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cluster/ZIF-8 for boosting
catalytic CO2/glycerol conversion using MgCO3 as
a dehydrating agent†

Chechia Hu, *ab Chien-Wei Chang,b Masaaki Yoshidacd and Ke-Hsuan Wange

A lanthanum-modified zeolitic imidazolate framework (La/ZIF-8) was developed to produce glycerol

carbonate using CO2 and glycerol as raw materials. La/ZIF-8 provides a high catalytic glycerol

conversion efficiency owing to its surface-attached nanoclusters of La2O3, which can be viewed as

La3+–O2� pairs that strengthen the Lewis basicity and acidity, and the large specific surface area of ZIF-

8. The catalytic glycerol conversion and the yield of glycerol carbonate were 46.5% and 35.3%,

respectively, using CH3CN as a dehydrating agent. With increase in the amount of CH3CN, the water

molecules could react with CH3CN to reduce the selectivity. When an inorganic dehydrating agent,

MgCO3, was used to physically adsorb and remove water molecules in the reaction, the selectivity of the

reaction could be increased to over 95%, which is the highest ever reported. Reaction kinetics analysis

also revealed that the activation energy of using MgCO3 (5.4 kJ mol�1) as a dehydrating agent is lower

than that using CH3CN (7.8 kJ mol�1). Moreover, the La/ZIF-8 could be recycled and reused at least

three times with high catalytic performance. This study provides an effective material with dual Lewis

basicity and acidity for CO2/glycerol conversion and significantly improves the catalytic performance

using an inorganic dehydrating agent.
1. Introduction

Carbon dioxide (CO2) is a major greenhouse gas that causes
a rise in global temperatures and strongly affects human
activities and our environment. Researchers worldwide have
explored several approaches to reduce CO2 emission or to
convert CO2 into valuable chemicals including cyclic carbon-
ates, polycarbonates, formic acid, methane, and methanol
through heterogeneous catalysis.1–4 Among these reactions,
catalytic CO2 conversion with the addition of glycerol (GL) is
desirable and attracts considerable attention because GL is also
an abundant by-product of the transesterication of triglycer-
ides with methanol to produce biodiesel. Moreover, GL has
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been oversupplied in the world market, resulting in a sharp
drop in its price, and hence it should be converted to high-value
chemicals (Fig. 1(a)). In this regard, a value-added strategy to
convert CO2 with GL to produce glycerol carbonate (GLC) using
heterogeneous catalysts as a valuable product is a promising
alternative.5–7 The desirable product of catalytic CO2/GL
conversion is GLC, which requires removing water continuously
in the reaction to increase the conversion and yield (Fig. 1(b)).
In addition, the conversion and yield of the catalytic CO2/GL
reaction are still low because of its thermodynamic limitation
(DG ¼ 23.92 kJ mol�1). Generally, acetonitrile, 4-cyanopyridine,
and its derivatives could serve as dehydrating agents in
increasing both the conversion and yield of the catalytic CO2/GL
reaction.8–10 However, the addition of these dehydrating agents
oen leads to the formation of several by-products, including
acetic acid, diacetin, or monoacetin, as shown in Fig. 1(b). To
the best of our knowledge, very few studies have been reported
that improve the conversion, yield, and selectivity of this reac-
tion through the addition of inorganic dehydrating agents, such
as MgCO3 and CaCO3. Park et al. examined the inuence of
various inorganic dehydrating agents (ZnO, MgO, and CaO) on
the synthesis of dimethyl carbonate via oxidative carbonylation
of methanol and showed that the methanol conversion and the
selectivity of dimethyl carbonate can be improved when using
these inorganic dehydrating agents.11 Other inorganic dehy-
drating agents (KOH, ZnCl2) have also been employed in the
chemical activation to prepare activated carbon.12
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Glycerol conversion reactions to yield high-value chemicals, including carboxylation of glycerol to produce glycerol carbonate. (b)
Overall catalytic CO2/glycerol conversion in the presence of a dehydrating agent (CH3CN) and catalyst to yield glycerol carbonate as the main
product and the generation of by-products including 1-monoacetin, 2-monoacetin, 1,3-diacetin, and 1,2-diacetin.
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It is vital to develop a novel material for the utilization,
reduction, and catalytic conversion of a greenhouse gas (CO2)
through heterogeneous catalysis. Unlike commonly used
homogeneous catalysts such as NaOH, CH3OK, and K2CO3,
which are dissolved in the GL solution and are difficult to be
recycled, heterogeneous catalysts could be easily separated from
the products and reused, reducing the operation cost. In recent
years, many heterogeneous catalysts including metal oxides
(ZnO, ZrO2, and CeO2)13–15 and metal complexes16 have shown
potential in the CO2/GL reaction as shown in Table 1.9,17–27

