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ARTICLE INFO ABSTRACT

Keywords: Alkali metals and alkaline earth metals have been used to promote the catalytic performance of metal oxides in
Alkali metal transesterification of glycerol and dimethyl carbonate, however, the promotional roles of the dopants in influ-
La293 . encing the catalytic performance of the metal oxides have not been fully investigated which hinder the devel-
Ig;;;;gms opment of low-cost and high-efficiency catalysts in transesterification of glycerol and dimethyl carbonate. This

paper, for the first time, systematically studied the influence of ionic radius and valence state of dopants, surface
concentration of dopants and the basicity of the catalysts on the catalytic performance of LayO3 in trans-
esterification of glycerol and dimethyl carbonate. Our results suggest that the ionic radius and valence state of
the dopants are the determining factors, while the basic site density is not a crucial factor, although the basicity
of catalyst surface is important in activating glycerol and dimethyl carbonate. Among alkali and alkaline earth
metals, 25 mol% Na/LayOj3 catalyst achieved the highest glycerol conversion (85 %) and glycerol carbonate yield
(60 %) in the 70 °C and 2-hour reaction. After the detailed investigation, a plausible mechanism of glycerol and
dimethyl carbonate transesterification on Na/LapOs3 catalyst has been proposed. This research could help un-
derstand the promotional role of alkali metals and alkaline earth metals and the results may guide future design
of metal oxide catalysts.

Glycerol, glycerol carbonate

1. Introduction building eco-composite, or a chemical intermediate [5-7]. Therefore,

the value-added conversion of GL to GLC has attracted wide attentions,

Biodiesel is regarded as a promising transmit solution to alleviate the
environmental issue of burning fossil fuels [1,2]. However, the intensive
development of the biodiesel industry has resulted in a huge accumu-
lation of glycerol, a by-product from the biodiesel production process,
which has led to abundant glycerol waste and a dramatically price drop
in glycerol market that is further struck the economic profit of producing
biodiesel [3,4]. Thus, converting glycerol into value-added products has
become a promising approach to solve the problems of glycerol waste
and improve the economics of biodiesel processes [4,5]. Among the
various value-added products, glycerol carbonate (GLC) with the ver-
satile properties can provide a wide range of applications [5,6], for
example using as a solvent, a cosmetic ingredient, a laundry detergent, a
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and four main methods have been developed to convert GL into GLC: (1)
carbonization with phosgene or carbon monoxide [6]; (2) direct reac-
tion with COy [8]; (3) glycolysis with urea [9]; and (4) trans-
esterification with dimethyl carbonate (DMC) [7,10,11]. Comparing the
pros and cons of each of these four methods — such as the toxicity of co-
reactant, thermodynamic equilibrium limitation of the reaction, diffi-
culties in by-product separation, and the reaction conditions — GL
conversion with DMC (shown in Scheme 1) appears to be the most
promising route to form GLC, as DMC has been considered as a green
chemical and this conversion route can be conducted at relatively mild
operational conditions.

Converting GL with DMC to GLC requires the presence of catalysts,
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where homogenous catalysts, such as KOH, NaOH, and H»SO4, have
been reported to achieve excellent catalytic performance, but this type
of catalyst is difficult to separate from the reaction system [12]. Thus,
heterogeneous catalysts have attracted more attention due to their
efficient recyclability and good catalytic performance. Compared to acid
catalysts, the presence of base catalysts can lead to relatively high yield
and selectivity of glycerol carbonate, and also fast reaction rate in the
transesterification of GL and DMC [12], which has been reported that
the basic site of a catalyst is responsible for activating GL by cleaving its
O—H bonds [13,14]. Liu et al. [15] established a good correlation be-
tween catalytic activity and surface basicity for transition metal doped
hydrotalcite catalysts. However, it is still debatable if tuning the amount
and strength of catalyst basic sites can determine their catalytic per-
formance in GL transesterification. For example, Hu et al. [16] reported
that 15 wt% K/CaO catalyst calcinated at 700 °C shows higher glycerol
conversion (99 %) than CaO (92 %) in the transesterification of GL and
DMC, but the amount of basic sites of 15 % K/Ca0-700 (30.37 mmol/g)
is lower than that of CaO (33.93 mmol/g). MgO with a trapezoidal
morphology has been synthesized and tested in glycerol trans-
esterification, and it showed the highest glycerol conversion and GLC
yield but with the lowest amount and weakest strength of basic sites
compared to the MgO catalyst in a rod-like, spherical, flower-like, and
nest-like structure [17]. Therefore, the surface basicity of a catalyst
might not be the only factor that affects its catalytic performance in the
glycerol transesterification.

In addition, alkali and alkaline earth metals are high abundant in
Earth’s crust [18], in particular calcium, sodium, magnesium and po-
tassium, and their unit price is relatively cheap which provides great
potential to be applied in industry. So, many alkali and alkaline earth
metal based and modified catalysts have been studied in trans-
esterification of GL and DMC, for example, introducing lithium to ZnO,
Lap03 and ZrO, support catalyst have been found significantly enhanced
the conversion of glycerol to GLC from barely converted to over 90 %
[7,19,20]. Moreover, the ionic radius and valence state of the alkali and
alkali metals have been reported playing important roles on the doping
location and coordination sphere, which further influence their catalytic
abilities. Sugiura et al. [21] studied the alkali metal ion substitution on a
layered calcium phosphate compound (octacalcium phosphate), and
revealed that the difference in ionic radius between alkali metal and
calcium affects the location of alkali metal ions in the layered com-
pound. Ferreira et al. [22] used diffuse reflectance UV-vis spectra to
analyse the coordination number changes of CeO, after the addition of
Ca and Mg, with Ca/CeO; showing a lower coordination number
(approximately 8) of Ce** ions. However, the effect of alkali and alka-
line earth metals in improving the catalytic performance of metal oxides
for glycerol carbonate production has not been fully understood. Addi-
tionally, no systematic investigation into the different combinations of
the modifiers and base metal oxides currently exists, which has hindered
the development of effective catalysts and efficient catalytic processes in
glycerol value-added conversion.

