Journal of CO2 Utilization 80 (2024) 102693

Contents lists available at ScienceDirect

UTILIZATION =

Journal of CO2 Utilization

S 3

FI. SEVIER

journal homepage: www.elsevier.com/locate/jcou
Review article A
Recent advances in processes and catalysts for glycerol carbonate

production via direct and indirect use of CO9

Patcharaporn Inrirai °, John Keogh?, Ander Centeno-Pedrazo “, Nancy Artioli ",

Haresh Manyar*

@ School of Chemistry and Chemical Engineering, Queen’s University Belfast, David-Keir Building, Stranmillis Road, Belfast BT9 5AG, UK
b Department of Civil, Environmental, Architectural Engineering and Mathematics, University of Brescia, Via Branze, 43, Brescia 25123, Italy

ARTICLE INFO ABSTRACT

Keywords: Glycerol can be utilised as a renewable feedstock in several chemical reactions, including carbonation,
Carbon dioxide utilization carbonylation, transesterification, and oxidation. Among the several conversions, the production of glycerol
CCUS carbonate is environmentally most attractive, as it also utilises CO5 as the carbon source, as C1 feedstock, a key to
ll;lf;-leferl(: accelerate the pursuit of decarbonization and the net-zero goals. The glycerol carbonate production can be
Glycerol divided into two main pathways i.e., direct and indirect route based on the utilisation of CO,. There has been

much interest in the direct conversion of glycerol with molecular CO2, due to its potential for sustainability and
ecological advantages. Moreover, this process could be directly minimising CO2 levels in atmosphere. The in-
direct pathways involve the utilisation of CO3 as a source for the synthesis of reactants, for instance organic
carbonates and urea. These reactants are employed as raw materials in the process of glycerol carbonate pro-
duction. It is important to note that each reaction route has its own set of advantages and drawbacks. However,
the important factor for all processes lies in the high catalytic performance of the suitable catalyst and the
optimal reaction conditions to enhance the yield of glycerol carbonate. This review aims to evaluate the recent
progress made on the catalyst design and process conditions to produce glycerol carbonate via both the direct
and indirect reaction pathways. In each route, the catalytic systems based on the heterogenous catalysts, the
reaction condition and catalytic performance are considered. Finally, suggested perspectives for the future di-
rection in glycerol carbonate production focusing on the utilisation of molecular CO, are presented.

Glycerol carbonate

1. Introduction derived from fossil fuels in the past few years has given rise to an energy

depletion crisis and pollution [2]. Annual increases in carbon dioxide

Considering the projected global population growth of 50 % by the
year 2040, there will be a resulting rise in energy demand [1]. Fossil
fuels, such as natural gas, oil, and coal, account for about 80 % of the
global energy source. Fossil fuels have emerged as the major source of
energy over the past decade. The extensive consumption of products

(COy) concentrations in the atmosphere have been documented by sta-
tistical data. In comparison to 2021, global CO5 emissions rose by 1.5 %
in 2022, leading to 36.1 GtCO [3]. The sectoral analysis of CO, emis-
sions in 2022 demonstrates that each consumption pattern following as:
39.3 % of the total CO, emissions were attributed to power, 28.9 % to

Abbreviations: ACN, Acetonitrile; [APmim]OH, 1-aminopropyl-3-methylimidazole hydroxide; BET, Brunauer—-Emmett-Teller; COF, Covalent organic framework;
CTAB, Cetyltrimethylammonium bromide; DABCO, 1,4-diazabicyclo[2.2.2]octane; DEC, Diethyl carbonate; DMAP, 4-(dimethylamino)pyridine; DMC, Dimethyl
carbonate; DMF, Dimethylformamide; DMSO, Dimethyl sulfoxide; EC, Ethylene carbonate; ETS-10, microporous titanosilicate; FTIR, Fourier-transform infrared; HT,
Hydrothermal; HMS, hexagonal mesoporous; LDHs, Layered double hydroxides; LSHV, Liquid hourly space velocity; MCM-41, 2D hexagonal mesoporous silica;
MIPCA, Mangifera indica peel calcined ash; MMOs, Mixed metal oxides; MO, Metal oxide; NaTNT, Pristinedosium titanate nanotube; NDW, Ni-modified distillation
waste; NHC, N-Heterocyclic carbene; NMP, N-methyl-2-pyrrolidone; OSC, Oxygen storage capacity; PC, Propylene carbonate; PEG, Polyethylene glycol; PMDTA, N,N,
N,N’,N'-pentamethyldiethylene triamine PT, Precipitation; PVP, polyvinylpyrrolidone; SA, Sodium aluminate; SBA-15, Uniform hexagonal mesoporous silica; SG,
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industry, 17.9 % to ground transportation, 9.9 % to residential, 3.1 % to
international bunkers (international aviation and shipping), and 0.9 %
to domestic aviation [3]. It is critical in this situation to develop new
fuels with properties comparable to those of fossil fuels. Biodiesel is one
of the most crucial fuels for the replacement of fossil fuels [2,4]. In
contrast to petro-diesel, biodiesel fuel has several beneficial features
such as the absence of sulfur and aromatic compounds, non-toxicity,
renewability, and a high flash point [2]. Additionally, the use of a bio-
diesel/diesel blend in vehicles could effectively reduce air pollution.
Recent life cycle assessment studies indicate that the utilisation of bio-
diesel can result in a reduction of carbon dioxide (CO5) and carbon
monoxide (CO) emissions by 8-41 % [5,6]. Consequently, the growing
market demand for biodiesel has resulted in an excessive amount of
glycerol, leading to a significant decrease in its price. The manufacturing
of biodiesel results in the by-product of glycerol, which constitutes 10 %
w/w of the total output. It is necessary to find a suitable application for
this glycerol to enhance the economic viability of the biodiesel pro-
duction process [7,8].

Glycerol is considered a valuable by-product due to its extensive
utilisation in various industrial sectors. Currently, glycerol exhibits a
wide range of applications, particularly within the fields of pharma-
ceuticals, personal care products, food industry, and cosmetics [9].
Moreover, it possesses significant promise as a primary chemical reac-
tant in the synthesis of several organic molecules. Glycerol has the po-
tential to undergo several transformations resulting in the production of
many derivatives with added value. These derivatives include glycerol
esters, 1,2-propanediol, mesoxalic acid, glycerol 1,3-bromo- and iodo-
hydrins, dihydroxyacetone, glyceric acid, oxalic acid, tartronic acid,
syngas, hydrogen, and glycerol carbonate [10]. Glycerol carbonate (GC)
(IUPAC: 4-hydroxymethyl-1,3-dioxolan-2-one, CAS: 931-40-8) contains
two different reactive sites, namely a cyclic carbonate group and a hy-
droxyl group, resulting in an attractive starting material. These reactive
sites of glycerol carbonate have potential uses as a green solvent for
chemicals, additives for cosmetic (nail paint) [11], alkylating agent for
production of p-Aryloxy alcohols [12], skincare products, and medicine.
Glycerol carbonate was also used as raw material for the synthesis of
chemical intermediates and various polymers, including polyesters,
polycarbonates, and polyurethanes for the production of coatings, ad-
hesives, foams, and lubricants [7,8].

In continuation of our group’s interest in COy utilisation, biofuels
and environmental catalysis [13-26], herein we have attempted to re-
view the recent progress made in the development of various direct and
indirect processes for production of glycerol carbonate. The synthesis of
glycerol carbonate has been recently noted using various processes,
which can be divided into two categories, indirect and direct route [27].
For the direct process, glycerol carbonate can be synthesised by
carbonation reaction of glycerol with COs in the presence of catalysts as
shown in Fig. 1. The reaction utilised catalysts that were metal-free,
heterogeneous, and homogeneous, as reported by Lukato et al. [28].
While the heterogeneous catalyst seems to exhibit good catalytic per-
formance, moreover, a dehydrating agent might enhance the reaction by
breaking the thermodynamic limit.

Glycerol carbonate can also be synthesised via oxidative carbonation
of glycerol with carbon monoxide and oxygen process in the presence of
catalysts or other reactants, which is an indirect pathway as shown in
Fig. 2. The utilisation of the given synthesis pathway was restricted due
to the hazardous nature of carbon monoxide and the inherent challenges
associated with its safe handling, both in laboratory and industrial

OH

HO.__ /K/OH +
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manufacturing [29].

For other the indirect routes, glycerol carbonate can also be pro-
duced by following three reactions, (1) Transcarbonation of glycerol
with phosgene, (2) Carbonylation with urea and (3) Transesterification
of glycerol with different carbonate sources as shown in Figs. 3-5 [27,
29]. Moreover, Glycidol is a product from transesterification between
glycerol with dimethyl carbonate (DMC) and can use as a starting
reactant with CO5 for production glycerol carbonate [30].

The synthesis process of glycerol with phosgene has been dis-
continued due to its high toxicity and unsafe reactants [29,35]. Addi-
tionally, the carbonylation of glycerol with urea results in the generation
of environmentally harmful by-products, namely isocyanic acid and
biuret and it is necessary to eliminate ammonia throughout the reaction
process [36]. So that, the objective of synthesising glycerol carbonate,
either direct or indirect process, is to minimise the environmental
impact from carbon dioxide by using and reducing its amount in at-
mosphere, hence enhancing its potential for utilisation. Furthermore,
using glycerol as a reagent for producing value-added products has the
potential to minimise the amount of waste glycerol, are generated by
biodiesel manufacturing [37]. In addition, utilising carbon dioxide
(COy) as a feedstock to produce value-added chemicals is a more envi-
ronment friendly approach to carbon reduction compared to its deep
underground storage [38]. Furthermore, the utilisation of COy as a
reactant in the direct carbonation of glycerol is widely regarded as a very
promising process for the energy-efficient, waste-minimising, and
atom-efficient synthesis of glycerol carbonates [27,38,39]. Theoreti-
cally, this reaction has the potential to be classified as a green reaction
[27].