However, the selectivity and yield of GLC using heterogeneous
catalysts are still poor due to the absence of either Lewis basic or
acidic sites, relatively small surface area, and weak CO2 affinity.
For better utilization of heterogeneous catalysis for CO2/GL
conversion, materials with large surface area, ease of modi-
cation, and strong CO2 affinity are required. Zeolite and metal–
organic frameworks (MOFs) with mesoporous nature and
abundant surface functional groups are considered as potential
candidates for this reaction.28,29 Moreover, zeolitic imidazolate
framework-8 (ZIF-8), which has tetrahedrally coordinated Zn2+

with four imidazolate units in a sodalite topology, is extensively
used in catalysis, photocatalysis,30–33 CO2 adsorption,34–36 gas
separation,37 sensors,38 and supercapacitors.39 Owing to its high
CO2 capture capability, ZIF-8 could be a potential catalyst for
CO2 conversion reaction if it is modied with an appropriate
reagent to a certain extent. Many studies have reported that the
introduction of lanthanum (La) ion could strengthen the
surface acidity and basicity of the catalyst to increase its cata-
lytic activity.40 Choudhary et al. reported that the surface acidity
and basicity of many oxide catalysts, including La2O3, CeO2,
Yb2O3, and Eu2O3, by NH3-TPD (temperature-programmed
desorption) and thermal desorption of CO2, respectively, can
be correlated with the surface reactivity of the catalyst for the
oxidative coupling of methane reaction.41 In addition, Lacombe
et al. has shown that the La3+–O2� pair site could be critical to
This journal is © The Royal Society of Chemistry 2021
activate the heterolytic splitting of the CH3–H bond.42 Dibene-
detto has studied the carboxylation of GL using n-Bu2Sn(OCH3)2
as a catalyst in toluene as the solvent, which suggests that Sn
could play an important role in activating CO2 to generate
GLC.43 McGregor et al. suggested that an alternative pathway to
increase the selectivity and yield of GL carboxylation is an acid–
base reaction27 that improves the surface basicity and acidity of
the catalyst. Although ZIF-8 is widely used as a catalyst to
improve the selectivity for the hydrogenation of acetylene,44

activity of transesterication,45 aminocarbonylation,46 and CO
oxidation,47 no studies have reported the modication of ZIF-8
using lanthanum as a catalyst for CO2/GL conversion and
thereby determining the effect of inorganic dehydrating agents
in this reaction.

In this study, La-modied ZIF-8 was prepared for the cata-
lytic CO2/GL reactions. La-modied ZIF-8 exhibited high cata-
lytic activity compared to La-modied ZnO; this can be
attributed to its large specic surface area and strengthened
Lewis basicity and acidity. The highest conversion and yield
achieved for La-modied ZIF-8 was 46.5% and 35.3%, respec-
tively, when CH3CN was used as the dehydrating agent. More-
over, the selectivity reached over 92% when MgCO3 substituted
CH3CN was used as the dehydrating agent to remove the water
molecule. This study not only reports the correlation between
the improvement of the catalytic performance of La/ZIF-8 with
the effect of a dehydrating agent for the rst time but also
provides new insights for use of metal modied MOFs to
develop efficient utilization for CO2 economy.
2. Experimental
2.1 Preparation of the catalysts

La-modied ZIF-8 was prepared by the addition of Zn(NO3)2
(>99%, Showa, Japan) and La(NO3)3, (>98%, Acros Organics,
USA) in different weight ratios (0, 3, 5, 7, and 10 wt% (La/Zn)),
J. Mater. Chem. A, 2021, 9, 7048–7058 | 7049
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Table 1 Conversion, yield, and the reaction conditions of catalytic CO2/glycerol conversion using different heterogeneous catalysts as reported
in the literature

Catalyst
Conversion
(%) Yield (%) Reaction conditions TOFa (h�1) Year Ref.

CeO2 — 78.9% Dehydrating agent: 2-cyanopyridine,
10 mL DMF as the solvent, 40 bar of CO2,
150 �C for 5 h

— 2016 9

K2CO3 57 19 Dehydrating agent: benzonitrile,
propylene glycol/dehydrating agent: 100
mmol/100 mmol, 80 bar of CO2, 175 �C
for 18 h

2.48 (K2CO3) 2012 17
Cs2CO3 44 17 16.3 (Cs2CO3)
Na2CO3 22 8
Li2CO3 6 4
MgCO3 1 —
CaCO3 2 —
La2(CO3)3 1 —
Al2(CO3)3 2 —
La2O2CO3–ZnO 30.3 14.3 Dehydrating agent: CH3CN, glycerol/

dehydrating agent: 50 mmol/5 mL, 40 bar
of CO2, 170 �C for 12 h

2.47 (La2O2CO3–ZnO) 2013 18
CaO 5.3 —

Cu/La2O3 33.4 15.2 Dehydrating agent: CH3CN, glycerol/
dehydrating agent ¼ 50 mmol/10 mL, 70
bar of CO2, 170 �C

16.7 2014 19

Cu/CaO 0.3 0.025 Dehydrating agent: CH3CN, glycerol/
dehydrating agent: 50 mmol/10 mmol, 70
bar of CO2, 150 �C

76.4 (Cu/Mg–Al–Zr) 2015 20
Cu/MgO 8.6 2.25 107.1 (Cu/MCM-41)
Cu/La2O3 8.9 2.61
Cu/Al2O3 1.36 1.18
Cu/ZrO2 11.2 2.08
Cu/Mg–Al–Zr 11.5 2.40
Cu/CNTs 7.3 1.30
Cu/MCM-41 18.7 1.83
Cu/HZSM-5 0.5 0.07
Halogen (F, Cl, Br)
modied Zn–Al–La oxide

35.5 16 Dehydrating agent: CH3CN, glycerol/
dehydrating agent ¼ 50 mmol/5 mL, 40
bar of CO2, 170 �C for 12 h

1.67 2015 21

Zn-modied zeolite Y — 5.8 Dehydrating agent: none, solvent:
ethanol, glycerol/solvent ¼ 274 mmol/30
mL, 100 bar of CO2, 300 �C for 3 h

— 2015 22

Zn/Al/La/M (M ¼ Li, Mg, Zr)
hydrotalcites

35.7 15.1 Dehydrating agent: CH3CN, glycerol/
dehydrating agent ¼ 50 mmol/5 mL, 40
bar of CO2, 170 �C for 12 h