Therefore, this research work presents a systematically study of the
promotional roles of alkali and alkaline earth metals on improving
catalytic performance of LapOs in transesterification of GL and DMC.
The ionic radius and valence state for alkali and alkaline earth metals
were found as dominant factors for improving the catalytic activity of
Lap03, and other factors including molecular weight, surface composi-
tion, crystallinity, electron status, specific surface area and basicity of
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modified LayO3 samples were further elucidated.
2. Experimental and characterisation
2.1. Materials

All chemicals used in this work are of analytical grade and without
further purification. Lanthanum nitrate (La(NO3)3-6H30), ammonium
carbonate, magnesium nitrate (Mg(NO3),), barium nitrate (Ba(NO3)5),
N,N-dimethylformamide (DMF, 99 %), glycerol (99 %), methanol (99 %)
and tetraethylene glycol (99 %) were purchased from Alfa Aesar.
Lithium nitrate (LiNO3), sodium nitrate (NaNOs), potassium nitrate
(KNO3), calcium nitrate (Ca(NOs)s), strontium nitrate (Sr(NOs3)2),
dimethyl carbonate (99 %), 4- (hydroxymethyl)-1,3-dioxolan-2-one (90
%) were purchased from Thermo Fisher Scientific Inc. Glycidol (96 %)
was purchased from Sigma-Aldrich.

2.2. Catalyst preparation

The support material, LapsO3, was synthesised using a modified
version of the precipitation method from Li et al. [19]. The preparation
process is as follows, 0.03 mol lanthanum nitrate and 0.12 mol ammo-
nium carbonate were each dissolved in 120 ml deionised (DI) water. The
obtained ammonium carbonate solution was slowly added into
lanthanum nitrate solution under mechanical stirring at room temper-
ature and continuously stirred for 6 hrs. Then the white precipitate was
separated in a centrifuge (SIGMA® 2-16P) and washed with DI water.
Finally, the solid paste was dried at 110 °C for 24 hrs and calcined at
800 °C for 6 hrs in a Muffle furnace (Carbolite® ELF 11/14B) to obtain
final La;Oj3 catalysts.

LasO3 doped by 25 mol% alkali and alkaline earth metals were
prepared by wet impregnation method. A certain amount of M(NO3),
(where M = Li, Na, K, Mg, Ca, Sr, Ba; n = 1,2) was dissolved in DI water
and then 0.5 g LapO3 powder was added. The suspension was magneti-
cally stirred for 12 hrs. The resulting slurry was evaporated at 80 °Cin a
water bath to remove excess water. The solid residue was dried at 110 °C
for 10 hrs and then calcined at various temperatures (400 °C — 800 °C)
for 2 hrs.

The samples were denoted as xM/LayOsT, where x represents the
mass percentage or molecular percentage, M represents the alkali and
alkaline earth metal, and T represents the calcination temperature. The
default value for x and T are 25 mol% and 600 °C when the sample
presented without ‘x” and/or ‘T".

2.3. Catalyst characterisation

The crystal phases of pristine and modified LayO3 catalysts were
characterised by powder X-ray diffraction (XRD) using a Bruker Phaser-
D2 diffractometer with Cu Ka X-ray source. The scanning range (26) was
from 10° to 90°, with a slit of 1° at a scanning rate of 10° min™!. The
electron states for the samples were analysed via X-ray photoelectron
spectroscopy (XPS), conducted on a Thermo Scientific™ K-Alpha™*
spectrometer equipped with a monochromatic Al Ka X-ray source
(1486.6 eV) operating at 100 W. All peaks have been calibrated with Cl1s
peak where the standard binding energy (B.E.) is 284.8 eV for adven-
titious carbon source. The basicity of the samples was tested via CO»
temperature-programmed desorption (TPD). This was carried out by

o)

~0
X on + 2CHOH

Glycerol Carbonate Methanol

Scheme 1. Scheme of synthesis glycerol carbonate from glycerol and dimethyl carbonate.
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placing a 0.10 g sample into a U-shape reactor and pre-treating it under
Helium flow (at 50 sccm) at 600 °C for 30 mins. CO5 was then intro-
duced and adsorbed on the samples for 45 mins at room temperature.
During the desorption process, the cell was heated up to 1000 °C with a
ramping rate of 10 °C min ! under the Helium flow (at 50 sccm).

The amount of alkali and alkaline earth metal doped on LasO3 was
analysed by inductively coupled plasma optical emission spectrometry
(ICP-OES) operated on a Varian Vista Pro instrument with axial view.
The samples were digested in aqua regia and then diluted to a certain
concentration before the measurements. The surface area and pore size
distribution of the samples was determined via the Ny physical
adsorption—desorption experiments at 77 K in a chemisorption (&
physisorption) gas sorption analyser (Quantachrome autosorb IQ). The
samples were first degassed at 200 °C in vacuum for 2 hrs, and then their
N, isotherms were measured and analysed based on the Brunauer-
Emmett-Teller (BET) equation theory. The morphology of the samples
was determined by scanning electron microscope (SEM, JEOL JSM-
6390A). Before measurements were taken, the sample was suspended
in ethanol solution and dispersed in ultrasonic bath for 1 min. Then, the
suspensions were added dropwise onto a copper tape for SEM analysis.

2.4. Reaction procedure

The catalytic performance of LapOs catalysts doped by alkali and
alkaline earth metals were tested via glycerol (GL) conversion with
dimethyl carbonate (DMC) in a stainless-steel reactor (Yanzheng®
YZPR-100). The thermocouple was built in a stainless-steel blind tube
inside the reactor for the temperature control. The reaction mixture was
stirred with a magnetic stirrer during the reaction.

The ratio 1:3 of GL and DMC was mostly claimed as optimal reactant
ratio based on literature review [15,16,19,20,23-27], so in a typical
experiment, 3.0 g of GL and 9.0 g of DMC were added into the reactor
with 0.10 g of catalyst. After sealing the reactor, the mixture was
continuously stirred and heated to a desired reaction temperature for a
certain time. After this time was reached, the reactor was cooled down in
an ice-water bath to stop the reaction. A certain amount of internal
standard substance (ISTD), tetraethylene glycol, and DMF were added
into the reaction mixture. Then the catalyst the catalyst was separated
from the liquid phase in the centrifuge (SIGMA® 2-16P). The collected
catalyst was retained and prepared for further recycling experiments.
The obtained liquid phase was further analysed by gas chromatography
(GC, Shimadzu GC-2010 plus), equipped with a flame ionization de-
tector (FID) and a Stabilwax-MS (30 m x 0.25 mm) column. The qual-
itative analysis of the reaction products was carried via Shimadzu gas
chromatography-mass spectra (GC-MS).