2. Direct synthetic route for glycerol carbonate production
2.1. Mechanism

Glycerol carbonate can be synthesised through the reaction of glyc-
erol with carbon dioxide in the presence of catalysts. In recent years,
there have been an increasing number of reports on heterogeneous
catalysts used in the synthesis of glycerol carbonate from glycerol and
CO2. Among these, the metal oxide catalyst exhibited good results.

Liu et al. [40] have suggested the possible reaction of glycerol and
carbon dioxide to produce glycerol carbonate over CeO5 based catalysts,
which involves four steps as follows:

(i) Formation of Cerium glyceroxide — the hydroxyl (OH) group of
glycerol undergoes adsorption onto the Lewis basic sites (Ce*") present
on the catalysts.

(ii) Carbon dioxide (CO3) was activated in the form of chelating
bidentate carbonate species.

(iii) A seven-membered ring of esters was synthesised by directly
inserting activated carbon dioxide into cerium alkoxides.

(iv) Formation of glycerol carbonate - an intramolecular nucleophilic
attack, where the alkoxy group (located close to Ce) reacted with the
carbonyl carbon atoms.

The absorption of water molecule on the cerium alkoxide occurred
during the synthesis of seven-membered ring of esters, 2-cyanopyridine
interacted with this molecule to generate 2-picolinamide. Eliminating
water from the process may break the thermodynamic limitation of the
reaction, resulting in an enhanced yield of glycerol carbonate. The re-
action mechanism for the formation of glycerol carbonate between
glycerol and CO; in the presence of dehydrating agent, is shown in

Cat.

Fig. 1. Reaction scheme for carbonation of glycerol with carbon dioxide [29].
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Fig. 2. Reaction scheme for oxidative carbonation with carbon monoxide and oxygen [29].
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Fig. 3. Reaction scheme for transcarbonation of glycerol with phosgene [29,31].
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Fig. 5. Reaction scheme for transesterification of glycerol with dimethyl carbonate [29,34].
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Fig. 6. The possible reaction mechanism over CeO,- based catalysts [40].

Fig. 6.
2.2. Single component metal oxide

Five metal oxides (ZnO, SnO,, Fep03, LagO3 and CeO3) were syn-
thesised by sol-gel method. Ozorio and Mota [41] observed that zinc
oxides (ZnO) presented better catalytic activity compared to other metal
oxides in the absence of a dehydrating agent. Under conditions of
180 °C, 15 MPa, and a reaction time of 12 h, they achieved a glycerol
carbonate yield of 8.1 %. The yields of Fe;O3 and LayO3 were similar,
both approximately 7 %. The CeO, catalyst resulted in a yield of 6 % for
glycerol carbonate. Furthermore, Su et al. [42] examined to enhance

catalytic performance of ZnO in the presence of a dehydrating agent.
The production of glycerol carbonate resulted in a yield of 11.9 % when
undertook at 170 °C for 12 h with a CO; pressure of 10 MPa. ZnO is a
light-harvesting component. Li et al. [43] conducted a transformation of
glycerol and CO; with light irradiation. By comparison of two methods,
the light transformation process yielded a larger amount (1.5 %) of
glycerol carbonate compared to the thermal-driven reaction (1.1 %),
which is the same as Laz02COs. The production of glycerol carbonate
significantly rose from 1.7 % to 3.0 % while using the Lay0,CO3 with
light irradiation method. In addition, Liu and He [44] synthesised ZnO
using the hydrothermal technique. The BET surface area measured
24.3 m?/g with acid and basic sites totaling 0.1843 mmol/g and



P. Inrirai et al.

0.4247 mmol/g, respectively. The ZnO catalyst achieved a glycerol
carbonate yield of 2.3 % under the conditions of operating at a tem-
perature of 150 °C for 6 h with a CO, pressure of 5 MPa in the DMF
solvent.

The catalytic performance of Ti, Zr, and Al oxides was also examined,
as reported by Su et al. [42]. All catalysts exhibited a yield of glycerol
carbonate < 11 %. During the investigation, CeO; had a greater yield of
14.2 % compared to other metal oxides. It exhibited more effectiveness
and selectivity in the process of carbonylation.

Among the wide range of metal oxides, cerium dioxide (CeO3) seems
to exhibit great potential as a catalyst for improving the conversion of
biomass feedstocks. Cerium dioxide (CeO3) and catalysts based on
cerium were previously recognized as crucial materials in the process of
carbon dioxide (CO,) transformation reactions. The main reason for
using ceria as a catalyst is its oxygen storage capacity (OSC), which
enables it to release oxygen in a reduced atmosphere and fill oxygen
vacancies in an oxidising atmosphere [45,46].

Cerium (IV) oxide is more commonly referred to as ceria (CeO3). The
cubic fluorite structure of stoichiometric CeOy is an ideal crystal
arrangement. This structure is composed of unit cells that have a face-
centered cubic configuration. Within this structure, it can be observed
that each Ce** ion has a coordination number of eight oxygen ions,
whereas each 0% ion is coordinated by four Ce** ions. The presence of
oxygen vacancies (Vo) on the surface and in the bulk is often accom-
panied by the structure of cerium, leading to the reversible charge
transfer between Ce*™ and Ce3" stages of Ce®* cations. The presence of
oxygen vacancy defects and Ce>* ions in ceria has been found to
enhance the adsorption and activation of carbon dioxide gas, as well as
improve oxygen self-diffusion inside the lattice of nonstoichiometric
ceria. These defects and ions play a significant role in increasing the
efficiency of redox processes and catalytic reactions. Moreover, ceria
exhibits unique acid and basic properties due to its amphoteric nature.
According to current research, it is widely accepted that CeO; acts as a
weak Lewis acid and a moderately strong Lewis base [46-48].

There are several methods have been reported for the synthesis of
nanostructured ceria, including hydrothermal/solvothermal technique,
precipitation, surfactant-assisted synthesis, template approach, sol-gel
method, thermal decomposition, and microwave-assisted synthesis
[49]. These methods provide different surface morphologies, textural
properties, and crystalline sizes. The catalyst’s surface morphology is
one of the key factors that influence its catalytic activity [47]. Liu et al.
[50] conducted the synthesis of CeO5 via three different methods. The
nanorod (CeO,-HT-400) was synthesised by a hydrothermal process,
which yielded a significantly greater BET surface area (89.0 m%/g), pore
volumes (0.31 em®/g), and average pore diameter (26.36 nm) compared
to two other preparation techniques (-PT and -SG). However, the
average crystalline size of the nanorod (9.3 nm) was found to be smaller
than that of CeO, catalyst generated using the other two methods. The
glycerol conversion and glycerol carbonate yield obtained with a
nanorod catalyst were 38.0 % and 33.3 %, respectively. The experi-
mental conditions for this reaction involved the use of 10 mmol of
glycerol, 30 mmol of 2-cyanopyridine, 0.52 g of catalyst, and 10 mL of
DMF at 150 °C for 5 h with COy pressure of 4.0 MPa. The correlation
between the conversion of glycerol and the yield of glycerol carbonate
seems to be dependent on the surface area. However, it is important to
note that the correlations between the rate of conversion and the rate of
glycerol carbonate formation were not linear, as shown in Table 1. Ac-
cording to the data, the activity and selectivity of the catalysts appeared
to be affected by variables other than their surface area. In general, the
defect and acid-base sites are considered as the active centers.

Additionally, Liu et al. [50] reported that the basicity of CeO
increased from 55 mmol/g for CeOy nanoparticles to 113 mmol/g for
sponge-like CeOy nanorods and 251 mmol/g for nanorods CeO. The
oxygen vacancy density could be derived from the Hy consumption
below 600 °C, which was ranked as follows:
Ce02-HT-400 > Ce02-PT-400 > Ce02-SG-400. This suggests that the
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Table 1
Physicochemical properties, rate of glycerol conversion and glycerol carbonate
formation of CeO, catalyst prepared by different methods [50].

Catalyst BET surface Total basic site Rate (mmol/ (m? h))
2
area (m~/g) amount (mmol Glycerol Glycerol
COy/g catalyst) .
conversion carbonate
formation
CeO,-PT-  59.4 0.055 1.99 x 1072 1.90 x 102
400
CeO,- 89.0 0.251 1.67 x 1072 1.43 x 102
HT-
400
Ce0,-SG-  40.6 0.113 1.96 x 102 1.94 x 102
400

nanorods possess the greatest capacity for oxygen storage and release,
while the sponge-like CeO; exhibits the least. Although CeO2-HT-400
exhibited a notable glycerol conversion and glycerol carbonate yield,
which may be related to its increased surface area, however, the basic
site of the catalyst and the presence of oxygen vacancies have been
observed to significantly influence its activity.

Gao et al. [38] produced CeO; with various morphologies, including
octahedral, nanorod, and nanocubes structures, using the hydrothermal
technique. The nanooctahedra of CeO5 have sizes ranging from 200 to
500 nm. Both nanorods have a diameter of 10 — 15 nm, while their
length ranges from 150 to 500 nm. The nanocubes have a regular shape
with edge lengths ranging from 150 — 200 nm. Both the nanorods
exhibited much greater BET surface areas, with values of 84.64 m?/g
and 56.67 m?/s, compared to the nanocubes and octahedral structures.
However, it was observed that the CeO; octahedral structure exhibited
the highest amount of basic sites and acid sites, measuring 0.0631
pmol/m? and 0.3123 pmol/m? respectively, as shown in Table 2. The
CeO- nanorods exhibited a higher amount of acidic sites but a smaller
amount of basic sites in comparison to the nanocubes. The rate of
glycerol carbonate formation per unit surface area was investigated with
different CeO, catalysts under conditions of 160 °C for 24 h with 4 MPa
of CO,. The CeO; nanooctahedra exhibited a cumulative formation rate
of 1.548 mmol/m?, while the two CeO, nanorods displayed significantly
lower cumulative formation rates of 0.155mmol/m? and
0.134 mmol/m?, respectively. The CeO; nanocubes revealed a forma-
tion rate of 0.988 mmol/m?. The catalytic efficacy, indicated by the rate
of glycerol carbonate formation, seems to be linearly dependent not on
acidity or the acidity-to-basicity ratio, but on the density of basic sites.
The Lewis basic sites occupied by the oxygen anions on the CeO3 surface
play an important role for the adsorption and activation of CO,.