0.5 2015 23

ZnO 41.3 11.9 Dehydrating agent: 2-cyanopyridine,
glycerol/dehydrating agent: 12.5 mmol/
25 mmol, 100 bar of CO2, 170 �C for 12 h

0.75 (CeO2,
nanopolyhedra)

2017 24
TiO2 30.9 10.9
ZrO2 37.2 10.4
Al2O3 34.5 10.5
CeO2 (nanopolyhedra) 35.5 14.2
CeO2 (mesoporous) 29.3 10.3
CeO2 (nanocube) 34.4 10.4
CeO2 (nanorods) 28.1 12.9
CeO2 (nanowires) 38.2 13.5
ZrO2–CeO2 36.5 27.6 Dehydrating agent: 2-cyanopyridine,

solvent: DMF, glycerol/dehydrating
agent/solvent ¼ 10 mmol/30 mmol/10
mL, 30 bar of CO2, 150 �C for 5 h

0.27 2018 25

ZnWO4/ZnO 17.7 12.2 Dehydrating agent: none, solvent: DMF,
glycerol/solvent ¼ 100 mmol/20 mL, 30
bar of CO2, 150 �C for 6 h

— 2018 26

La2O3 58 9.9 Dehydrating agent: adiponitrile, glycerol/
dehydrating agent ¼ 22.5 mmol/
45 mmol, 45 bar of CO2, 160 �C for 18 h

0.57 2019 27

a TOF: turnover frequency, —: not indicated.
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and 2-methylimidazole (2000 mg, 99%, Acros Organics, USA) to
a methanol solution (12 mL, HPLC grade, Aencore, Australia) at
ambient temperature under stirring for 1 h. The mole ratio of
La(NO3)3 to 2-methylimidazole was 1 : 4. Then the suspension
7050 | J. Mater. Chem. A, 2021, 9, 7048–7058
was centrifuged at 7000 rpm for 15 min, followed by washing
with methanol solution (30 mL) three times. The resulting
samples were heat-treated at 200 �C for 6 h in an air atmosphere
at a ramp rate of 1.5 �C min�1, and designated as xLa/ZIF-8
This journal is © The Royal Society of Chemistry 2021
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hereaer, where x refers to 3, 5, 7, and 10 (weight ratios of La to
Zn). For comparison, La-modied ZnO was prepared by adding
La(NO3)3 to ZnO (99%, Showa, Japan), followed by heat treat-
ment identical to the above process to yield xLa/ZnO samples.
2.2 Characterization

The crystalline structure of the specimens was identied
using X-ray diffraction (XRD; Bruker D8 Advance, USA) at 2q
angles of 10�–70� with a scan rate of 6� min�1. The surface
morphologies and microstructures of the specimens were
investigated using transmission electron microscopy (TEM;
Hitachi H-7100, Japan) and scanning electron microscopy
(SEM; Hitachi S–4800N, Japan). The elemental compositions
of the samples were determined using an energy dispersive
spectrometer equipped with SEM (SEM-EDS). The particle
size of the specimens was measured using a dynamic light
scattering analyzer (DLS, Zetasizer Nano S-90, Malvern, UK).
The N2 adsorption–desorption isotherms of the samples were
examined at �196 �C using an adsorption apparatus
(Micromeritics ASAP 2020, USA), and the specic surface
areas were estimated using the Brunauer–Emmett–Teller
(BET) equation. X-ray photoelectron spectroscopy (XPS; VG
Scientic ESCALAB 250, Electron Spectroscopy for Chemical
Analysis, UK) with Al Ka radiation was carried out to deter-
mine the electron binding energy of the products by C 1s
(284.8 eV) calibration. The catalytic CO2 conversion, selec-
tivity, and yield obtained using the catalysts were measured
by nuclear magnetic resonance (NMR, Bruker AVIII-
400(B662), USA). Thermogravimetric analysis (TGA, TA Q50,
DuPont) was used to investigate the thermal stability and
pyrolysis temperature of ZIF-8 and La/ZIF-8 catalysts under
a nitrogen ow with a heating rate of 10 �C min�1. A
temperature-programmed desorption analyzer (TPD;
AutoChem 2920, Micromeritics, USA) was used to evaluate
the basic or acidic sites of the obtained samples in a CO2 or
NH3 atmosphere under ambient pressure. The temperature
was increased from room temperature to 400 �C (ramp rate of
2 �C min�1).

The La K-edge X-ray absorption ne structure (XAFS) spectra
were obtained in transmission and uorescence mode at BL01B1
in the SPring-8 facility, using radiation monochromatized with
a Si(311) double-crystal monochromator. The ring energy and
current were 8 GeV and 100 mA, respectively. In transmission
mode, the intensities of the incident X-rays were monitored using
ion chambers placed in front of the sample to obtain I0 (17 cm in
length) and aer the sample to obtain I1 (31 cm). The XAFS spectra
of La2O3, and La(OH)3 pellets diluted with BN powders were
acquired as references. It should be noted that the La2O3 powders
were heated at 1000 �C for 12 h just before the XAFSmeasurements
because the stored La2O3 gradually transforms into La(OH)3 upon
exposure to moisture in the air. In uorescence mode, the uo-
rescence X-ray was acquired using a 19-element equipped Ge
detector (Ortec). The XAFS spectra for the prepared samples were
acquired by xing on a Scotch tape. The photon energies were
calibrated from the peak of La2O3 (38 955 eV) for all the
measurements, with reference to a previous study.48
This journal is © The Royal Society of Chemistry 2021
2.3 Catalytic reactions