Chemical Engineering Journal 458 (2023) 141486

transesterification of glycerol via doped Lap,O3 are shown in Section 3.5.

3.1. Synthesis strategy of La,Os modified by alkali and alkaline earth
metals

The wet impregnation method was used for modifying LayO3 catalyst
with alkali and alkaline earth metals. The principle behind this method
is discussed based on synthesising Na/LasO3 catalyst which is shown in
Scheme 2. The synthesis procedure includes three main steps: impreg-
nation, drying, and calcination. During the first step of impregnation,
the pre-synthesised La;O3 powder is uniformly dispended in the NaNO3
aqueous solution containing the Na*, NO3, H" and OH™ ions, and part of
LayO3 phase could be transferred into La(OH)3 and LayO2CO3 phases
during contact of water and CO5 [28], and the reaction mechanisms are
defined by Eq. (1) and Eq. (2) respectively. During the impregnation,
Na™ ions might diffuse into the pores of La;03 and be adsorbed onto the
porous surface, and Na™ ions could also be adsorbed on the external
surface of the support by forming the ion pair with its oxo/hydroxo-
groups [29].

During the drying procedure, the precursor of Na* forms a homog-
enous distribution of the Nay(NO3)y(OH), crystals on the surface of the
LasO3 (or on La(OH)3 and Lay02COs3) crystal phases which is illustrated
in Eq. (3),. As the solvent is removed during the drying process, it can
result in a redistribution of the modified metal phase on the support
material [30]. The dopants inside the pores which have a smaller size
can more easily migrate out to the external surface and contribute to the
formation of the Nay(NOs3)y(OH), crystals. In the calcination step,
Nay(NO3)y(OH), starts to decompose to NaNO3 at 100-200 °C, then
NaNOs is converted into molten salt at around 308 °C [31], where the
molten salt phase can increase the mobility of Na which can lead Na to
enter the lattice of the support material. As described in Eq. (4), the
molten NaNOs salt firstly starts decomposing to NaNO» at 380 °C [31],
and then the formed NaNO; salt further decomposes to NaO at around
600 °C [32-34]. In the meantime, La(OH)3 and Lap02CO3 phases can
start converting into LayO3 at 600 °C and complete the conversion at
around 800 °C [35]. The formation of surface defects also occurs during
the calcination step [35,36].

La, O3 +NaNOs ) +Hy O—Lay O3 ) +Na™ (4 +NO5 (aq)+H (4 +OH™ (o)
(@)

Lay O3 + H,0 + CO—Lay O3 + La(OH), | + Lay0,C0x ) )

Lay O35+ Na* oy + NOTag + H" g+ OH’,,L,—>NaX(N03)),(OH)Z o La, 03
3)

Na,(NOs),(OH),~NaNO3—NaNO; + 0,—Na,O + NO + NO, Na,(NOs),(OH), ® La,03,~(Na)La, 05, 4

3. Results and discussion

In this section, the synthesis strategy of the wet impregnation
method for doping alkali and alkaline earth metals on LayOg catalysts is
firstly illustrated in Section 3.1, then the catalyst characterisation ob-
tained from the methods presented above for pristine La;O3 catalyst and
Lay0s3 catalysts modified by 25 mol% alkali and alkaline earth metals are
systematically discussed in Section 3.2. The catalytic performances of
the pristine La;0O3 and modified Lap,O3 catalysts in GL and DMC trans-
esterification are then presented in Section 3.3, along with a discussion
of the key characteristics which might affect the performance. The
plausible mechanism was discussed based on modified LapO3 samples in
Section 3.4. Finally, the optimal operating conditions for the

The synthesis strategy for doping other alkali and alkaline earth
metals - Li, K, Mg, Ca, Sr, and Ba — on LayOs is similar to that for Na
doping Lag0s3, but the decomposition temperatures of their nitrates to
oxides are different to that of NaNOs which are summarised in Table S1.

3.2. Catalyst characterisation

3.2.1. Bulk and surface composition analysis

The bulk and surface composition of La;O3 samples are analysed by
ICP-OES and XPS, and the results are listed in Table S2. The bulk
composition of each element tested by ICP-OES is consistent with the
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Scheme 2. Synthesis process of modifying La;O3 catalyst by Na.

designed composition where the amount of alkali and alkaline earth
metals are around 25 mol% of La. While the surface compositions of Li
and Na are around 68 % which are three times higher than their overall
composition, that of Mg is about 48 % and two times higher than its bulk
composition, and the surface composition for the other metals are

: LJL A A . Ba/LaZOS
Sr/La,04
A AU A A
Y N A CallLa,0,
Mg/La,O
— A_A A A P N
=
o K/La,0,
Py
k)
c
2 Na/La,0,
= | 1SN Y W
Li/La, O,
s ot l l 1 LA.‘—_‘—
002) La,0, # 83-1344
(100) (012) 110) 103)
I L 1.1
10 20 30 40 50 60 70
20(°)

Fig. 1. XRD pattern of prepared La,O3 and La,O3 samples doped by alkali and
alkaline earth metals, where the light blue stars represent La,0,CO3 phase, the
mustard yellow triangle represents CaO phase, the bright blue circle represents
SrCO3 phase, and the brown square represents BaCO3 phase.

similar to their bulk results. This result suggests that the majority of Li,
Na and Mg are doped on the La;O3 surface, while K, Ca, Sr and Ba could
form another phase along the bulk of LayOs. As illustrated in the syn-
thesis strategy in Section 3.1, during the drying process, the dopants
with smaller ionic radii more easily migrate out of the inner pores and
adsorb on the surface. Zhang et al. [37] also found that the surface
composition of Li and Na with smaller ionic radii are higher than K, due
to Li and Na are more easily to migrate on the ZnO surface than K.