Su et al. [42] revealed five different crystal structures of CeOs,
namely mesoporous, nanocubes, nanorods, nanowires, and nano-
polyhedra. The CeO, nanopolyhedra exhibited the maximum efficiency
in producing glycerol carbonate and achieving the highest conversion

Table 2
Physicochemical properties and catalytic performance of the CeO, nanocrystals
prepared by different methods [38].

Catalysts Size BET Basic Acid Glycerol
(nm) surface sites sites carbonate
area (m?>/  (pmol/ (pmol/ formation rate
2) m?) m?) (mmol/m?)
Octahedron 200- 5.677 0.0631 0.3126 1.548
500
Cube 150- 7.816 0.0433 0.0253 0.988
200
Rod-N (10-15) 84.64 0.0237 0.1030 0.155
x (150-
500)
Rod-C (10-15) 75.46 0.0232 0.1228 0.134
x (150-
500)
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rate. Subsequently, the crystal structure of CeO, was also examined. The
CeO2 nanopolyhedra catalyst presented a maximum yield of 14.2 % and
conversion of 35.5 % when 2-cyanopyridine was present, greater than
the yield of 0.8 % and conversion of 1.6 % obtained in the absence of a
dehydrating agent.(Tables 3 and 4).

2.3. Mixed metal oxide

2.3.1. Binary system

Binary mixed metal oxides are formed by combining two metal ox-
ides to create beneficial functions and features that are suitable for the
direct conversion of glycerol and CO,. Lanthanum dioxycarbonate
(Lag03CO3) is easily produced when lanthanum is exposed to water
(H20) and carbon dioxide (CO2) at high temperature conditions. The
reaction of glycerol and CO to form glycerol carbonate was carried out
using Lap03CO3 catalysts and acetonitrile (CN3CN) was used as the
solvent and dehydration agent in this process [51]. La-Zn mixed oxide
with different molar ratio was prepared a co-precipitation method [51].
Increasing the size of the bigger ions relative to the smaller ions inhibits
the diffusivity t of the supporting material and prevents the formation of
aggregates. Increasing the La component leads to a significant rise in the
specific surface area of the La-Zn catalysts, from 8.3 m2/g to 47.4 m?/g.
The oxygen atoms present on the surface lattice can be identified as
Lewis basic sites. The introduction of La;03COs3 resulted in an increase
in the quantity of lactic oxygen, suggesting that this leads to a greater
quantity of basic sites and consequently favors CO. La-Zn catalysts
resulted in the formation of moderately more basic sites, which
increased as the La content rose; La;03C0O3-ZnO calcined at 500 °C in a
0.25 molar ratio contained more basic sites than the other samples.
According to Li et al. [51], the combination of Lay02COs and ZnO
resulted in a 14.3 % production of glycerol carbonate at a temperature of
170 °C for 12 h. A further investigation on the La-Zn oxide catalyst was
conducted by Li et al. [52]. This catalyst was obtained by the process of
calcination of hydrotalcite precursors. The uncalcined catalyst, con-
sisting of La®>": Zn?* in a 1:4 at. ratio, had a BET surface area of
20.6 m?/g. Its basicity was characterised as moderately basic sites
resulting from the formation of La;03COs. A glycerol carbonate yield of
10.8 % and a selectivity of 50.5 were achieved using a (1:4) La-Zn
catalyst, which was greater than the yield produced using a (2:1)
Al-Zn catalyst under the same conditions (170 °C, 12 h). La-Zn catalysts
was also synthesised by Hu et al. [53]. The catalyst with a La/ZnO
weight ratio of 7 % exhibited excellent catalytic activity when CH3CN
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was used as the dehydrating agent. In addition, Li et al. [43] utilised
Lap03C03-ZnO (hydrothermal) for photo-thermal transformation. The
total amount of basic sites was determined by including weak and
moderate basic sites, resulting in a value of 29.8 pmol COy/g for ZnO.
The density of basic sites on the catalysts rose from 1.9 pmol CO,/m? for
ZnO to 5.3 pmol COg/rn2 for 50 % Lay03C0O3-ZnO, indicating that the
presence of LazO3COs3 in combination with ZnO slightly improved the
density of basic sites. The glycerol conversion reached a yield of 6.1 %
under reaction conditions of 150 °C, 5.5 MPa CO,, with a reaction time
of 6 h. This conversion was obtained using a catalyst consisting of 20 %
L3202CO3—ZHO.

Zhang and He [54] examined the use of the impregnation method to
load varying amounts of Cu onto lanthanum oxide (LagO3). The BET
surface area of Cu/ LayOs3 exhibited a slight decrease in comparison to
pure LayO3, which had a surface area of 21 mz/g. Furthermore, the
amount of basic sites reduced with the introduction of Cu, particularly
for the high-strength basic sites. Following the loading of Cu into LasOs3,
ranging from 0 % to 13.4 %, the amount of basic sites decreased from
173 pmol COy/g to 84 pmol COy/g. When employing a catalyst con-
sisting of 3 %Cu/Lay0s, the glycerol conversion, glycerol carbonate
yield, and selectivity were 33.4 %, 15.2 %, and 45.4 %, respectively.
Zhang and He [55] investigated the loading of Cu into several metal
oxide supports (LazO3, CaO, MgO, Al;03, and ZrO,) using impregnation.
The acid-base properties analysis revealed that Cu/ La;0O3, Cu/CaO, and
Cu/MgO did not possess any acid sites on their surfaces, but Cu/Al,03
and Cu/ZrO5 showed both acid and basic sites on their surfaces. These
catalysts were ranked based on their basicity as follows: Cu/CaO
> Cu/MgO > Cu/ LapO3 > Cu/Al,03 > Cu/ZrO;. On the contrary,
Cu/Al,03 exhibited the maximum surface area, measuring 197.4 m?/ g,
while Cu/CaO had the lowest surface area. The utilisation of CH3CN as a
dehydrating agent resulted in a greater conversion of acetic acid when
acid catalysts were used, compared to the conversion obtained with base
catalysts. Al-kurdhi and Wang [56] conducted the reaction of CuO with
Al,O3 support in the presence of 2-cyanopyridine. The catalyst consist-
ing of 30 % CuO supported on Aly033, which was calcined at 700 °C,
exhibited great catalytic performance due to its high surface area of
170 m?/g and a greater number of basic sites (1.082 mmol/g). At a
pressure of 4.0 MPa of CO, and a temperature of 150 °C for 5 h, the
glycerol conversion and glycerol yield may reach values as high as 41.3
% and 17.5 %, respectively.

ZnWO4-ZnO catalysts were synthesised using the wet impregnation
procedure, with varying amounts of WO3 content [44]. Upon loading 10

Table 3
Catalyst characterisation of single component metal oxide catalyst for direct carbonation of glycerol with CO,.
Catalyst Morphology BET surface Pore Average Pore Crystalline H,-TPR Total acid site Total basic site Ref.
area (m?%/g) Volume diameter (nm) size (nm) (mmol) amount (mmol amount (mmol
(em®/g) NH3/g catalyst) CO,/g catalyst)
ZnO - 15.4 0.0277 12.7 - - - 0.0293 [43]
ZnO - hydrothermal uniform 24.3 0.048 17.0 - 0.210 0.184 0.424 [44]
nanoparticle
Lay0,CO3 - 5.1 0.0076 8.4 - - - 0.0073 [43]
CeO,- Precipitation nanoparticles 59.4 0.16 9.94 11.7 0.072 - 0.055 [50]
Calcined at 400 °C
for5h
CeO,- hydrothermal nanoroads 89.0 0.31 26.36 9.3 0.135 - 0.251 [50]
Calcined at 400 °C
for5h
CeO,- sol-gel method sponge-like 40.6 0.09 7.61 9.9 0.027 - 0.113 [50]
Calcined at 400 °C
for5h
CeO, - hydrothermal nanorods 69.4 0.23 14.0 15.0 0.0626 0.025 0.063 [40]
Calcined at 400 °C
for5h
CeO,, - mixed cubes and 9.5 - - 12.1 - - - [45]
spheroidal
CeO; - cube nanocubes 25.7 - - 11.6 - - - [45]
CeO; - rod nanorods 85.8 - - 9.3 - - - [45]
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Table 4
Reaction conditions and catalyst performance of single component metal oxide catalysts for direct carbonation of glycerol with CO,.
Catalyst Operating Parameters performance  Ref.
Temp. Time mole ratio of glycerol to Catalyst Solvent  Pressure COy Dehydration
[§9) (h) dehydrating agent loading (MPa) agent
ZnO 180 12 25.2 g Gly 2 mmol - 15 - Y=81% [41]
ZnO 170 12 1:2 0.085g DMF 10 2-cyanopyridine Y=11.9% [42]
2mL C=413%
ZnO - light irradiate 150 6 0.92 g Gly 0.50 g DMF 5.5 - Y=15% [43]
20 mL C=16%
ZnO - hydrothermal 150 6 0.92 g Gly 0.50 g DMF 5 - C=23% [44]
20 mL S =100 %
Lay0O3 180 12 25.2 g Gly 2 mmol - 15 - Y=7% [41]
Lay0,CO03 — light 150 6 0.92 g Gly 050g DMF 5.5 - Y=30% [43]
irradiate 20 mL C=36%
Fe,03 180 12 25.2 g Gly 2 mmol - 15 - Y=7% [43]
TiO, 170 12 1:2 0.085g DMF 10 2-cyanopyridine ~ Y=109%  [42]
2mL C=309%
Al,O3 170 12 1:2 0.085¢g DMF 10 2-cyanopyridine Y=105% [42]
2mL C=345%
71Oy 170 12 1:2 0.085g DMF 10 2-cyanopyridine Y=10.4% [42]
2mL C=372%
CeOy 180 12 25.2 g Gly 2 mmol - 15 - Y=6% [41]
CeO-nanoparticle 150 5 1:3 1.72 ¢ DMF 4.0 2-cyanopyridine Y=79.8% [50]
10 mL
Catalyst Operating Parameters performance  Ref.
Temp. Time  mole ratio of glycerol to dehydrating Catalyst Solvent  Pressure CO,  Dehydration agent
Q) (h) agent loading (MPa)
CeO; - mixed 150 5 1:3 017 g DMF 4.0 2-cyanopyridine Y=41% [45]
10 mL C=42%
S=98.7%
CeO; - cube 150 5 1:3 0.17g DMF 4.0 2-cyanopyridine Y=46% [45]
10 mL C=47%
S=98.4%
CeO; - rod 150 5 1:3 017 g DMF 4.0 2-cyanopyridine Y=91% [45]
10 mL C=92%
S =99.0 %
CeO- 170 12 1:2 0.085¢g DMF 10 2-cyanopyridine Y=142% [42]
- nanopolyhedra 2mL C=355%
CeO; - mesoporous 170 12 1:2 0.085¢g DMF 10 2-cyanopyridine Y =10.3% [42]
2mL C=29.3%
CeO; - nanocubes 170 12 1:2 0.085g DMF 10 2-cyanopyridine Y =10.4% [42]
2mL C=344%
CeO, - nanorods 170 12 1:2 0.085¢g DMF 10 2-cyanopyridine Y=129% [42]
2mL C=281%
CeO, - nanowires 170 12 1:2 0.085¢g DMF 10 2-cyanopyridine Y=135% [42]
2mL C=382%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMF = Dimethylformamide, Gly = Glycerol