Catalytic conversion of CO2 and GL was carried out using 0.1 g
of the catalysts in a 100 mL stainless steel autoclave pressurized
with CO2 to 7 bar at a temperature of 150 �C in the presence of
CH3CN, MgCO3, or CaCO3 as the dehydrating agent. To deter-
mine the reaction kinetics and the activation energy by Arrhe-
nius equation, k ¼ Ae�Ea/RT, where k, A, Ea, R, and T indicate the
kinetic rate constant, collision frequency factor, activation
energy, energy gas constant, and temperature, respectively. The
reaction times and temperatures varied between 3, 6, 9, 12, and
15 h, and 120 �C, 150 �C, and 180 �C, respectively. The time-
dependent CA, ln(CA/CA0), and 1/CA for the 0th-, 1st-, and 2nd-
order reaction were employed to determine the rate constant
(CA refers to the glycerol concentration). Aer the reaction, the
autoclave was cooled naturally to room temperature and the
suspension was centrifuged, washed, and collected for NMR
(Bruker Advance II spectrometer, USA) and GC-FID (GC-2014,
Shimadzu, Japan; Column: SOLGEL-WAX) analyses to deter-
mine the conversion, yield, and selectivity. The temperatures of
the oven and detector in the GC-FID system were controlled at
260 and 270 �C, respectively. The carrier gas was N2 (total ow
rate: 19.5 mL min�1). The conversion, yield, and selectivity were
calculated based on the following equations:

Conversion (%)¼ (mole of glycerol consumed)/(initial

mole of glycerol) � 100% (1)

Yield (%) ¼ (mole of glycerol carbonate)/(theoretical

mole of glycerol carbonate) � 100% (2)

Selectivity (%) ¼ (mole of glycerol carbonate produced)/(mole

of glycerol consumed) � 100% (3)

The catalyst and dehydrating agent used were separated by
precipitation and centrifugation at 9000 rpm for 15 min, fol-
lowed by washing with deionized water and dried at 80 �C for
24 h.
3. Results and discussion
3.1 XRD analysis: crystal structure of La/ZIF-8

In this study we prepared La-modied ZIF-8 samples by mixing
La(NO3)3 and Zn(NO3)2 in different weight ratios with the
addition of 2-methylimidazole, followed by stirring, centrifu-
gation, and heat treatment. The XRD patterns of these prepared
catalysts are shown in Fig. 2. The ZIF-8 and La/ZIF-8 powders
exhibited a pure phase structure of the zeolitic imidazolate
framework, whereas a small peak at approximately 31� was
observed for La/ZIF-8 catalysts (Fig. 2(a)). This indicates the
formation of La2O3(100) accompanied by the crystallization of
ZIF-8. The crystallite size of La2O3(100) for these samples was
calculated to be approximately 1 nm by Scherrer equation. This
means that the La2O3 nanoclusters were highly dispersed on the
surface of ZIF-8. The detailed review of the XRD patterns in
Fig. 2(b) showed that the 2q value of the characteristic peaks at
(011), (002), and (112) for ZIF-8 and La/ZIF-8 catalysts did not
shi towards higher or lower values aer La-modication,
J. Mater. Chem. A, 2021, 9, 7048–7058 | 7051
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Fig. 2 (a) XRD patterns and (b) the corresponding magnified peaks of ZIF-8 and La/ZIF-8 samples.
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implying that La ions did not insert into the crystal lattice nor
did they substitute Zn sites in ZIF-8. We also prepared 5La/ZnO
as a control group for the XRD measurement as shown in
Fig. S1(a),† demonstrating its hexagonal wurtzite structure. The
TGA measurements of ZIF-8, 5La/ZIF-8, and 10La/ZIF-8 are
shown in Fig. S1(b).† At approximately 400–450 �C, the surface-
attached methyl groups of the methylimidazolate ligands
decomposed with increasing temperature; above 600 �C, the
main [MeIM2] framework of ZIF-8 collapsed. The residual
weight of ZIF-8 is related to the zinc and lanthanum content of
the catalyst, and the higher weight loss of 10La/ZIF-8 compared
to those of ZIF-8 and 5La/ZIF-8 indicated its structural insta-
bility at high temperatures owing to a certain extent of La-
modication.49
3.2 SEM, TEM images and N2 isotherms: morphology and
appearance of La/ZIF-8

SEM and TEM were used to investigate the surface morphology,
appearance, and crystal structure of ZIF-8 and La/ZIF-8 samples.
Fig. S2(a–c)† show the SEM images of ZIF-8, 5La/ZIF-8, and
10La/ZIF-8 powders, indicating that the particle size of ZIF-8
Fig. 3 HR-TEM images of (a) ZIF-8, (b) 5La/ZIF-8, and (c) 10La/ZIF-8
diffraction of the corresponding sample.

