZA-2, greater amounts of CBC are formed
on the surface of CZL-4, which may be ascribed to the
Catal. Sci. Technol.
formation of La2O2CO3. In addition, the introduction of Al
leads to the BBC species becoming the main adsorption
pattern. A previous report indicated that CBC is more stable
than BBC.65 The transformation of the CO2 adsorption spe-
cies from CBC to BBC may results in a shift of the desorption
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Species of CO2 adsorption.
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temperature to lower temperatures, which is in accordance
with the CO2-TPD results (Fig. 4). Moreover, it can be seen
that CHT-x catalysts have a strong peak intensity, indicating
that CHT-x catalysts have greater amounts of moderately
basic sites than CZL-4 which may be associated with the
larger surface area of the CHT-x catalysts.

The used catalysts are isolated and characterized by FT-IR
to gain a clear understanding of the nature of the active spe-
cies for the reaction (Fig. 11). The band at 1950 cm−1 is
assigned to the O–H⋯O bending mode of zinc glycerolate
ĲZnĲC3H6O3)) formed from the reaction of glycerol and
ZnO.31 With the formation of zinc glycerolate, a new C–H
stretching band at 2842 cm−1 is also observed and the C–O
stretching of glycerol at 1046 and 1111 cm−1 shifts to higher
frequencies. The strong absorption band of zinc glycerolate
on CZL-4 may be associated with the high surface Zn content
and the high valence state of Zn atoms (Table 3) which favors
the activation of glycerol.29,49 In addition, the intensity of
bands at 1950 cm−1 decreases with the increase of Al content
in CHT-x catalysts, suggesting a decrease in the amount of
zinc glycerolate, which also explained the decrease of cata-
lytic activity upon increasing Al content for CHT-x catalysts.

Previous reports19,20,66 suggest that cyclic carbonate was
formed through the insertion of activated CO2 to metal alkox-
ides followed by intramolecular nucleophilic attack of alkoxy
This journal is © The Royal Society of Chemistry 2014

Fig. 11 The FT-IR spectra of the used catalysts. (a) CZL-4 used
(b) CHT-1 used, (c) CHT-2 used, (d) CHT-3 used, (e) CZA-2 used.
groups to carbonyl carbon atoms. In our experiment, the
results of DRIFTS spectra of CO2 activation suggest that the
bridged bidentate carbonate was the main adsorption mode
at 170 °C (reaction temperature) on CHT-x catalysts. There-
fore, the activated CO2 may be in the form of a bridged
bidentate carbonate that inserts into the zinc glycerolate to
form a cyclic metal carbonate (A in Scheme 2) followed by
intramolecular rearrangement to produce glycerol carbonate.

Although similar intermediate species of seven-membered
ring esters (A species) have been proposed by many
researchers,16,17,64 direct evidence has not been presented to
date. Therefore, in order to confirm or verify the above
hypothesis, zinc glycerolate is prepared (Fig. S4 and S5†) and
the reaction of zinc glycerolate and CO2 is studied by DRIFTS
(Fig. 12). It is found that with the increasing of reaction
temperature, new bands at 1778, 1462, 1124, 1061, 1043 and
994 cm−1 are observed. In addition, the bands between 900
and 1300 cm−1 can be ascribed to the stretching vibration of
C–O or C–O–C. It has been reported67 that five-membered
ring esters have CO frequencies somewhat higher than
those in seven-membered ring esters because of the high
ring-strain in five-membered ring esters. Therefore, the new
band at 1778 cm−1 may be ascribed to the CO stretching
mode in the seven-membered ring ester (A in Scheme 2),
which shifts to 1787 cm−1 for glycerol carbonate. The above
analysis suggests that seven-membered ring esters may be
stable.

Theoretical calculation methods are performed to verify
the stability of the A species (Fig. 13). The calculation results
show that optimized structures are stable and reliable. The A
species was formed through the insertion of activated CO2 to
zinc glycerolate. Compared with CO2, the distances of C1–O2
and C1–O3 increase from 1.180 Å (in the free CO2) to 1.206
and 1.323 Å, respectively, because of the steric effect in the A
species. The distance of a newly formed Zn–O3 bond in the A
species is 1.898 Å, while the distance of newly formed C1–O1
is 1.471 Å. The calculated results suggest that the A species is
stable, which is in accordance with the DRIFTS results. Fur-
thermore, compared with Zn–O4, the longer bond distances
of Zn–O3 tend to break down which may result in the forma-
tion of ZnO (Zn–O4) and glycerol carbonate through the
attack of C3 by the lone pair electrons of O3, accompanied by
the breaking of the band of C3–O4.
Catal. Sci. Technol.
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Scheme 2 The reaction roadmap and the mechanism of insertion of activated CO2 to zinc glycerolate to form glycerol carbonate.