% WOs3 into ZnO, the BET surface area, total acid sites, and total basic
sites decreased to 20.0 m?/g, 0.137 mmol/g, and 0.359 mmol/g,
respectively, in comparison to pure ZnO. The interaction between
ZnWO4 and ZnO results in an improved moderate acidic characteristic.
In their study, Lei and He [44] found that the use of a 10 % ZnWO4-ZnO
catalyst resulted in a glycerol carbonate yield of 6.5 %. Furthermore, at
the optimal reaction conditions of 150 °C for 6 h with 5 MPa COs, the
selectivity of glycerol carbonate was almost 100 %.

Specific catalytic properties are attributed to metal oxide catalysts,
which are utilised in the majority of industrial processes. These prop-
erties include acidity (Lewis or Brgnsted types), basicity, and redox
properties (when transition metal ions are present) [57]. The catalytic
performance of cerium dioxide (CeO) is considerably influenced by the
ratio of Ce®*/Ce*" and the concentration of oxygen vacancies (Vo). One
method for adjusting the oxygen vacancy concentration on the surface of
CeO; involves element doping and metal loading. This technique has
been shown to greatly enhance the redox properties of CeO-.

According to the results reported by Kehoe et al. [58], the intro-
duction of divalent dopant ions into ceria (CeO3) has been shown to
enhance both the reducibility and the oxygen storage capacity (OSC).
The main purpose of the dopant is to induce lattice distortion, thereby
breaking the MO bonds and producing weakly or undercoordinated

oxygen atoms that may be easily eliminated. The doping of larger
dopants, such as Mg, Ca, Sr, and Ba, induces slightly distortion in the
lattice structure. However, this distortion does not exhibit a substantial
reduction in the energy required for the reducibility. While the size of
the dopant ion does play a role, the main factor influencing the system is
the distortion resulting from the electronic structure required by the
dopants.

Zirconia (Zr) was introduced as a dopant onto the CeOy nanorod
using the hydrothermal technique, with varying atomic ratios. In their
study, Liu et al. [40] found an increase in surface area to 102.9 mz/g and
a decrease in crystalline size to 8.1 nm when the mole percentage of Zr
was 0.02. The doping of Zr to CeO; resulted in a noticeable shift in
reduction peaks. Specifically, the low-temperature peak exhibited a shift
towards higher temperatures, whilst the high-temperature peak showed
a shift towards lower positions compared to pure CeO,. The increase in
H; consumption observed in the low-temperature peak of H,-TPR curves
indicates a gradual improvement in the oxygen storage capacity. The Zr
concentration of 0.02 (x) had the highest amount of acid sites, at 42
pmol NHs/g. The catalytic efficacy of Cej_xZryO2 was observed to
exhibit improvement in comparison with pure CeO, during the glycerol
carbonate synthesis process. There was an increase in the conversion
rate of glycerol, which rose from 25.5 % to 40.9 %. Additionally, the
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yield of glycerol carbonate showed an increase, from 21.4 % to 36.3 %.
These increases were observed as the molar fraction of Zr (x) increased
gradually from O to 0.02. The catalytic performance did not show a
strictly linear relationship with the surface area. Nevertheless, an in-
crease in surface area could enhance catalytic properties by promoting
exposure to more active sites. The reaction activities are influenced by
various factors, including the BET surface area, crystallite size, redox,
and acid-base properties, as well as the surface ratio of Ce** /Ce>*.

Divalent transition metal ions (Zn, Cu and Ni) were doped on the
CeO3 nanorod by hydrothermal method. Kulal et al. [45] found that the
activity of the catalyst increased in the order Zn/CeO; > Ni/CeO,
> CuCeO2 > CeOy nanorod. Raman spectroscopy revealed that an
increasing concentration of Zn on CeO resulted in shifting of peak to the
higher wavenumber is observed. It indicated that the formation of these
oxygen vacancies. Furthermore, Zn doping at concentrations ranging
from O to 10.5 % resulted in a noted increase in surface area, reaching a
value of 106.4 m?/g. Importantly, the increase in Zn doping did not
induce any significant changes in the morphology of CeO», as it retained
its nanorod structure. In addition, the CeO3 nanorod doped with metal
exhibits a higher concentration of oxygen vacancies compared to the
undoped CeO2 nanorod, hence promoting the formation of a bent COy
intermediate. Kulal et al. [45] also reported that 10.5 % Zn/CeO,
catalyst exhibited the best results in the process under investigation.
This catalyst had a glycerol conversion of 90.4 % and a glycerol car-
bonate yield of 89.5 % when operated at a temperature of 150 °C for 5 h
with a CO; pressure of 4 MPa.

2.3.2. Non-binary system

Ternary or quaternary mixed metal oxide catalysts can consist of
three or four different metal components. Trimetallic based catalysts
(Cu, Ce, and Zn metal oxide) have also been prepared through the co-
precipitation method. Pandey and Pawar [59] reported that CeO, and
ZnO showed high yield of glycerol carbonate, glycerol conversion, and
selectivity, compared with other monometallic oxides (ZrO and CuO3)
for the catalyst screening step. In addition, CeO2/ZnO (bimetallic oxide)
enhanced the catalyst activity and obtained higher yield of glycerol
carbonate than monometallic oxides are shown as Table 5. A 3 %wt of
binary and trinary oxides catalyst gave 19.5 % and 29.3 % of glycerol
carbonate yield, respectively, were higher than their parent catalysts
(ZnO, CeOq, and CuO) in the same reaction condition. Subsequently, 5 %
wt loading was the optimized amount of CeO, and CuO loading catalyst
for synthesis mixed metal oxides. A 5 % CeO2/ZnO exhibited the highest
catalytic activity, resulting in a conversion rate of 23.34 %, a yield of
23.35 %, and a selectivity of 100 %. The non-uniform dispersion of CeO5
when loading it over 5 % on ZnO may result in the formation of side
reaction products, namely monoacetin and diacetin. Pandey and Pawar
also observed that a catalyst consisting of 5 % wt CuO/CeO2/ZnO had
favourable catalytic performance. The loading of CeO, and CuO onto
ZnO resulted in a reduction in the average crystalline size, decreasing
from 15 nm to 12 nm and 10 nm, respectively. Conversely, the surface
area decreased from 68 m?/g to 64 m?%/g after loading 5 % wt CuO on

Table 5
Catalytic performance of Zn, Ce, and Cu oxides catalysts for direct carbonation
of CO,, into glycerol carbonate.

Catalyst Glycerol Glycerol carbonate  Glycerol carbonate
conversion (%) yield (%) selectivity (%)
ZnO 17.0 17.0 100
CeOg 13.8 14.0 100
CuO 8.4 8.4 100
3 % wt CeOy/ 19.5 19.5 100
ZnO
3 % wt CuO/ 29.3 29.3 100
CeOy/Zn0O

Reaction condition: 2.0 g glycerol, 0.067 feed/solvent ratio, 3 MPa CO,, 0.1 g
catalyst at 150 °C for 5h
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CeO2/ZnO support. The highest conversion of glycerol observed after
6 hat 100 °C and 6 MPa CO, was with 5 %wt CuO/CeO2/Zn0O of 57.2 %,
with a yield of glycerol carbonate of 57.2 % and selectivity of 100 %. The
Trimetallic based catalysts exhibited an increase in glycerol conversion
from their parent catalysts.