7052 | J. Mater. Chem. A, 2021, 9, 7048–7058
was primarily in the range of 100–150 nm with a hexagonal
shape (Fig. S2(a)†), which is similar to that reported earlier.50

With increased La-modication on ZIF-8, the particle size of La/
ZIF-8 did not change signicantly, but the particles became
more circular (Fig. S2(b) and (c)†). This is primarily because La-
doping could induce the inhomogeneity on the particle size and
shape of ZIF-8, which is similar to Fe-doped ZIF-8 as reported in
a previous study.51 Fig. S2(d–f)† show the representative TEM
images of these samples, conrming the hexagonal structure of
ZIF-8 (Fig. S2(d)†) and the presence of small particles attached
onto and surrounded by the periphery of the ZIF-8 particles in
La/ZIF-8 powders (Fig. S2(e) and (f)†). These small particles
could be attributed to the La2O3 clusters, which can be seen in
XRD analysis at a 2q of approximately 30.5�. HR-TEM images
were taken for ZIF-8, 5La/ZIF-8, and 10La/ZIF-8 samples (Fig. 3).
The nanoclusters of La2O3 as indicated by the arrows could be
seen in Fig. 3(b and c), and the inset of Fig. 3(b), whereas no
other particles were found attached on the surface of ZIF-8 in
Fig. 3(a), which is consistent with the above SEM and TEM
analyses. The nanoclusters of La2O3 have a particle size of
approximately 1–3 nm, which is consistent with the above
samples. Insets of (b) and (c) show the TEM image and the electron

This journal is © The Royal Society of Chemistry 2021
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crystallite size obtained from XRD, showing the high dispersion
of La2O3 on the surface of ZIF-8. The inset of Fig. 3(c) shows the
electron diffraction of the 10La/ZIF-8 sample. The insignicant
electron diffraction ring suggested the low crystallinity of 10La/
ZIF-8 or the relatively small grain size of La2O3 attached on the
ZIF-8 surface.

The N2 adsorption–desorption isotherms of ZIF-8 and La/
ZIF-8 samples are shown in Fig. S3,† illustrating their meso-
porous features classied as type VI isotherms according to the
IUPAC.30,52,53 The surface areas of ZIF-8, 3La/ZIF-8, 5La/ZIF-8,
7La/ZIF-8, and 10La/ZIF-8 samples were estimated to be 1830
� 50, 1720 � 30, 1700 � 20, 1680 � 30, and 1430 � 70 m2 g�1,
respectively. The lower specic surface area of La/ZIF-8 could be
attributed to the surface coverage by La2O3 nanoclusters which
hinders the N2 diffusion and adsorption to the mesopores of
ZIF-8 samples. As shown in the inset of Fig. S3,† the pore size of
these samples should be smaller than 1 nm; however, broad
pore width distributions for these samples were observed. This
could be ascribed to the inter-particular diameter between the
connected particles, which is consistent with the SEM and TEM
results in Fig. S2 and S3.† Notably, the mesoporous feature of
ZIF-8 and La/ZIF-8 endows more reactive sites, and thus,
enhances the catalytic performance.
3.3 XPS analysis: chemical bonding of La/ZIF-8

To determine the chemical bonding and the oxidation states of
La/ZIF-8 samples, XPS was performed (Fig. 4). The C 1s peak can
be deconvoluted into two peaks at approximately 285.4 and
286.3 eV (Fig. 4(a)), which corresponds to C–C/C]C and C–N
Fig. 4 High-resolution XPS spectra for (a) C 1s, (b) N 1s, (c) Zn 2p, and
(d) La 3d levels of ZIF-8, 5La/ZIF-8, and 10La/ZIF-8.

This journal is © The Royal Society of Chemistry 2021
bond, respectively.54 It can be noted that these peaks remained
unchanged in 5La/ZIF-8 and 10La/ZIF-8 samples, indicating
that the framework of ZIF-8 was well preserved aer La-
modication. We also observed two deconvoluted peaks at
399.1 eV and 399.8 eV in N 1s spectra (Fig. 4(b)), presenting the
characteristic bonding of C]N– and C–NH– groups of ZIF-8,55

and two prominent peaks attributed to Zn 2p3/2 and Zn 2p1/2
situated at 1022.2 eV and 1045.1 eV (Fig. 4(c)), respectively.56

With an increase in La content, the La 3d signal increased
accordingly in the range of 835–840 eV (Fig. 4(d)), implying the
presence of La species on the ZIF-8 catalyst. The small peak at
approximately 836.5 eV in the 5La/ZIF-8 sample can be ascribed
to the La3+ species, whereas the two peaks at 835.5 eV and
838.2 eV are characteristic of the typical La2O3 as an oxide.57

These results agreed with the XRD analysis that conrmed the
presence of La2O3 accompanied by the crystallization of ZIF-8.
Elemental analyses using SEM-EDS and XPS were performed
to determine the chemical composition in La/ZIF-8 samples
(Fig. S4†). It can be noted that with an increase in the La
content, the atomic ratio of carbon, nitrogen, and zinc
decreased slightly, whereas the lanthanum and oxygen content
increased accordingly, thus conrming the formation of the La/
ZIF-8 catalyst.
3.4 XAFS analysis: nanostructure of La/ZIF-8

To investigate the electronic state and local structure of La
species in the sample, XAFS spectra were taken for the La-
modied ZIF-8, together with those of La2O3 and La(OH)3 as
references (Fig. 5). The X-ray absorption near-edge structure
(XANES) spectra revealed that the La species in the La-modied
ZIF-8 were similar to those of lanthanum(III) compounds, as
shown in Fig. 5(a) and its inset. Additionally, the Fourier
transform magnitude of k3-weighted extended X-ray absorption
ne structure (EXAFS) spectra indicated that the rst (La–O)
peaks for the samples were observed at the same peak position
as that for the La(OH)3 (Fig. 5(b)), suggesting that the La species
in the La-modied ZIF-8 is similar to that present in La(OH)3.
However, the second (La–La) peak was not observed for the La-
modied ZIF-8, demonstrating that the La species is composed
of La(OH)3 nanoclusters within a few nm in size. It should be
Fig. 5 (a) La K-edge XANES, (b) Fourier transform magnitude of k3-
weighted EXAFS spectra for the 5La/ZIF-8, 10La/ZIF-8, and the refer-
ences of La(OH)3, and La2O3.