3.2.2. XRD analysis

The crystal structure of prepared LayOs samples and the doping
location of alkali and alkaline earth metals were studied via XRD anal-
ysis, and the results are shown in Fig. 1. The XRD patterns of pristine
Las0O3 and the modified LapO3 samples followed the hexagonal structure
lanthanum oxide phase (P-3 ml, JCPDS 83-1344), and the main
diffraction peaks of LapO3 are observed at 20 = 26.1°, 29.1°, 29.9°,
39.5°, 46.0° and 52.1°, corresponding to the (100), (002), (011),
(012), (110) and (103) crystal planes, respectively. The blue stars in
Fig. 1 represent for the Lay05CO3 phase (JCPDS 84-1963) which is
inevitably formed when La;O3 sample is exposed to ambient atmo-
spheric conditions [19,38]. In addition, no extra crystalline phases of
alkali metal oxides were observed from their XRD patterns, therefore,
the alkali metal could uniformly disperse on LapO3 surface [19,39,40].
Unlike surface doping, the bulk doping can influence the phase stability
and crystal growth [40,41]. Diffraction peaks for alkaline earth metal
doped Lay03 samples become much more weaken and broaden than that
for alkali metal doped LapO3 samples, indicating the heavy doping of
alkali earth metal inhibited the formation of LayOj3 crystalline structure
[41]. Nevertheless, the presence of CaO, SrCOs3, and BaCOj3 phase
further confirmed that Ca, Sr, and Ba formed extra crystalline structure.
These results suggest that most alkaline earth metals are incorporated in
the bulk Lay0s.

3.2.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was used to clarify
the electron environments for pristine and modified La;O3 samples. The
XPS profiles for La 3d and O 1 s orbitals are shown in Fig. 2 and the
corresponding binding energies of these orbitals are listed in Table S3.
Due to spin-orbit coupling, the La 3d spectrum separated into two
groups known as La 3d3 /2 and La 3ds,», respectively [19,42]. Each group
can be further deconvoluted into one main peak (denoted as I), and two
satellite peaks (denoted as II and III) [43,44]. The peaks of La 3ds,, I for
the pure LapO3 material are centred at 834.7 eV, and it is negatively
shifted to between 834.2 eV and 834.4 eV for the LayOj3 catalysts doped
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Fig. 2. XPS spectra of pristine La,03 samples and La,03 samples modified by alkali and alkaline earth metals: (a) La 3d, where peak I is the main peak, peak II and IIT
are the satellite peaks; and (b) O 1 s, where peak I, IT and III are represented for lattice 0% (Oy), chemisorbed surface O~ (Og) and weakly adsorbed OH™ and CO3"

(O4) species, respectively.

by alkali metals, while no peak shifting was observed for the samples
doped by alkaline earth metals. This result suggests that alkali metals
donate electrons to La, which makes the La in alkali metal doped LayO3
catalysts be able to donate more electrons to reactants [39].

The peaks of Ols spectra are located at around 528.7 eV, 530.7 eV,
and 531.4 eV, corresponding to the lattice 0% (Oy), chemisorbed sur-
face O~ (Os) and weakly adsorbed OH™ and CO%’ (O4) species, respec-
tively [15,39,42,44]. The binding energy of O 1 s spectra are positively
shifted towards the higher energy field for both LapO3 catalysts doped by
alkali metals and alkaline earth metals, with the latter elements being
shifted more. This result indicates that a larger amount of electrons
transferred from O sites to alkaline earth metals than to alkali metals,

Ba/La,0; xs) —
. Sr/La,0; (x5) 4/\-'
g Calla,0, o~
b Mq/LaQOq e
% | kiLa,0, [
& [ Nalla,0, o~

£ | Lina,0, o~

La,05 (xs) —

1 1 1 1 1 1 1

100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 3. CO, -TPD profiles of pure La;O3 and La;O3 catalysts modified by alkali
and alkaline earth metals calcined at 600 °C.

which indicates that alkaline earth metals have a strong interaction with
O in LayOg3 [45,46]. This is also consistent with the XRD result discussed
in the previous section that an extra phase of alkaline earth metal oxide
was formed on the La;Og3 surface.

3.2.4. COy - TPD analysis

The surface basicity of LayO3 catalysts was measured by CO2-TPD
analysis and is shown in Fig. 3, and the corresponding densities of their
basic sites are calculated and listed in Table S4. The CO2 desorption peak
for the pure LayOg catalyst is centred at 400 °C — 500 °C, so the basic
sites for pristine LapO3 sample can be denoted as strong basic site [19].
After doping alkali and alkaline earth metals on the LayOg3 surface, the
CO4, desorption peaks shifted to a higher temperature field compared to
that of pristine LapsO3 sample and are located at 600 °C — 800 °C, in
which the basic sites for the modified samples can be denoted as extra
strong sites [19 47]. As a result, the basicity of the LagO3 sample became
stronger with introducing alkali and alkaline earth metals. Additionally,
alkali metal doped LayO3 samples contains 4.56-5.60 pmol/m? basic
sites, higher than alkaline earth metal doped ones with 0.26-5.34 pmol/
m? basic sites, which is consistent with the XPS results that the electrons
around O in alkali metal doped LayO3 samples are more dense than those
in alkaline earth metal doped LayO3 samples [47].

3.2.5. Physicochemical properties measurements

The average crystallite sizes of LayO3 and modified LayO3 were
calculated via the Debyee-Scherrer equation, and the results are listed in
Table S2, where the average crystal size of pure La;O3 is 68 nm, which is
the largest of all the samples. The average crystal sizes of the alkali metal
doped LayO3 samples were the next largest at about 42.2 nm-57.9 nm
and the smallest were the alkaline earth metal doped La;O3 samples (at
about 18 nm-34.3 nm). As a result, adding alkali and alkaline earth
metal can hinder the growth of LasO3 crystal [30]. This is consistent
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Fig. 4. (a) Ny adsorption-desorption isotherms and (b) pore size distribution for pristine and modified La;O3 catalysts.

with their specific surface areas measured by Ny isotherms which are
shown in Fig. 4 a, and their specific surface areas, calculated by BET
theory, are listed in Table S2. The surface areas of LapO3 samples doped
by alkali metals are smaller than that of La;O3 samples doped by alkaline
earth metals. The main pore size of all samples is distributed in the range
of 2-4 nm, as shown in Fig. 4 b, while the pore width and total volume of
modified LayO3 catalysts, especially in the range of 2-4 nm, became
broader and higher than that of the pristine La;O3 catalysts. The surface
morphologies of La;O3 and promoted LayOs3 catalysts were individually
determined by SEM analysis, and presented in Figure S1. The mor-
phologies of the pure La;O3 sample and La;O3 samples doped by alka-
line earth metals are similar and show a flake-like structure, while
nanorod-like structures are shown in the La;O3 samples doped by al-
kali metals.