Another ternary MMOs catalyst was studied in previous research,
was Zn/Al/La catalysts with different molar ratios. Li et al. [52] pre-
pared by calcination of hydrotalcite precursors. The BET surface area
increased from 36.4 to 168 m?/g as the Al content increased. The pro-
duction of LapO3COg3 results in the formation of Zn/Al/La, which pos-
sesses moderately basic sites. Furthermore, the amount of metal-oxygen
pairs, such as Zn-O, Al-O, and La-O, associated with the moderately basic
sites, rises as the amount of Al increases. Thus, the catalyst with a molar
ratio of Zn:La:Al of 4:1:1 exhibited excellent performance. The Zn:La:Al
catalyst provides a glycerol conversion of 30.4 %, resulting in a
maximum glycerol carbonate yield of 13.3 % and a selectivity of 43.8 %.
Li et al. [52] examined the catalysts that consisted of quaternary mixed
metal oxides by modifying Li, Mg, and Zr with Zn:La:Al hydrotalcites
and calcined at 500 °C. Modifying Li, Mg, and Zr onto Zn:La:Al results in
an increase in the binding energy of Zn2ps3,, and La3d species, whereas
the binding energy of Al2p decreases. The XPS analysis of the sample
revealed three peaks related to oxygen species ions within the crystal
lattice, absorbed oxygen ions, and hydroxyl and carbonate species. The
presence of Li, Mg, and Zr leads to an increase in the amount of lattice
oxygen species. The lattice oxygen in metal oxides can be defined as a
Lewis basic site. The activity of the catalyst is enhanced by the intro-
duction of Li, Mg, and Ze, particularly when Li was modified on Zn:La:
Al, compared to the Zn:La:Al catalyst. The Zn:La:Al - Li catalyst achieves
a glycerol conversion of 30.4 % and a selectivity of 43.8 %, resulting in a
maximum glycerol carbonate yield of 13.3 %. Zhang and He [55]
investigated the process of loading Cu on the Mg-Al-Zr support using
impregnation method. The catalyst gave a BET surface area of
244.8 m?/g. The Cu/Mg-Al-Zr catalyst exhibited a total of 285 pmol
NHs/g of acid sites and 243 pmol CO,/g of basic sites. The acid and basic
site density on Mg-Al-Zr could be changed by varying the Zr ratio. The
glycerol conversion and selectivity were 11.5 % and 20.9 % respectively
over Cu/Mg-Al-Zr catalyst at 150 °C, 7 MPa CO», with a reaction time of
3 h. Nevertheless, the synthesis of monocaetin and diacetin may be seen
in the process when CH3CN is present. The esterification of glycerol with
acetic acid exhibited a higher level of favourable when acid catalysts
were utilised. The Mg-Al-Zr catalyst exhibited a conversion rate of 66.2
% for acetic acid and a selectivity of 96.1 % for monoacetin. The
esterification of glycerol with acetic acid was more favorable when using
acid catalysts. The Mg-Al-Zr catalyst exhibited a conversion rate of 66.2
% for acetic acid and a selectivity of 96.1 % for monoacetin.(Tables 6
and 7).

2.4. Silicate materials

Rice husk may be utilised as a silica source to produce hexagonal
mesoporous silica (MCM-41). In a prior investigation, Appaturi et al.
[60] reported the great catalytic efficacy of immobilised bromine (Br),
chlorine (Cl), and iodine (I) on the MCM-41 for the production of
glycerol carbonate through the reaction between carbon dioxide (CO32)
and glycidol. All three catalysts revealed a yield over 97.2 % and a
glycerol conversion rate above 99.0 % under the conditions of 90 °C,
2 MPa COg, with a reaction time of 3 h. MCM-41 was employed as the
support for a Cu-based catalyst in the conversion of glycerol with CO,.
Zhang and He [55] reported that Cu/MCM-41 exhibited only the
diffraction peaks related to amorphous silica, with a BET surface area of
1050.3 m?/g. The Cu/MCM-41 catalyst did not have a basic site, but it
had very weak acid sites as a result of the adsorption of hydroxy groups.
The Cu/MCM-41 exhibited the greatest glycerol conversion rate at 18.7
%, however, the selectivity for glycerol carbonate was rather low at 9.8
%. This could be caused by the presence of a strong Br@nsted acid, which
may have affected the activity of CuyMCM-41. In addition, Zhang and
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Table 6
Catalyst characterisation of mixed metal oxide catalysts for direct carbonation of glycerol with CO,.
Catalyst Morphology BET Pore Volume  Average Pore Crystalline Ho-TPR Total acid site Total basic site Ref.
surface (cm3/g) diameter (nm) size (nm) (mmol) amount (mmol NH3/ amount (mmol CO2/g
area g catalyst) catalyst)
(m?%/g)
(1:4) La,03CO3- - 20.6 0.13 18.8 - - - - [51]
ZnO
- Calcined at
500 °C
(1:4) La-Zn - 20.6 0.14 - - - - - [52]
20 % Lap,03CO3-  — 6.3 0.0091 10.0 - - 0.140 0.023 [43]
ZnO
- light
irradiation
(2:1) Al-Zn plate shape 62.5 0.082 - - - - - [52]
2.3 % Cu/Lay03 nanorod 20 0.08 24 - - - 0.140 [54]
Cu/Ca0O Blocky shape 0.60 0.06 29.9 - - 0 0.183 [55]
Cu/MgO - 24.2 0.10 28.2 - - 0 0.148 [55]
Cu/Lay03 - 20.8 0.08 24.4 - - 0 0.140 [55]
Cu/Al,03 - 197.4 0.42 11.3 - - 0.310 0.131 [55]
Cu/ZrO, - 63.0 0.26 13.3 - - 0.125 0.080 [55]
30 %CuO/ large nutty 170.5 0.277 6.65 - - - 0.1082 [56]
Al,O3
- Calcined at
700 °C
10 % ZnWO4- Irregular 24.8 0.058 23.5 - 0.1527 0.0628 0.0478 [44]
ZnO concretion
11 % Ni/CeO, nanorods 66.1 - - 10.5 - - — [45]
9.5 % Cu/CeO, nanorods 75.7 - - 9.9 - - - [45]
10.5 % Zn/ nanorods 89.5 - - 8.9 - - - [45]
CeOy
Catalyst Morphology BET Pore Volume  Average Pore Crystalline H,-TPR Total acid site Total basic site Ref.
surface (cm3/g) diameter (nm) size (nm) (mmol) amount (mmol NHz/ amount (mmol CO,/
area g catalyst) g catalyst)
(m*/g)
5 %wt CeOy/ Irregular 68 - 5-20 12 - - - [59]
ZnO granular shape
5 %wt CuO/ Irregular 64 - 5-20 10 - - - [59]
Ce0,/Zn0O granular shape
Cep.98710,0202 nanorods 102.9 0.35 14.1 8.9 0.0862 0.042 0.074 [40]
(4:1:1) Zn:Al:La - 36.4 0.069 - - - - - [52]
(4:1:1) Zn:Al:La - - 47.4 0.20 - - - - - [52]
Li
Cu/Mg-Al-Zr - 244.8 1.38 1.38 - - 0.285 0.243 [55]

He [55] prepared a Cu-based catalyst using HZSM-5 support. The XRD
spectra of Cu/HZSM-5 displayed the diffraction peaks associated with
zeolite HZSM-5. The BET surface area of Cu/HZSM-5 was measured to
be 360.1 m?/g. The Cu/HZSM-5 catalysts did not have any base sites on
their surface, while it exhibited the largest and strongest of acid sites, as
evidenced by the presence of two desorption peaks of ammonia (1123
pmol NHs/g). This can be attributed to the presence of both Lewis and
Br@nsted acid sites on the surface of HZSM-5. The Cu/HZSM-5 catalyst
exhibited dramatically low activity, with a glycerol conversion rate of
0.5 % and a selectivity of 14.6 %.

2.5. Zeolites

Zeolites are characterised by a high specific surface area and
adjustable acid/basic sites [61]. Zeolitic imidazolate framework-8
(ZIF-8) was reported to catalyse glycerol with CO for glycerol carbon-
ate production. Hu et al. [53] synthesised lanthanum (La)-modified
ZIF-8 using different weight ratios. The increase in La content in ZIF-8
resulted in a decrease in surface area, which may be related to the sur-
face covering by La203 nanoclusters. Conversely, the presence of La in
ZIF-8 resulted in an increase in both acidic and basic sites. Specifically,
the 5 %wt La/ZIF-8 sample shown a greater amount of acidic and basic
sites compared to the control group (ZIF-8). This suggests that the
modification of ZIF-8 with La enhances its acidity and basicity, which
may improve the activation of CO2. When using CH3CN as a dehydrating

agent, the greatest conversion and yield obtained for 5 %wt La/ZIF-8
were 46.5 % and 35.5 %, respectively. Furthermore, the selectivity
exceeded 92 % when MgCO3 replaced CH3CN as the dehydrating agent.

Tectosilicate zeolite (ETS-10) with approximately 4 % active metal
(Co, Zr, Zn, Ce, Fe, Cu and Ni) introduced by an impregnation method
[61]. The comparison of ETS-10 with several metal-based catalysts
revealed significant alterations in the desorption temperature distribu-
tion, particularly in the higher range. The sample consisting of metal
exhibited a temperature distribution that was lower than 600 °C,
whereas the desorption peak of ETS-10 occurred at 620 °C. Among a
range of metal-introduced ETS-10 catalysts, Co/ETS-10 exhibited the
lowest CO» desorption amount of 0.44 mmol/g. However, all ETS-10
based catalysts showed greater basic sites compared to pure ETS-10.
Among all support catalysts, most of them exhibited greater glycerol
conversion and glycerol carbonate production compared to the
metal-free catalysts, except for Ni/ETS-10. This unexpected result can be
due to the excessive basicity of Ni/ETS-10 (1.41 mmol/g). Co/ETS-10
and Zn/ETS-10 exhibited the highest glycerol conversion and glycerol
carbonate selectivity, respectively. The Cu/ETS-10, Ce/ETS-10, and
Fe/ETS-10 catalysts showed great potential in converting glycerol, but
their ability to improve glycerol selectivity was not as effective as
Co/ETS-10 catalyst. Co/ETS-10 exhibited better catalytic activity, with a
glycerol conversion of 35.0 % and a glycerol carbonate yield of 12.7 %.