J. Mater. Chem. A, 2021, 9, 7048–7058 | 7053
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noted that the La species in freshly prepared La/ZIF-8 was
detected as La2O3 by XRD and XPS, although the La species was
observed as La(OH)3 by XAFS. The difference is mainly derived
from the gradual change of La2O3 to La(OH)3 on exposure to the
moisture in air.58 This was conrmed by XAFS as the stored
La2O3 powder transformed into La(OH)3 by moisture and the
La(OH)3 returned to the original La2O3 by heating at 1000 �C.
Combining the structural analyses by EXAFS, XRD, and XPS, we
believe that the La species in freshly prepared La/ZIF-8 exists as
La2O3 nanoclusters within a few nm in size somewhere in or
above the ZIF frame, which strengthens the Lewis acidity and
basicity of the catalyst at the same time, and hence improves the
activity of catalytic CO2/GC conversion.
3.5 TPD analysis: acidity and basicity of La/ZIF-8

The CO2- and NH3-TPD was used to measure the surface
basicities and acidities of the catalysts (Fig. 6). Typically, CO2

chemisorption involves not only the O2� site but also the La3+

site, which is associated with the Lewis basicity and acidity,
respectively. The CO2 desorption peaks were detected in the
temperature range of 230–400 �C, indicating that the basic sites
result from the CO2-adsorption energies on ZIF-8 and La/ZIF-8
samples. The temperature above 400 �C could result in the
partial decomposition of ZIF-8 and La/ZIF-8, as evidenced in
TGA (Fig. S1(b)†). It can be seen that the contents of basic sites
(230–400 �C) in 5La/ZIF-8 were larger than those of ZIF-8
(Fig. 6(a)). On the other hand, the acidic sites on the surface
of 5La/ZIF-8 and ZIF-8 samples were estimated using NH3-TPD
(Fig. 6(b)). Notably, the acidic sites on the surface of 5La/ZIF-8
were greatly improved aer La-modication, which can be
ascribed to the La3+–O2� pairs in the La2O3 nanoclusters on the
surface of 5La/ZIF-8. The calculated quantity of desorbed CO2

(basic sites) and NH3 amounts (acidic sites) of these samples are
shown in Table 2. 5La/ZIF-8 exhibited stronger acidic or basic
sites compared to ZIF-8 and 5La/ZnO, which act as a control
group, implying that La-modied ZIF-8 has enhanced acidity
and basicity, and this would be helpful to trigger the CO2
Fig. 6 (a) CO2 and (b) NH3 TPD plots of ZIF-8 and La/ZIF-8 samples at

7054 | J. Mater. Chem. A, 2021, 9, 7048–7058
activation for CO2/GL conversion. More La2O3 on the surface of
ZIF-8 (10La/ZIF-8) could reduce the exposure of La3+–O2� pairs,
thereby reducing the acidity and basicity. However, TPD is not
so reliable for measuring site densities and strengths of solid
catalysts,59 an advanced NMR method with a probe should be
employed for more detailed qualitative and quantitative
features60 of the La/ZIF-8 samples in the future.
3.6 Catalytic reactions: effect of experimental conditions

In the catalytic measurement of ZIF-8 and La/ZIF-8 samples, GL
was catalytically converted into GLC by reaction with 7 bar of
CO2 at 150 �C for 6 h in the presence of CH3CN as the dehy-
drating agent (Fig. 7(a)). La/ZnO catalysts were also used as
reference samples under the same conditions (Fig. 7(b)). The
conversion of GL and selectivity of GC achieved the values of
approximately 24% and 56%, respectively. Notably, the La-
modied conventional ZnO catalysts had a GL conversion and
GC selectivity lower than 15% and 40%, respectively (Fig. 7(b)).
In comparison with the conventional catalyst La2O3, which had
a conversion and yield of approximately 5% and 3% (Fig.-
S5(a)†), respectively, 5La/ZIF-8 stands out as being particularly
active toward CO2/GL conversion amongst all the samples. This
is mainly because 5La/ZIF-8 has more and stronger acidic and
basic sites, resulting from the La3+–O2� pairs in the La2O3

nanoclusters, compared to that of ZIF-8 or La/ZnO (see TPD
analysis in Fig. 6); and the decreased activity of 10La/ZIF-8 could
be attributed to the decrease of surface area owing to coverage
of La2O3 particles on the ZIF-8 surface, resulting in less surface
metal–oxygen pairs. To examine the effects of the reaction
conditions on the GL carboxylation using 5La/ZIF-8, Fig. S5 and
S6† show the measured conversion and yield as a function of
reaction temperature, time, and the amounts of catalyst and
dehydrating agent (CH3CN). It can be noted that the conversion
and yield increased with an increase in the reaction tempera-
ture and reaction time. Most importantly, the conversion and
yield could achieve the values of 45% and 35%, respectively, at
a reaction temperature of 150 �C for 15 h, which are much
temperatures of 40–400 �C.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Calculated quantity of desorbed CO2 (basic sites) and NH3

amounts (acidic sites) of ZIF-8 and La/ZIF-8 samples

Desorbed CO2

amounts (mmol g�1)
Desorbed NH3

amounts (mmol g�1)