3.3. Catalytic performance

In this section, the catalytic performance of pristine LayO3 catalyst
and modified LapO3 catalysts by alkali and alkaline earth metals are
presented in Section 3.3.1, followed by a thorough discussion on the
potential factors of the dopants and catalyst characteristics in improving
the catalytic performance of LayOs.

3.3.1. Catalytic performance of pristine and modified LazO3 catalysts
The catalytic performance of the pristine LasO3 catalysts and the
LayO3 catalysts modified by 25 mol% alkali and alkaline earth metals
was examined in the transesterification of GL to GLC at 70 °C and 2 hrs
and the results are presented in Fig. 5 a. The pristine LapO3 catalyst has
barely any conversion of GL into GLC at 70 °C after 2 hrs, while doping
alkali and alkaline earth metals on LayOs catalysts significantly
improved the catalytic performance of LapOs3 catalyst in GL and DMC
conversion. LayO3 catalysts doped by Li, Na and K achieved 48 %, 85 %

100%a- —a— Conversion of GL

wonf A e

60% |

40% |
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and 40 % GL conversion, respectively, and the GL conversions for LaO3
catalysts doped by Mg, Ca, Sr and Ba were 13 %, 41 %, 21 % and 23 %,
respectively. The GLC yield follows the similar trend as the GL conver-
sion for alkali and alkaline earth metal doped La;03 catalysts. Among all
the modified LayOg3 catalysts, Na doped LayO3 catalyst shows the best
catalytic performance, and Ca doped LayOs3 catalyst led to relatively
higher GL conversion and GLC yield than the La;O3 catalysts doped by
other alkaline earth metals. In addition, the alkali metal doped LayO3
catalysts showed relatively better catalytic performance than alkaline
earth metal doped LayOg3 catalysts.

To rule out the effect of molecular weight for doping metals, a fixed
mass ratio, of alkali and alkaline earth metals were doped on LayO3 and
tested in the GL transesterification, where the results are presented in
Fig. 5b. The 3.5 wt% mass ratio of Na/La is the equivalent mass ratio to
the 25 mol% of Na/La catalyst, and the equivalent molar ratios (eq. mol
%) for other dopants are listed in Table 1. The catalytic performance of

Table 1
Equivalent molar ratio to the constant mass ratio (3.5 wt%); ionic radius and
electronegativity of La, alkali metals and alkaline earth metals.

Catalyst Mass Ratio and Its  Tonic Radius of Cation (A) Electronegativity
Equivalent Molar (eV)
Ratio
wit% eq. mol%
Lay03 - - 1.03 [19] 1.10
Li/ LayO3 3.5 83 0.76 [21] 0.98
Na/ LayO3 3.5 25 1.02 [21] 0.93
K/ Lay03 3.5 15 1.38 [21] 0.82
Mg/ Lay03 3.5 24 0.72 [48] 1.31
Ca/ LayO3 3.5 15 0.99 [48] 1.00
Sr/ LayO3 3.5 7 1.12 [48] 0.95
Ba/ LayO3 3.5 4 1.30 [48] 0.89
b
0, - .
100% —#— Conversion of GL
—o— Yield of GLC
80% .
—a—Yield of GLD
60%
40%
20%
0% 1

La203Li Na K Mg Ca Sr Ba
3.5 wt.% M/La,0,

Fig. 5. The catalytic performance of La,O3 doped by alkali metal and alkaline earth metals, (a) with the fixed molar ratio of 25 mol%, (b) with the fixed mass ratio

3.5 wt%. (Reaction condition: DMC:GL = 3:1, 0.10 g catalyst, 70 °C and 2 hrs).
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Lay03 based catalysts with the fixed mass ratio shows a similar trend as
that for the catalysts with a fixed molecular ratio. As shown in Fig. 5 b,
3.5 wt% Na/Lay0O3 and 3.5 wt% Ca/LayOg catalyst also achieved the
highest glycerol conversion of 85 % and 37 %, respectively, among
LayO3 catalysts doped by alkali metal and alkaline earth metal, and
LayO3 catalysts doped by alkali metals showed better catalytic perfor-
mance than the ones doped by alkaline earth metals. This result shows
that the molecular weight of dopants is not the dominant factor that
determines the ability of alkali and alkaline earth metals on improving
catalytic performance of LayOs3 catalyst.

3.3.2. Promotion effects of alkali and alkaline earth metals

The catalytic performance of a catalyst is determined by its proper-
ties which can be tuned by the dopant added. So, in this section, the
correlation between the catalyst properties and the catalytic perfor-
mance are discussed, and the dominant effects of the dopants on
improving the catalytic performance of LayO3 catalyst are revealed.

3.3.2.1. Effect of ionic radius and valence state. Interestingly, the ionic
radius of Na (1.02 f\) and Ca (0.99 f\), listed in Table 1, is similar to the
cation radius of La (1.03 f\), and Na/Lay03 and Ca/LayOs catalyst have
showed the best GL conversion and GLC yield among the LapO3 catalysts
modified by alkali metals and alkaline earth metal, respectively, so the
similarity in their radius might be the dominant factor in affecting the
dopant interaction with support material. Thus, a correlation between
the ionic radius and catalytic performance was established and shown in
Fig. 6.

For alkali metal promoted LayO3 samples, the ionic radius ratio of
Na/La is 0.99 which indicates the radii of Na* and La®* are very similar,
and the ionic radius ratio of Li/La and K/La are 0.74 and 1.34, indicating
the radius of Li* and K™ relatively smaller or larger than that of La®*,
respectively. Interestingly, the GL conversion under LapOs catalyst
doped by Na, which has a similar ionic radius with La, is higher than that
under La;03 catalyst doped by metals with a dissimilar ionic radius with
La, such as Li and K. This result indicates that the La;O3 catalyst doped
by a dopant with a similar ionic radius to La can maximise the
improvement of its catalytic performance in glycerol and DMC trans-
esterification. The same trend was also found for the LapO3 catalysts
doped by alkaline earth metals, with Ca having the most similar ionic
radius to La, and having the highest GL conversion among the alkaline
earth metals. Song et al. [7] and Kaur et al. [20] also claimed that ZnO
and ZrOy4 catalyst doped by lithium showed better catalytic performance
than those catalyst doped by other alkali metals because Li has a similar
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Fig. 6. Correlation between GL conversion and the ionic radius ratio of dopant
and La, where the glycerol conversion was carried out at the same condition for
each catalyst (Reaction condition: DMC:GL = 3:1, 0.10 g catalyst, 70 °C and
2 hrs).
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ionic radius (0.76 A) to Zn (0.74 10\) and Zr (0.72 [o\). Therefore, the
similarity of ionic radius for the dopant to its support material can be
considered as one of the determining factors in improving the catalytic
performance of the catalyst. The potential reason might be when the
ionic radius of the dopant is smaller or larger than the support material,
it could cause a significant structure distortion around the dopant, which
might affect the stability of the active sites, so when the ionic radius is
similar to the support cation, the formed active sites is more stable
which leads to the better catalytic performance. Moreover, when
comparing the dopants in the same period, the catalysts doped by alkali
metals are superior to the ones doped by the alkaline earth metal in GL
and DMC reaction, indicating that the valence state of the dopant also
affects the catalytic performance of modified La;O3 catalysts.