P. Inrirai et al. Journal of CO2 Utilization 80 (2024) 102693

Table 7
Reaction conditions and catalyst performance of mixed metal oxide catalysts for direct carbonation of glycerol with CO,.
Catalyst Operating Parameters performance  Ref.
Temp. Time mole ratio of glycerol to dehydrating Catalyst Solvent  Pressure Dehydration
Q) (h) agent loading CO, agent
(MPa)
(1:4) Lay03C03-Zn0 170 12 2:1 023g - 4 ACN 5 mL Y=143%  [51]
- Calcined at C=30.3%
500 °C
(1:4) La-Zn 170 12 4.60 g Gly 0.l4g - 4 ACN 5 mL Y=108%  [52]
C=251%
S=432%
20 % Lay03C0O3-ZnO 150 6 0.92 g Gly 050¢g DMF 5.5 - Y=61% [43]
- light irradiation 20 mL C=69%
(2:1) Al-Zn 170 12 4.60 g Gly 0.14 ¢ - 4 ACN 5 mL Y =10.4% [52]
C=232%
S=451%
2.3 % Cu/Lay0Og3 150 12 4.60 g Gly 0.23¢g - 7 ACN 10 mL Y=152% [54]
C=334%
S=454%
Cu/Ca0 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=03% [55]
S=8.4%
Cu/MgO 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=86% [55]
S$=26.1%
Cu/Laz03 150 3 4.60 g Gly 0.08¢g - 7.0 ACN 10 mL C=89% [55]
$=29.3%
Cu/Al;03 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=13.6% [55]
S=87%
Cu/ZrOy 150 3 4.60 g Gly 0.08g - 7.0 ACN 10 mL C=11.2% [55]
S=18.6 %
Catalyst Operating Parameters performance  Ref.
Temp. Time  mole ratio of glycerol to dehydrating Catalyst Solvent  Pressure Dehydration
“Q) (h) agent loading CO, agent
(MPa)
30 %CuO/Al,03 150 5 2.30 g Gly 1.0g DMF 4.0 2-cyanopyridine Y=175% [56]
- Calcined at 19.0g 6.32g C=41.3%
700 °C S=424%
10 % ZnWO4-ZnO 150 6 0.92 g Gly 0.50 g DMF 5.0 - Y=65% [44]
20 mL S ~100 %
11 % Ni/CeO 150 5 1:3 017 ¢g DMF 4.0 2-cyanopyridine Y=125% [45]
10 mL C=127%
S=98.5%
9.5 % Cu/CeO, 150 5 1:3 017 ¢g DMF 4.0 2-cyanopyridine Y=99% [45]
10 mL C=10.0%
S=99.1%
10.5% Zn/CeO, 150 5 1:3 1.09g DMF 4.0 2-cyanopyridine Y =89.5% [45]
10 mL C=90.4%
S =99.0%
5%wt CeO/ZnO 140 4 1:3 5% wt - 3.0 ACN Y =2335% [59]
30 mL C=2334%
S =100 %
5%wt CuO/CeOy/ 160 6 0.067 10% wt - 6.0 ACN Y=572% [59]
ZnO 30 mL C=572%
S =100 %
Ce.98Z10.0202 150 5 1:3 0.52¢g DMF 4.0 2-cyanopyridine Y=363% [40]
10 mL C=409%
(4:1:1) Zn:Al:La 170 12 4.60 g Gly 0.14 g - 4 ACN 5 mL Y=133% [52]
C=304%
S=43.8%
Catalyst Operating Parameters performance  Ref.
Temp. Time  mole ratio of glycerol to dehydrating Catalyst Solvent  Pressure CO,  Dehydration
“Q (h) agent loading (MPa) agent
(4:1:1) Zn:Al:La - Li 170 12 4.60 g Gly 0.14 g - 4 ACN 5 mL Y=151% [52]
C=357%
S=422%
Cu/Mg-Al-Zr 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=115% [55]
S =20.9%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMF = Dimethylformamide, Gly = Glycerol

2.6. Other Cu onto CNTs, it was observed that Cu/CNTs catalysts had no acid sites
on their surface and the BET surface area of these catalysts was
Carbon nanotube (CNTs) was used as a support for Cu-cased catalyst 195.4 m?/g. The glycerol conversion and glycerol carbonate selectivity

in the direct reaction, was reported by Zhang and He [55]. When loading achieved 7.3 % and 17.8 %, respectively, using a Cu/CNTs catalyst
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under the condition of 150 °C, 7 MPa of CO, pressure, and 6 h in the
presence of CH3CN as dehydrating agent.

Ionic liquids (ILs) have been shown to be efficient catalysts and re-
action media for the chemical fixation of COy due to their unique
structures with high designability [62]. The protic ionic liquids (ILs)
were produced by a neutralisation process. The production of
value-added glycerol carbonate and by-products styrene glycol (SG) and
styrene carbonate (SC) may be received by the one-pot reaction of CO,
glycerol, and styrene oxide (SO), catalysed by protic ionic liquids (protic
ILs). Among all the prepared protic ILs, HDBUI exhibited highest yields
of glycerol carbonate at 86 %, as well as a yield of 39 % for styrene
carbonate and 34 % for styrene glycol, based on styrene oxide. The
catalytic activity exhibited the following order: HDBNI > HDBNBr
> HDBNCI. The I- anion’s good catalytic activity might be related to its
improved nucleophilicity and alkalinity. In addition, George et al. [63]
utilised a 1 mol % "Bu,SnO catalyst in the reaction between glycerol and
carbon dioxide. The obtained yield of 1,2-glycerol carbonate was 35 %
when the reaction was conducted at 120 °C for 4 h and at a pressure of
13.8 MPa CO».(Tables 8 and 9).

2.7. Effect of dehydrating agent and solvent in reaction

In order to break the thermodynamic limit of the reaction, a dehy-
drating agent or coupling reagent was used. In the previous study,
several dehydration agents were used in this process, including nitrile
solvents and inorganic dehydrating agents. Several dehydrating agents
were employed to remove water from the reaction between glycerol and
CO». Nevertheless, it is important to take into account the possibility of
side reactions caused by each dehydrating agent. Some dehydrating
agents may lead to unwanted side reactions that might negatively
impact the selectivity of glycerol carbonate and increase the production
of by-products [53].

In a study conducted by Liu et al. [50], it was shown that the use of
30 mmol of 2-cyanopyridine and 10 mL of DMF resulted in a significant
increase in glycerol carbonate yield when compared to other dehy-
drating agents such as acetonitrile, valeronitrile, benzonitrile, and
phenylacetonitrile. According to Su et al. [42], several
nitrogen-containing dehydrating agents were investigated in the
absence of catalysts. The results of the yield of glycerol carbonate and
glycerol conversion are shown in Table 10. In the absence of a dehy-
drating agent, the production of glycerol carbonate was only 0.7 %.

Journal of CO2 Utilization 80 (2024) 102693

Additionally, 2-cyanopyridine exhibited higher glycerol conversion and
glycerol carbonate yield compared to acetonitrile. A 2-cyanopyridine
has notable alkaline properties and is able of forming intramolecular
hydrogen bonds within the resulting amide product. The hydrolytic
activity of 2-cyanopyridine exhibited a significant association with the
concentration of oxygen vacancies (defect site), as well as the quantity of
basic sites.

Furthermore, Su et al. [42] argued that 2-cyanopyridine serves two
roles in the reaction, acting not only as a dehydrating agent to promote
the reaction, but also as a catalyst for the carbonylation by activating the
carbonyl bond of CO,. The effect of the cyano group’s stereo-position
inside the dehydrating reagent is noteworthy in relation to the
ongoing carbonylation process. The glycerol carbonate achieved the
maximum yield (18.7 %) when subjected to direct carbonylation with
carbon dioxide (CO3) at a temperature of 180 °C for 12 h and 15 MPa
CO., without the presence of a catalyst. In the study, Su et al. [42] found
that there are two possible ways of interaction between CO, and 2-cya-
nopyridine. One of them occurs at site-a, which refers to the nitrogen
atom in the pyridine ring. Another way occurs at site-b, which is related
to the nitrogen atom in the cyano group -C=N). These interactions were
seen for three different types of cyanopyridine. A 2-cyanopyridine ex-
hibits a third form of interaction, wherein a CO5 molecule simulta-
neously interacts with one nitrogen in the cyano group and the other
nitrogen in the pyridine ring. This results in the formation of a
five-membered ring intermediate (2c-T), as shown in Fig. 7. The FITR
spectra revealed the presence of new peaks, indicating the coordination
between CO, and 2-cyanopyridine and the formation of a
five-membered ring intermediate.

An intermediate species might form through the interaction between
a CO3 molecule and a 2-cyanopyridine molecule, as shown in Fig. 8. The
structure had the same result as reported by Su et al. [42], where a
mixture of glycerol + DMF + 2-cyanopyridine was able to activate COy,
as previously described by Al-Kurdhani and Wang [56].

Su et al. [42] have suggested that the possible reaction route for the
activation of COy with 2-cyanopyridine, which involves two steps as
follows:

(i) The carbonyl group of carbon dioxide is absorbed onto the ni-
trogen atom in pyridine.

(ii) Formation of five-membered ring intermediate: oxygen ion un-
dergoes absorption on to the N in the cyano group.

Table 8
Catalyst characterisation of silicate materials, zeolites, and other catalysts for direct carbonation of glycerol with CO.
Catalyst Morphology BET Pore Volume Average Pore Crystalline H,-TPR Total acid site amount  Total basic site Ref.
surface (cms/g) diameter (nm) size (nm) (mmol) (mmol NH3/g amount (mmol CO,/g
area catalyst) catalyst)
(m%/g)
Silicate
materials
Cu/MCM- - 1050.3 0.99 3.00 - - 0.028 0 [55]
41
Cu/HZSM-5 - 360.1 0.77 0.5 - - 1.123 0 [55]
Zeolites
ZIF-8 hexagonal 1830 - <1 - - 0.121 0.158 [53]
5 %wt La/ Circular- 1700 - <1 - - 0.305 0.582 [53]
ZIF hexagonal
ETS-10 bipyramidal 324.4 - - - - - 0.37 [61]
truncated
Co/ETS-10 bipyramidal 302.3 - - - - - 0.44 [61]
truncated
Zn/ETS-10 - 283.4 - - - - - 0.50 [61]
Cu/ETS-10 - 310.6 - - - - - 0.74 [61]
Fe/ETS-10 - 307.9 - - - - - 0.74 [61]
Ni/ETS-10 - 309.4 - - - - - 1.41 [61]
Zr/ETS-10 - 299.4 - - - - - 0.61 [61]
Ce/ETS-10 - 309.7 - - - - - 0.68 [61]
Other
Cu/CNTs - 195.4 1.32 18.6 - - 0 0 [55]
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Table 9
Reaction conditions and catalyst performance of silicate materials, zeolites and other catalysts for direct carbonation of glycerol with CO,.
Catalyst Operating Parameters performance  Ref.
Temp. Time  mole ratio of glycerol to dehydrating agent ~ Catalyst loading  Solvent  Pressure CO,  Dehydration agent
(9] ) (MPa)

Silicate materials

Cu/MCM-41 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=187% [55]
S=9.8%

Cu/HZSM-5 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=05% [55]
S=14.6 %

Zeolites

ZIF-8 150 6 15 mL Gly 01lg - 0.7 ACN 5 mL C=24% [53]
S=56%

5 %wt La/ZIF 150 15 15 mL Gly 01g - 0.7 ACN 5 mL Y =355% [53]
C=465%

5 %wt La/ZIF 150 15 15 mL Gly 01g - 0.7 MgCO5 Y=348%  [53]

0.05¢g C=36.6%
5 %wt La/ZIF 150 15 15 mL Gly 01lg - 0.7 CaCO3 Y =16.6% [53]
0.05g C=185%

ETS-10 170 6 4.6 g Gly 0.25¢g - 4 ACN 5 mL Y=47% [61]
C=33.6%
S=139%

Co/ETS-10 170 6 4.6 g Gly 0.25¢g - 4 ACN 5 mL Y=127% [61]
C=350%
S=36.3%

Catalyst Operating Parameters performance Ref.