ZIF-8 0.121 0.158
3La/ZIF-8 0.138 0.573
5La/ZIF-8 0.305 0.582
10La/ZIF-8 0.265 0.547

Fig. 8 Catalytic CO2/GL conversion using different dehydrating
agents including H2SO4 (5 mL), CH3CN (5 mL), MgCO3 (0.05 g), and
CaCO3 (0.05 g) in the presence of 0.1 g of 5La/ZIF-8, 15 mL of glycerol
under 7 bar of CO2 at 150 �C for 15 h.
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higher than the reported values.17–27 In addition, with the
increase in the amount of catalyst, the conversion and yield
reached a plateau, implying that the reactivity of this reaction
could not be increased further by the addition of the catalyst
(Fig. S6(a)†). Moreover, the yield of GL did not increase with the
increase in conversion by the addition of more CH3CN
(Fig. S6(b)†). This is because more dehydrating agent may lead
to undesirable side reactions and more by-products (see
Fig. 1(b)). Therefore, it is necessary to determine the dehydrat-
ing efficiency and improve the catalytic performance using
different reagents.
3.7 Catalytic reaction: effect of dehydrating agents

Many solvents, including acetonitrile, benzonitrile, 2-cyano-
pyridine, H2SO4, and adiponitrile, have been widely used as
dehydrating agents to remove water to produce GC in the CO2/
GL conversion.17,24,27 However, undesirable side reactions
generally occurred under this circumstance. In this study,
inorganic dehydrating agents, including MgCO3 and CaCO3,
were used to remove the water by adsorption, and simulta-
neously restrict the side reactions in CO2/GL conversion.
Notably, the conversion, yield, and selectivity reached over 36%,
34%, and 95%, respectively, using MgCO3 as the dehydrating
agent in the presence of 5La/ZIF-8 under 7 bar of CO2 at 150 �C
for 15 h (Fig. 8). In addition, the selectivity was over 89% with
CaCO3 as the dehydrating agent, indicating that it was effective
in restricting the side reactions and subsequent generation of
by-products. These results correspond to the highest selectivity
of CO2/GC conversion as reported in Table 1.17–27 However, the
mechanism by which the dehydrating agent MgCO3 exhibits
better activity than CaCO3 remains unclear. With H2SO4, which
Fig. 7 Catalytic CO2/GL conversion using (a) La/ZIF-8 and (b) La/ZnO sam
of glycerol in the presence of 5 mL of CH3CN as the dehydrating agent

This journal is © The Royal Society of Chemistry 2021
has dehydrating and oxidizing ability, as a dehydrating agent in
this work, GC conversion was high (over 35%), but the yield of
GL and the selectivity were relatively low, indicating that the
major products resulted from the side-reactions. Also, ZIF-8 is
unstable in an acidic environment.61,62 Combining these results,
H2SO4 cannot be used in this reaction.
3.8 Catalytic reactions: stability of the catalysts

The stability of the catalyst and the reusability of the inorganic
dehydrating agents are important factors. We carried out the
CO2/GL conversion in the presence of 5La/ZIF-8 by adding
CH3CN, MgCO3, or CaCO3 as the dehydrating agent and deter-
mined its turnover frequency number (TOF), which can be
expressed by the following formula:

TOF (h�1) ¼ (GL0 � GLt)/(M � D � T) (4)

where GL0, GLt, M, D, and T refer to the moles of GL at the start
and the end of the reaction time, amount of the catalyst, content
of La ions obtained by XPS, and total reaction time, respectively.
The TOF value of 5La/ZIF-8 in using MgCO3 as the dehydrating
agent is approximately 217 h�1, which is higher than those in
ples as catalysts (0.1 g) at 150 �C for 6 h under 7 bar of CO2 with 15 mL
.
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Fig. 9 (a) Repeated catalytic CO2/GL conversion using different dehydrating agents including CH3CN, MgCO3, and CaCO3 in the presence of
0.1 g of 5La/ZIF-8 as the catalyst, 15 mL of glycerol, under 7 bar of CO2 at 150 �C for 15 h. In the reaction using MgCO3 and CaCO3, these
dehydrating agents were recycled and reused along with the catalyst. (b) XRD patterns of 5La/ZIF-8, MgCO3, and CaCO3 before and after the
catalytic CO2/GL conversion.
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previous results shown in Table 1. Fig. 9(a) shows the cycle test
expressed in TOF using 5La/ZIF-8 with different dehydrating
agents, indicating that the TOFs using MgCO3 and CaCO3 as
dehydrating agents were maintained over 90% aer three
cycles, whereas the TOF decreased to approximately 40% in the
case of CH3CN. The conversion, yield, and selectivity of the cycle
tests are mentioned in Table 3. This indicates that the dehy-
drating agents, MgCO3 and CaCO3, can be reused by drying to
desorb the water molecules. The decreased activity could
partially be attributed to the catalyst loss because La/ZIF-8 was
difficult to recycle. In addition, the XRD patterns of 5La/ZIF-8,
MgCO3, and CaCO3 remained unchanged aer the CO2/GL
conversion (Fig. 9(b)). However, the particle size of 5La/ZIF-8
became smaller aer the reaction, as observed by TEM
imaging (Fig. S7†). Compared to the previous studies as shown
in Table 1, the conversion, yield, and selectivity using 5La/ZIF-8
in the presence of MgCO3 as the dehydrating agent are much
higher, and hold the record for selectivity to the best of our
knowledge.
Table 3 Conversion and yield of catalytic CO2/GL conversion using
5La/ZIF-8 catalyst in the presence of different dehydrating agentsa

Dehydrating
agent

Conversion
(%)

Yield
(%)

CH3CN 1st 46.5 35.3
2nd 25.5 11.6
3rd 11.3 5.5

MgCO3 1st 36.6 34.8
2nd 36.1 34.9
3rd 35.6 34.1

CaCO3 1st 18.5 16.6
2nd 17.4 15.4
3rd 16.6 14.5

a Reaction conditions: 15mL of glycerol, or 0.05 g of MgCO3 or CaCO3 as
the dehydrating agent, 0.1 g of catalyst, 150 �C, 7 bar of CO2, 15 h.