3.3.2.2. Effect of surface concentration of dopants. The surface concen-
tration of alkali and alkaline earth metals was tested via XPS, as stated in
Section 3.2.1, and the surface concentration of Li, Na and Mg is higher
than their overall concentration, where that of K, Ca, Sr, and Ba is
similar to their overall concentration. It has been reported that surface
doping might be better than bulk doping [40], but in this work, the
surface concentration of the dopant did not show a proportional effect
on the catalytic performance of modified LayO3 catalysts. For instance,
the surface concentration of Li and Na is similar, but 25 mol% Na doped
LayOs3 catalyst achieved 85 % GL conversion, much better than 48 % GL
conversion for 25 mol% Li doped LayOg catalysts at the same reaction
conditions. In addition, 25 mol% Mg/LayOs3 catalyst achieved less GL
conversion than 25 mol% Ca/LagOs catalyst, although the surface con-
centration of Mg as about two times higher than that of Ca. Thus, the
surface concentration is not the dominant factor for La,O3 catalysts
doped by alkali and alkaline earth metals showing different catalytic
ability in GL conversion.

3.3.2.3. Effect of the crystal structure. The diffraction peaks for LasO3
catalysts doped by alkaline earth metals from XRD analysis as shown in
Fig. 1 are much broader and weaker than those for the pristine LayO3
catalysts and the ones doped by alkali metals, which agrees with the
previous study [49,50]. The broader and weaker peaks could result from
the formation of a non-crystalline phase, the aggregation of particles
[51], or an incomplete LapO3 crystal phase. As illustrated in the syn-
thesis strategy, given in Section 3.2.2, LayOs can easily transfer to La
(OH)3 and Lay0,CO3 phases when it comes into contact with water or
carbon dioxide in the atmosphere, so during the drying and calcination
process, the La(OH)3 and Lap02COj3 gains are decomposed into LapO3
and rebuild the crystalline structure. Castro et al. [41] reported that
alkaline earth metals, especially Mg and Ca, could prevent host material
reforming from the calcination process. So a higher calcination tem-
perature 800 °C was used to synthesise the modified La;O3 catalysts, and
their XRD patterns, as shown in Figure S2, indicate a better crystalline
structure of hexagonal lanthanum oxide was formed. Conversely, the
catalytic performance for the samples calcined at 600 °C is better than
that for the samples calcined at 800 °C (as shown in Figure S3), despite
the crystal structures being well formed at 800 °C. In addition, the
catalyst calcined at 800 °C achieved a similar trend as the ones calcined
at 600 °C in GL and DMC conversion, where Na/Las03 and Ca/LayO3
showed the best catalytic performance among the LayO3 catalysts doped
by alkali metals and alkaline earth metals, respectively, and the alkali
metal doped LayO3 catalysts showed relatively higher GL conversion
than alkaline earth metals doped LapO3 catalysts. Thus, these results
further suggest that the crystallisation degree for La;O3 catalysts doped
by alkaline earth metals is not responsible for improving the catalytic
performance.

3.3.2.4. Effect of the electronic environment. The full analysis of elec-
tronic states of LayOs3 catalysts modified by alkali and alkaline earth
metals is given in Section 3.2.3, where alkali metals as dopants on LaO3
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catalysts can donate their electrons to La but alkaline earth metals
showed little effect on the electronic environment of La. This might be
due to the alkali metals having a lower electronegativity than alkaline
earth metals [52], meaning alkali metals are more likely to donate their
electrons than alkaline earth metals. This phenomenon has also been
reported on alkaline earth metals doped on ZrO, [51] and Ni/LapO3
catalysts [53]. Additionally, alkali metals affect the electron distribu-
tions around O sites, while alkaline earth metals as dopants on LayO3
catalysts more strongly affect the electron distributions around O sites,
which could be due to the extra phase of alkaline earth metal oxides
formed [51]. This result is consistent with their catalytic performance
where alkali metal doped LayO3 catalysts showed relatively better cat-
alytic performance of alkaline earth metal doped LayOg catalysts, which
further reveals that the valence states of alkali and alkaline earth metals
is one of dominant factors. However, for dopants within the same group,
this cannot explain the trend in their catalytic performance.

3.3.2.5. Effect of the density of basic sites. The basic sites have been
reported to be an important factor for a catalyst to achieve high GL
conversion, so the correlation between basic site density and catalytic
activity of alkali and alkaline earth metals doped LayOs is presented in
Fig. 7. The basic site density of LayOs3 catalyst significantly increased
after doping with alkali and alkaline earth metals as presented in
Table S3, but the catalytic activities of LapO3 based catalysts are not
proportional to the density of their surface basic sites. For instance, the
basic site density of Na/LayO3 and Ca/LayOs3 catalysts are very similar
(5.60 pmol/m? and 5.34 pmol/m? respectively), but the GL conversion
under Na/LayOs catalysts is about 40 % higher than that under Ca/
LayO3 catalyst. In addition, the basic site density of Li and K doped
catalysts are also close to that of Na doped LayO3 catalyst, but Li and K
modified LayOs3 catalysts showed much lower GL conversion and GLC
yield than Na/LayOs catalyst. Therefore, these results imply that basic
sites are important to the transesterification of GL and DMC, but it is not
a determining factor.