Fig. 12 DRIFTS spectra of the zinc glycerolate reaction with CO2 at the temperatures of 30, 60, 80, 100, 120, 140, 150, 160, 170, 180 and 190 °C,
and the spectra of glycerol carbonate (A), zinc glycerolate (B) and the reacted spectra at 170 °C of zinc glycerolate with CO2 (C).
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Moreover, the Gibbs free energies of the formation of A
and glycerol carbonate are calculated (under ideal conditions)
and the results are shown in Table 6. The ΔrG of the forma-
tion of A is negative while the ΔrG of the transformation of A
species to glycerol carbonate is 67.32 kcal mol−1 which means
that the intra-molecular rearrangement step may be the rate-
determining step. In fact, the reaction was performed under
high temperature and high pressure which will decrease the
Gibbs free energy of the reaction. Previous reports showed
that it is very easy for Zn2+ to form complexes with O and N
atoms.29,68 In our study, the N and O atoms in acetamide
Catal. Sci. Technol.
and acetic acid produced by the hydrolysis of acetonitrile
may form complexes with Zn atom (in A species), as
described by Fujita et al.,29 which may be beneficial for the
removal of ZnO and reduce the Gibbs free energy of the intra-
molecular rearrangement stage, which then favors the forma-
tion of glycerol carbonate.

The results of DRIFTS of zinc glycerolate reaction with
CO2 and theoretical calculations indicate that the proposed
reaction mechanism is reasonable, that the A species pro-
duced by the insertion of activated CO2 to zinc glycerolate is
stable and that the process happens spontaneously. The
This journal is © The Royal Society of Chemistry 2014
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Fig. 13 The optimized geometries of zinc glycerolate, A species and glycerol carbonate. The bond distances (in angstroms) and angles
(in degrees) are labeled in the corresponding positions.

Table 6 The calculated ΔrG of the formation of A species and glycerol
carbonate

Reaction equation ΔrG
a/kcal mol−1

Zinc glycerolate + CO2 → A species −7.75
A species → glycerol carbonate + ZnO 67.32

a The values are the theoretical calculation results.
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process of glycerol carbonate formation by the intramolecular
rearrangement of the A species is the rate-determining step.
4. Conclusions

The Zn/La/Al and Zn/Al/La/M (M = Li, Mg, Zr) catalysts
derived from hydrotalcite-like compounds were synthesized
by a co-precipitation method. The introduction of La and the
Al content have a significant influence on the physico-
chemical and catalytic properties of the Zn/La/Al catalysts for
glycerol carbonate synthesized from glycerol carbonylation
with CO2. For Zn/Al/La/M catalysts, the introduction of Li, Mg
and Zr improved obviously the catalytic activities. Moreover,
DRIFTS and theoretical calculations were used to explore the
reaction mechanism. The following conclusions may be
drawn:

(1) The pure and crystalline Zn/La/Al hydrotalcite-like com-
pounds can be formed by the replacement of Al3+ with La3+,
This journal is © The Royal Society of Chemistry 2014
and the yields of the hydrotalcite-like phase reach a maxi-
mum at Zn2+/La3+/Al3+ = 4 : 1 : 2.

(2) With the increase of Al content, the specific surface
area increases, while the surface zinc content, the binding
energy of the zinc atom and the density of the moderately
basic sites decrease. Moreover, compared with the Zn/Al
hydrotalcite structure, the thermal stability of the Zn/La/Al
hydrotalcite-like structure decreases.

(3) For Li, Mg and Zr modified Zn/Al/La catalysts, the spe-
cific surface area increases with the introduction of Li and
Mg while it decreases for Zr. The binding energy of Zn 2p3/2

increases with the introduction of Li, Mg and Zr. Moreover,
the catalysts' basicity is improved by the introduction Mg
and Zr.

(4) For Zn/Al/La catalysts, good catalytic performance is
obtained on Zn/La/Al = 4 : 1 : 1. In addition, the catalytic
activities are improved obviously with the Li, Mg and Zr
modified Zn/Al/La catalysts. It is found that the good catalytic
activity may be associated with the large specific surface area,
the high surface content of Zn and the high binding energy
of Zn atoms, as well as high density of moderately basic
sites.

(5) Under optimal reaction conditions (CH3CN 7.0 mL,
catalyst amount 0.14 g, 170 °C, 14 h, PCO2

= 6.0 MPa), the
conversion of glycerol and the yield of glycerol carbonate are
39.5% and 18.7%.

(6) The activated CO2 should be inserted zinc glycerolate
in the form of bidentate carbonate to form a seven-
Catal. Sci. Technol.
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membered ring ester followed by intramolecular rearrangement
to form glycerol carbonate.

(7) The theoretical calculation results verified that the
seven-membered ring ester is stable and the formation process
happens spontaneously. The intramolecular rearrangement
of the seven-membered ring ester to form glycerol carbonate
is the rate-determining stage.
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