Temp. Time mole ratio of glycerol to dehydrating agent Catalyst loading Solvent Pressure CO, Dehydration agent
(9] 1) (MPa)

Zn/ETS-10 170 6 4.6 g Gly 0.25¢g - 4 ACN 5 mL Y=11.7% [61]
C=327%
S=327%

Cu/ETS-10 170 6 4.6 g Gly 0.25¢g - 4 ACN 5 mL Y=85% [61]
C=356%
S=239%

Fe/ETS-10 170 6 4.6 g Gly 0.25g - 4 ACN 5 mL Y=87% [61]
C=334%
S =259%

Ni/ETS-10 170 6 4.6 g Gly 0.25¢g - 4 ACN 5 mL Y=43% [61]
C=29.6%
S=141%

Zt/ETS-10 170 6 4.6 g Gly 0.25g - 4 ACN 5 mL Y=47% [61]
C=33.6%
S=141%

Ce/ETS-10 170 6 4.6 g Gly 0.25¢g - 4 ACN 5 mL Y=98% [61]
C=327%
S =29.9%

Other

Cu/CNTs 150 3 4.60 g Gly 0.08 g - 7.0 ACN 10 mL C=73% [55]
S=17.8%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMF = Dimethylformamide, Gly = Glycerol

Table 10
The carbonation of glycerol with CO, using different dehydrating agents [42].

Dehydrating agent Conversion (%) Yield (%)

None 1.4 0.7
Acetonitrile 11.1 1.5
2-cyanopyridine 31.1 11.4
3-cyanopyridine 37.7 5.3
4-cyanopyridine 46.7 3.8

Note: Reaction conditions: glycerol 1.15 g, dehydrating agent/glycerol (mole
ratio) 2:1, CO5 10 MPa, 170 °C, 12 h

Liu et al. [40] also investigated possible reaction pathways and
catalytic mechanisms, pure 2-cyanopyridine, DMF, glycerol, and their
mixture were treated with CO (4 MPa) under continuous stirring con-
ditions at 150 °C for 5h in the autoclave. FTIR spectra revealed the
presence of additional bands resulting from the interaction between
2-cyanopyridine and COy at 150 °C, indicating that a five-membered
ring intermediate was formed from this reaction for the purpose to
activation of CO4 as shown in Fig. 9. The formations of different CO5
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absorption species are originated from basic sites with different of
strengths. The main adsorption pattern observed for CeO, was the
chelation of bidentate carbonate species, which required the existence of
an adjacent M™ -O% pair. This preference for chelating bidentate car-
bonate can be attributed to its greater stability compared to bridging
bidentate carbonate. Alvarez et al. [64] reported that CO, is attracted by
the basic sites on solid surfaces. CO5 undergoes or reacts over acid-base
materials, leading to the formation of three forms: (i) carbonate, which
is produced by reacting with O, (ii) bicarbonate, which is formed
through the reaction with surface hydroxyl groups (OH), and (iii) linear
adsorption. Acid-base catalysts are commonly recognized as
non-reductive catalysts. The process of non-reductive carbon dioxide
(COy) transformation involves the synthesis of cyclic and linear organic
carbonates. This transformation occurs when CO is activated by surface
oxygen defect sites, resulting in its dissociation into CO and O, or its
interaction with more reactive species, leading to the formation of re-
action intermediates.

To eliminate the water produced in the reaction between glycerol
and CO; in the presence of CH3CN, the hydrolysis of CH3CN can be used
to break the thermodynamic limitation. Therefore, the hydrolysis of
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Fig. 7. (a) FTIR spectra of 2-cyanopyridine and 2¢-T (b) possible five-membered ring intermediate [42].
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Fig. 8. The interaction of CO, with 2-cyanopyridine to form an intermediate
[42,56].

CH3CN might potentially provide acetic acid, which could react with
glycerol to produce the by-products (monoacetin and diacetin) [55]. Li
et al. [52] reported that increasing the amount of CH3CN resulted in
enhanced catalytic activity. Hence, the by product of acetins may be an
issue to concern. The higher selectivity of acetins compared to glycerol
carbonate can be attributed to the presence of water in the reagents
(glycerol and acetonitrile), which were used as analytical agents. It is
important to note that no dehydration process was involved in the re-
action, as shown in Fig. 10. The moderated basic sites can enhance both
the activation of CO5 and the hydrolysis of acetonitrile. Consequently,
an increased production of acetic acid resulted in a higher selectivity for

acetins (as a byproduct) and a lower selectivity for glycerol carbonate.

Calcium carbide (CaC,) is a renewable chemical derived from the
abundant calcium found in the Earth’s crust. Zhang et al. [65] used CaCy
as a desiccating agent to produce glycerol carbonate, employing a
zinc-based catalyst with 1,10-phenanthroline (phen) as the catalyst. In
the absence of a catalyst, the process produced a yield of 16 % when
0.5 mmol of glycerol, 2.5 mmol of CaCy, and 5 MPa of CO, were used in
3 mL of NMP as the solvent. The use of Zn(OTf),/phen and CaCy resulted
in a glycerol carbonate yield of 92 %. Thus, CaCy could be one of a
sacrificial dehydrating agent [66]. The use of sacrificial dehydrating
agents has the disadvantage, was not ecologically sustainable. In addi-
tion, Takeuchi et al. [66] showed that Calcium oxides may be used as a
dehydrating agent. CaO may be easily and inexpensively synthesised
from limestone. The dehydration process of limestone yields calcium
hydroxide (Ca(OH)2), which can be regenerated back into CaO. It is
important to note that Ca(OH), does not react with glycerol carbonate,
which prevents a decrease in yield [65]. The yield of glycerol carbonate
using 0.5 mmol glycerol, 5 mmol CaO, and 3 MPa CO; in 3 mL NMP
(solvent) was 40 % when introducing the Zn(OTf)s/phen catalyst pre-
viously reported by Zhang et al. [65].

Using inorganic dehydrating agent, including MgCO3 and CaCOs3
were reported by Hu et al. [53]. Consequently, the reaction in the
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Fig. 9. CO; adsorption model [40].
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Fig. 10. The reaction scheme for glycerol carbonate and acetins (by-product) in the presence of acetronitrile [52].
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presence of CH3CN exhibited a greater glycerol conversion compared to
the inorganic dehydrating agents. However, the best selectivity was
achieved with MgCOs. Furthermore, the use of MgCO3 and CaCOj3 as
dehydrating agents resulted in a decrease of undesirable reactions and
improved catalytic performance, leading to higher production and
selectivity of glycerol carbonate. When the 5La/ZiF-8 catalyst is used,
the conversion, yield, and selectivity reach over 36 %, 34 %, and 9 %
respectively. Furthermore, the selectivity exceeded 89 % when CaCO3
was used as the dehydrating agent. Due to its very acidic nature, the use
of HySOy4 in the ZIF-8 catalyst system was unsuitable since it caused
instability and reduced the catalytic efficiency of ZIF-8. The activation
energy of the reaction was determined using the Arrhenius equation. It
was found that acetonitrile had a higher activation energy compared to
MgCOs. This suggests that acetonitrile required more external energy to
activate the reaction.

Additionally, the presence of a solvent had a crucial role in deter-
mining the catalytic activity. According to Liu et al. [50], the largest
yield of glycerol carbonate was obtained using dimethylformamide
(DMF) of 20.8 %. Dimethylsulfoxide (DMSO) yielded a lower amount of
glycerol carbonate as a secondary result. The yield of glycerol carbonate
produced from the process conducted by Su et al. [42] was found to be
11.6 % and 10.1 % when N-methylpyrrolidone (NMP) and DMF were
used as solvents, respectively.

Methanol has been reported as a solvent in a previous study. The
interaction between glycerol and CO» used "Bu,SnO and "Bu,Sn(OMe),
as homogeneous catalysts. The tin-glycerol complex acted as an inter-
mediate [67]. However, the conversion of glycerol was only 2.3 % under
the reaction conditions (6 h, 5 MPa, 180 °C). The use of methanol as a
solvent and 13X zeolite as a dehydrant resulted in an enhanced yield of
glycerol carbonate, reaching 35 %. This reaction was catalysed by
nBuySnO at 120 °C for 4 h and 13.8 MPa CO, [63]. Therefore, Liu et al.
[50] suggested that the solubility of CO- in these solvents might also be
an important factor. The considerable solubility of carbon dioxide (CO2)
may potentially offer advantages in terms of enhancing the concentra-
tion of CO, at the catalyst surface, hence resulting in positive effects for
the reaction. However, the selection of these solvents should be carefully
considered in terms of their toxicity, environmental impact, and health
and safety effects.