3.4. Plausible mechanism

The plausible mechanism for the transesterification of GL and DMC
on the LayO3 catalyst is proposed and shown in Fig. 8. The carbonyl
group of DMC and the hydroxyl group of GL are activated on the La site
and the O site, respectively [25]. Then the activated GL anion attacks the
carbonyl carbon of activated DMC to form a 1-(o-methoxy-carbonyl)
glycerol complex (denoted as intermediate 1) and one molar methanol.
The intermediate 1 then further cyclise to GLC with another molar of
methanol. The addition of alkali metals on LayOs catalysts can form the
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Fig. 7. Correlation between basic sites density and glycerol conversion, where
the glycerol conversion was carried out at the same condition for each catalyst
(Reaction condition: DMC:GL = 3:1, 0.10 g catalyst, 70 °C and 2 hrs).
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M-—La centre that help activate DMC and cyclise intermediate 1, which
leads to higher GL conversion and GLC yield (as shown in Fig. 5 a) than
the pristine LayO3 catalyst. The extra phase formed by adding alkaline
earth metals can provide more active sites and benefit the catalytic re-
action of GL and DMC. The better catalytic performance of La;O3 cata-
lyst promoted by alkali metal than by alkaline earth metals can illustrate
that M—La active centre could be more effective in reducing activation
energy of the reaction than extra phase of alkaline earth metal oxide.

3.5. Optimisation of synthesis and reaction conditions

As LagO3 catalyst doped by 25 mol% Na achieved the highest GL
conversion and GLC yield, Na/LayO3 catalyst was chosen for further
investigation on the effect of dopant/support metal molar ratio, calci-
nation temperature, catalyst dose, reaction temperature, reaction time
and reusability. Each variable is considered independently using a
standard set of conditions, and the best optimal condition for each
variable is carried forward to the next variable analysis.

3.5.1. Effect of Na/La molar ratio
The impact of Na/La molar ratio for modified La;O3 (xNa/LaO3)
was studied in the GL conversion to glycerol carbonate. The catalytic
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Fig. 9. Effect of Na doping amount on La;O3 (Reaction condition: DMC:GL =
3:1, 0.10 g catalyst, 70 °C, and 2 hrs).
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activity of xNa/LayOj3 calcined at 600 °C was studied under the reaction
temperature of 70 °C for 2 hrs and the results are shown in Fig. 9. The
result indicates the GL conversion was significantly increased from 32 %
to 85 % with increasing the amount of Na from 7 mol% to 25 mol%
doping on LayO3 catalysts, and the GLC yield was increased from 25 % to
59 % respectively. With increasing the amount of Na further to 50 mol%
of La, GL conversion slightly increased to 89 %, but the GLC yield
dropped to 47 % in which the yield of glycidol (GLD) increased from the
decarbonation reaction of GLC. Therefore, it can be inferred that the GL
conversion and GLC yield can be boosted with increasing amount of Na
to 25 mol% of LayOg3 catalyst due to an increase in the number of active
sites, but further increasing the amount of Na benefits the generation of
the by-product. Thus, to balance the high GL conversion and GLC yield,
25 mol% Na/La ratio was chosen as the optimal doping ratio, which are
used for further optimisation.

3.5.2. Effect of calcination temperatures

To investigate the effect of calcination temperature on the catalyst
activity, 25 mol% Na/La;O3 was calcined at various temperatures
ranging from 400 °C to 800 °C, the obtained catalysts were tested in the
GL and DMC conversion at 70 °C, and the reaction time was set for 2 h.
The results are presented in Fig. 10 a. With the increase of calcination
temperature from 400 °C to 600 °C, the GL conversion significantly
increased from 5 % to 85 %, but then dropped from 85 % to 70 % with
increasing the calcination temperature further to 800 °C. The crystalline
structure of 25 mol% Na/LayO3 catalysts calcined at 400 °C to 800 °C
was tested via XRD, and the result is presented in Fig. 10 b. When the 25
mol% Na/LayOs3 catalyst was calcined at 400 °C and 500 °C, the catalyst
was mainly in the La;0,CO3 phase, which then gradually transferred to
the LayO3 phase with increasing the calcination temperature, and LapO3
phase was the only phase presented at the Na/LayO3 catalyst calcined at
800 °C, which is consistent with the literature work [35]. In addition,
the crystallinity of the catalysts increased with increasing the calcina-
tion temperature. These results indicate that La;03CO3 phase is not
active in the conversion of GL into GLC. Increasing calcination tem-
perature not only benefits to forming La;Os, but also promotes the
NaNO3 decomposition to NayO leading to better interaction with LasO3
catalyst. Although the LayO3 was also completely formed at 700 °C and
800 °C, the GL conversion and GLC yield are decreased with GLD yield
increased which might be due to the aggregation of particles where Li
et al. [19] reported a similar phenomenon of the decrease catalytic
performance of Li/LayO3 catalyst calcined at 700 °C in GL and DMC
conversion compared to the catalyst calcined at 600 °C. Thus, 25 mol%
Na/LayOg catalysts calcined at 600 °C were used for the further opti-
misation of reaction parameters.

3.5.3. Effect of catalyst dose
The amount of 25 mol% Na/LayOg catalysts calcined at 600 °C was
investigated in the range of 0.01 g to 0.20 g for 70 °C and 2-hour GL and
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DMC reactions. As shown in Fig. 11 a, with the amount of catalyst added
from 0.01 g to 0.15 g, the production of GLC increases from 50 % to 60 %
then drops to 40 % when further increasing the catalyst dose to 0.20 g,
but the yield of by-product GLD also increased with the increase of
catalyst dose. This result indicates that increasing the total number of
active sites not only benefits the GL conversion to GLC, but also boosted
the GLC decomposition to GLD. The catalyst performance peaks between
0.10 g and 0.15 g of catalyst, as the GLD yield is lower when 0.10 g 25
mol% Na/LayOs3 catalyst was used, it seems to be more effective. Thus,
0.10 g of 25 mol% Na/LayOj3 catalysts calcined at 600 °C was used for
next optimisation of reaction temperature.

3.5.4. Effect of reaction temperature

The optimisation of the reaction temperature with 0.10 g of 25 mol%
Na/LayO3 catalyst in GL and DMC conversion was carried out in the
range of 50 °C — 90 °C for 2 hrs, and the result is presented in Fig. 11 b.
The GL conversion significantly increases from 33 % to 96 % at a tem-
perature increase from 50 °C to 80 °C. With temperature increasing
further to 90 °C, the amount of glycerol converted is steady, but the yield
of glycerol carbonate reduced. The maximum production of glycerol
carbonate was 59 % when the reaction temperature was 70 °C. The
glycerol transesterification to GLC is an endothermic reaction, therefore
GL conversion increases with the reaction temperature increase [54].
However, the higher reaction temperature can drive GLC decomposed to
GLD. Therefore, 70 °C was selected as the optimal reaction temperature.