7056 | J. Mater. Chem. A, 2021, 9, 7048–7058
3.9 Reaction mechanism

It is important to determine the reaction kinetics for the CO2/GL
conversion using La/ZIF-8. In this study, the linear regression
for the pseudo-reaction time-dependent CA, ln(CA/CA0), and 1/CA

(CA refers to the glycerol concentration, and CO2 is excess in the
reaction) for 0th-, 1st-, and 2nd-order reaction are shown in
Fig. S8(a),† illustrating that the experimental data t 2nd-order
reaction kinetics with a high coefficient of determination of
0.9921. This means that the reaction could strongly be related to
the concentration of the reactants. In addition, the activation
energy for using CH3CN and MgCO3 as dehydrating agents,
under different reaction temperatures was estimated by Arrhe-
nius equation (Fig. S8(b)†). It is observed that the pseudo-
activation energy is 7.83 kJ mol�1 in the case of CH3CN,
which is higher than the value obtained with MgCO3

(5.42 kJ mol�1). The higher activation energy suggests that the
reaction is temperature sensitive and requires more external
energy to activate the reaction, which is consistent with the
above argument that more side reactions could occur with
CH3CN as the dehydrating agent. Most importantly, by using
MgCO3 as the dehydrating agent, a lower energy barrier is
required for the catalytic CO2/GL conversion. This is the rst
report on the catalytic activation energy of CO2/GL conversion
using the La/ZIF-8 catalyst, especially in the presence of
different dehydrating agents.

The proposed reaction mechanism has been shown in
Fig. 10. Glyceroxide anion is generated at the Zn sites, which
serves as Lewis acidic sites, by reacting with the hydroxyl groups
of GL (step 1). Then the oxygen atom on the hydroxyl group of
GL attacks the Zn cations or La3+ sites to produce zinc glycer-
olate (step 2), and generates water molecules as the interme-
diate. Meanwhile, CO2 molecules could be nucleophilically
activated by N anions and La2O3 nanoclusters, which is
considered as a Lewis acid–base pair for the La3+–O2� sites, on
the catalyst surface, followed by the reaction with zinc
This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Proposed reaction path for catalytic CO2/GL conversion using the La/ZIF-8 sample in the presence of CH3CN or MgCO3 as the
dehydrating agent.
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glycerolate to produce the GLC and regenerate Zn sites at the
surface (step 3). Zhao et al. suggested that the intra-molecular
rearrangement step from glycerolate to produce glycerol
carbonate could be the rate-determining step.23 In addition, He
et al. also demonstrated a similar reaction mechanism to indi-
cate the importance of the acid–base property of the Ce–O pair
site with low-coordinated Ce cation (as a Lewis acid site) and
adjacent oxygen (as a Lewis base site) in the synthesis of
propylene carbonate.9 Moreover, the water molecules should be
effectively removed by the dehydrating agent to improve the
conversion, yield, and selectivity according to this reaction path.
In the case of CH3CN as the dehydrating agent, acetamide and
acetic acid are generated by the reaction of CH3CN with water
molecules as by-products. With MgCO3 or CaCO3 as the dehy-
drating agent to physically adsorb water, only trace amounts of
by-products are produced, resulting in a high selectivity of the
GLC. As a result, the modication of La2O3 nanoclusters and
ZIF-8 to strengthen the Lewis acidity and basicity, as well as
using a dehydrating agent to physically absorb water molecules
are both essential for improving the catalytic CO2/GL conver-
sion efficiency.
4. Conclusions

In this study, we prepared La-modied ZIF-8 as an effective
catalyst for catalytic CO2/GL conversion. Aer lanthanum
modication, we observed La2O3 nanoclusters on the catalyst
surface, which is conrmed by XRD, XPS, and EXAFS. These
La2O3 nanoclusters contained a La3+–O2� pair site, which is
considered as a Lewis acid–base site that provides an enhanced
activation of the CO2/GL reaction (evidenced by TPD). Under the
optimum conditions (150 �C, 15 h, 7 bar of CO2, 0.1 g of catalyst,
5 mL of CH3CN as the dehydrating agent), the conversion of GL
and the yield of GLC were 45% and 35%, respectively. To restrict
the yield of by-products, we used MgCO3 and CaCO3, which
could physically adsorb water molecules, as dehydrating agents.
The conversion, yield, and selectivity under the optimum
conditions were approximately 35%, 32.5%, and 92%, respec-
tively, in the presence of MgCO3 as the dehydrating agent by
using 5La/ZIF-8 as the catalyst. The intensity of Lewis acidity
This journal is © The Royal Society of Chemistry 2021
and basicity could be increased by the modication of La2O3

nanoclusters on ZIF-8, which accepted and donated more
electrons for the CO2/GL conversion to produce GLC. The CO2/
GL conversion can be viewed as a 2nd-order reaction with acti-
vation energies of 7.83 and 5.42 kJ mol�1 with CH3CN and
MgCO3 as dehydrating agents, respectively. In conclusion, La/
ZIF-8 can be used as an effective and efficient catalyst to
convert greenhouse gases (CO2) and oversupplied GL to a high-
value GLC to achieve a sustainable and green society.
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