3.5.5. Effect of reaction time

In the transesterification of glycerol and dimethyl carbonate, there is
one primary product of glycerol carbonate and one by-product of gly-
cidol. As shown in Fig. 11 ¢, with an increase in the reaction time from
0.5 hr to 4 hrs, the conversion of glycerol improved from 66 % to 95 %,
and the yield of glycerol carbonate enhanced slightly from 58 % to 62 %.
When the reaction time is beyond 2 hrs, the selectivity of GLC decreased
and the amount of by-product GLD increased. So the optimal reaction
time was selected as two hours.

3.5.6. Reusability of the catalyst

To investigate the reusability of the catalyst, the spent 25 mol% Na/
LayO3 catalyst was recycled and reused in a fresh glycerol reaction
operating at the optimal conditions (70 °C and 2 hrs), and the results are
shown in Fig. 11 d. The catalyst activity slightly deceased after two
cycles. The GL conversion dropped from 85 % to 71 % after the second
cycle, and further dropped to 61 % after the fourth cycle. To reveal the
reason of the deactivation, the following experiments were designed,
and the results indicated that the catalyst decay is due to surface wearing
which some active components lose in the solution as a fine powder
because very high stirring speed (1000 rpm) was applied for the reaction
system to ensure the catalyst well dispersing in the immiscible GL and
DMC environment. In group A, to test whether the decay is caused in the
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Fig. 10. (a) catalytic performance of 25 mol% Na/La,O3 catalysts calcined at 400 °C — 800 °C (Reaction condition: DMC:GL = 3:1, 0.10 g catalyst, 70 °C and 2 hrs);

(b) XRD patterns for 25 mol% Na/La,03 calcined at 400 °C — 800 °C.
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Table 2
Deactivation test for Na/La,O3 catalyst.
Group Catalyst treatment GL GLC GLC
conversion yield selectivity
Al Pre-treated with Ethanol 84.99 % 68.42 % 95.76 %
A2 Pre-treated with DMF 83.71 % 67.34 % 95.69 %
Bl 1 hr reaction with catalyst 67.80 % 53.17 % 95.34 %
particles
B2 1 hr reaction after removing ~ 79.59 % 60.38 % 94.59 %
catalyst particle
C Add NaNOs in reaction - - -

media

process of diluting reaction media or cleaning the residue reactants and
products from the catalyst, the fresh Na/LayO3 catalyst was washed in
ethanol (A1) and DMF (A2), respectively, at room temperature and dried
completely at 110 °C in the oven before adding into the reactor. The
glycerol conversion and GLC yield under pre-treated Na/LayOs catalyst,
shown in Table 2, are similar to that under fresh catalyst without
treatment. Therefore, the solvents used in the regeneration process is not
the reason causing the deactivation of the catalyst. In group B, the
catalyst was separated from the reaction system via centrifuge after 1 hr
reaction (B1), and after removing the catalyst particles the solution
media continues the reaction for another 1 hr (B2). The results, listed in
Table 2 for group B, show that the glycerol conversion and glycerol
carbonate production increased after removing the catalyst particles
from the reaction system, which revealed the some fine catalyst particles
still remained in the solution and the deactivation of the catalyst likely
resulted from wearing of active components from the catalyst surface. As
the GL conversion continues after removing the LajyOs catalysts by
centrifuge, one possible reason may be the leaching of Na ions from
Lay03, and the leached Na promotes the reaction [7,19]. To clarify
whether the deactivation is due to the leaching of Na ions from the
doped Lay0s3, a certain amount of NaNO3 was added in GL and DMC, but
no products were detected from gas chromatograph as shown in group C.
So the reaction cannot be conducted with only the presence of Na™. As a
result, the catalyst decay is not due to the leaching of Na™ into reaction

10

system. Thus, the catalyst deactivation is mainly due to the surface
wearing rather than the regeneration process or leaching.

As the catalyst surface wearing is mainly caused by the friction be-
tween the magnetic stirrer and the bottom of the reactor, reducing the
friction through increasing the volume of the solution and using me-
chanical agitator rather than a magnetic stirrer can be a potential so-
lution to prevent the catalyst surface wearing. Moreover, using stronger
support materials or coating the catalyst into stronger support materials,
such as Al,O3 and ZrO,, or applying advanced synthesis methods, such
as sol-gel and precipitation, have been reported as effective way to
prevent and reduce the catalyst decay from catalyst surface wearing
[55].

4. Conclusions

Alkali and alkaline earth metal doped on LayOs catalysts were suc-
cessfully synthesised via a wet impregnation method, and their catalytic
activities were tested in glycerol conversion to glycerol carbonate. Na
was found to be the best dopant among the alkali and alkali earth metals
for improving LayOs catalytic performance, and 25 mol% Na doped
LayOs catalyst achieved highest GL conversion (85 %) and GLC yield (60
%) at 70 °C in a 2-hour reaction. LapOj3 catalysts doped by alkali metals
achieved relatively higher GL conversion and GLC yield than that doped
by alkaline earth metals.

Ionic radius and valence state of dopants play significant roles in
affecting the catalytic performance of LayO3 catalysts. In general, alkali
metals were well dispersed on LayO3 surface, while alkaline earth metals
were formed an extra phase and aggregated on LayOs surface. The
electron distribution around La on LayOs surface was affected by doping
alkali metal, while doping alkaline earth metal on LayO3 surface affected
activity of O sites. The similarity of ionic radius between the dopant and
La was found as one of the determining factors for improving LasO3
catalytic performance. The dopant with an ionic radius close to La led to
a larger improvement in LapOj3 catalytic activity than other dopants with
a smaller or larger ionic radius, and the dopant with a lower valence
state showed a better enhancement for LapsO3 catalytic activity. The
basic sites on LapO3 surface were found important to the
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transesterification of GL and DMC, but the basic site density on modified
LayO3 surface was not a determining factor for the catalytic performance
of Lay03 catalysts. The findings about the effect of radius and charge of
alkali and alkaline earth metals on LapOj3 catalytic activity are expected
to help to understand the promotional role of the dopant for designing
more efficient and lower cost catalysts for glycerol value-added con-
version to glycerol carbonate.
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