3. Indirect synthetic routes for glycerol carbonate production
3.1. Transcarbonation glycerol with phosgene

The utilisation of phosgene in transcarbonation seems to be a simple
but effective technique for the synthesis of organic carbonates. Franklin
[68] documented the method by which carbonate chloroformate ester
was synthesised in 1948. A chemical reaction between glycerol and
liquid phosgene. Glycerol and liquid phosgene were added slowly while
vigorously stirring at 30 °C for 6 h. Approximately 90 % carbonate
chloroformate ester was reported as a yield. Nevertheless, due to the
concerns relating to handling of this extremely hazardous gas, the uti-
lisation of phosgene was significantly restricted [29]. Many nations have
prohibited its use in the sector because of safety concerns, making this
technique uncommonly utilised owing to its negative impacts. Phosgene
is typically present as a gas, although it may form as a liquid under
certain pressure and temperature conditions. Phosgene must be handled
cautiously during the process, as accidental release could have severe
environmental and health effects [69]. Three procedures are necessary
for the safe handling of phosgene: 1) Ensuring that the level of phosgene
in the air is monitored and maintained at a safe level; 2) Using suitable
personal protective equipment in the designated work area; 3) Imple-
menting accordance to legal controls of storage, transportation, and
waste disposal. The detection of phosgene can be done by
chromatography-mass spectrometry techniques or electrochemical as-
says [70]. Currently, several types of detection methods have been
developed for the purpose of monitoring phosgene, including
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colorimetric, chromatographic, mass spectrometry, and fluorogenic
approaches [71,72].

3.2. Carbonation with urea

One of the main benefits associated with the carbonation of glycerol
with urea is the readily available, inexpensive basic material, and non-
toxic nature of both glycerol and urea. Additionally, this simple
method may be performed without any solvents. Furthermore, the
carbonation reaction reveals high selectivity and yield of glycerol car-
bonate under mild reaction conditions [73,74]. Many studies have been
undertaken to investigate the synthesis of glycerol carbonate by use of
urea. For instance, metal salt catalysts such as ZnBry, ZnCly, ZnSO4 [75]
were reported for this reaction. Additionally, Mixed metal oxide cata-
lysts were examined to enhance catalytic performance such as
zinc-based catalyst (ZnO, Zn/Sn, and Zn/MCM-41) [75-77],
magnesium-based catalyst (MgO [78], AuPd/MgO [79], Mg/Al and
Mg/Al/Zn [80]), tin-tungsten mixed oxide catalysts [81], and Ionic
liquids [82].

Significantly, the reaction between glycerol and urea results in the
generation of a substantial amount of ammonia as a by-product, hence
limiting its wide usage in industrial stage [27,29]. Urea could be
considered an activated form of carbon dioxide. The transformation of
ammonia and CO3 into urea provides the most essential chemical pro-
cess utilising CO,. Fig. 11 illustrates the chemical process in the pro-
duction of glycerol carbonate from urea, as well as the simultaneous
consumption of its ammonia by-product by other chemical reaction
through the utilisation of CO, to generate urea. However, in order to
facilitate the shift of the reaction equilibrium towards the right by
eliminating ammonia gas, which has the potential to contaminate the
surrounding environment. In general, in order to remove the by-product
ammonia, the reaction of glycerol with urea needs to be conducted in a
vacuum or with the presence of a sweeping gas. Jagadeeswaraiah et al.
[81] conducted the reaction under a vacuum to eliminate the ammonia
produced during the process. This removal process is carried out at
decreased pressure conditions, typically ranging from 0.004 to
0.005 MPa. Consequently, this approach leads to an increase in invest-
ment costs [82]. Argon gas (Ar) was employed to purge the ammonia
from the reaction system, either by passing it through the reactor or
directly through the reaction mixture. This was conducted to minimise
the formation of undesired reverse reactions throughout the process
[83]. In addition to using an inert gas flow to remove NH3, another
product is synthesised using one of the pathways for NH3 removal.
Costanzo et al. [84] used Q-tube help to eliminate NH3 during the syn-
thesis of 1,4-dihydropyridine, resulting in the production of water as a
by-product.

3.3. Transesterification glycerol with dimethyl carbonate (DMC)

The synthesis of glycerol carbonate by the transesterification of
glycerol and organic carbonates has attracted attention in recent times.
The raw materials used in the production of glycerol carbonates are
ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate
(DMCQ), and diethyl carbonate (DEC). Meanwhile, the catalysts utilised
in this process include inorganic or basic compounds, as well as lipase
catalysts [74].

Dimethyl carbonate (CAS: 616-38-6) is a green and environmentally
sustainable chemical[86], which is non-toxic, biodegradable and can be
produced via the base catalysed reaction of methanol with COy [87].
Whilst other sources have been reported such as ethylene carbonate,
industrial use is limited due to the high boiling points of both ethylene
carbonate (261 °C) and the reaction by-product ethylene glycol (197 °C)
[88]. Use of homogeneous catalysts such as sodium and potassium hy-
droxide, ionic liquids and enzymes have also been reported in the
literature. With a view towards [89] industrial feasibility the catalyst
must be easily separated from the reaction mixture and recyclable when
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Fig. 11. Schematic of the glycerol carbonate synthesis utilising urea as the CO, donor [85].

reused [7]. A simple separation and purification of the desired product is
required, which can be aided by high conversion of reactants and high
selectivity to a certain product. For this reason, use of heterogeneous
catalysis is preferred due to ease of separation from the reaction mixture.
If high conversion of glycerol is achieved coupled with high selectivity
to either product, separation and purification of the products should be
theoretically simple due to the boiling points of the reactants and
products. The boiling points of the reactants and products are shown in
Table 11.

3.3.1. Mechanism

The effect of acid vs. base catalysis for the reaction was examined by
Ochoa-Gomez et al. [90]. Low conversion of glycerol and yield of
glycerol carbonate was observed when acid catalysis was employed.
After 90min sulphuric acid gave 10.6 % conversion,
para-Toluenesulfonic acid gave 19 % and Amberlyst 131 wet gave 33.9
% conversion. Furthermore, it was shown that the reaction was kineti-
cally controlled, with sulphuric acid obtaining 94.5 % conversion after
24 h. Yield was still quite limited with only 50 % attained.

Conversely when basic catalysis is employed a much higher rate of
conversion and selectivity is obtained. Greater than 98 % glycerol con-
version and selectivity to glycerol carbonate was achieved when using
the homogeneous catalysts potassium and sodium hydroxide. Ochoa-
Gomez et al. [90] have suggested the reaction of glycerol and dimethyl
carbonate to produce glycerol carbonate involves four steps as follows:

(i) Formation of a glyceroxide anion - one of the primary hydroxyl
groups of glycerol undergoes nucleophilic attack by the base
catalyst.

(i) Nucleophilic attack of the carbonyl group of dimethyl carbonates
by the glyceroxide anion liberating a methoxide anion.

(iii) The methyl glyceryl carbonate intermediate undergoes cyclisa-
tion through a nucleophilic attack of the oxygen from the sec-
ondary hydroxyl on the carbonyl carbon to yield glycerol
carbonate and methanol.

(iv) Regeneration of the catalyst through reaction of the methoxide
anion from step (2) with the conjugate base.

The reaction mechanism for the formation of glycerol carbonate is
Table 11

Boiling points of reactants and products for the transesterification
of glycerol with dimethyl carbonate.

Component Boiling Point (°C)
Glycerol 290
Dimethyl Carbonate 90
Methanol 65
Glycerol Carbonate 137
Glycidol 167
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shown in Fig. 12. Whilst the reaction proceeds mainly via a basic cata-
lytic route, it has been suggested that moderate acidic sites also
contribute to the reaction. Zhang et al. [91] have shown that the
interaction of acid-base sites is beneficial to the reaction. Whereas strong
basic sites lead to the formation of the glyceroxide anion in step (1),
moderate acidic sites contribute to the carbonyl activation of dimethyl
carbonate in step (2). It is also possible for glycerol carbonate to undergo
a further reaction with dimethyl carbonate to produce glycerol dicar-
bonate as a by-product [92].

The decarboxylation of glycerol carbonate can produce two possible
products — glycidol and 3-hydroxyoxetane. Due to the kinetics of ring
closure, glycidol is the favoured product. Darensbourg et al. [93]
investigated the mechanism of glycidol formation computationally with
the mechanism in agreement with that proposed by Ochoa-Gémez et al.
[92]. The mechanism suggested by both groups is shown as Fig. 13
follows:

(i) Deprotonation of the hydroxyl group of 1,2-glycerol carbonate by
a strong base leading to the formation of a cyclic carbonate
alkoxide.

(ii) Loss of the five-membered ring structure due to a nucleophilic
substitution reaction leads to formation of a carbonate anion.

(iii) Loss of carbon dioxide from the carbonate anion structure forms
2,3-epoxy-1-propanolate.

(iv) Regeneration of catalyst and formation of glycidol through re-
action of conjugate acid with 2,3-epoxy-1-propanolate.

3.3.2. Single component metal oxide catalysts

Single metal oxide catalysts gain activity through the presences of
o anions, which are Brgnsted bases [94]. Often the formation of hy-
droxyl groups results from the reaction of the 0% anions and water
vapour.

3.3.2.1. Calcium oxide. The use of calcium oxide (CaO) for the trans-
esterification of glycerol with dimethyl carbonate was first reported by
Ochoa-Gémez et al. [90] who compared the activity of CaO against other
basic materials such as magnesium oxide (MgO) and calcium carbonate
(CaCOg). The activity of CaO was found to be strongly influenced by
calcination temperature. Impurities such as calcium hydroxide and
calcium carbonate had a negative effect on the activity of the catalyst,
due to their lower basic strength in comparison to that of CaO. Calci-
nation of the material at 900 °C results in the removal of these impurities
thereby increasing the activity. The yield of glycerol carbonate could be
increased from 64.0 % to 91.1 % after calcination. Despite this CaO
suffers from poor reusability if no regeneration or after-treatment is
employed. The yield of glycerol carbonate decreases dramatically from
95.3 % to 17.8 % after only 4 reaction cycles. CaO is partially soluble in
glycerol and methanol, however the levels of leaching were found to be
relatively low with less than 0.34 wt % of the catalyst. It had been
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Fig. 12. Reaction mechanism for the formation of glycerol carbonate from glycerol and dimethyl carbonate [90].

Fig. 13. Reaction mechanism for the base catalysed decarboxylation of glycerol carbonate to glycidol [93].

postulated that the poor reusability was due to carbonation and hy-
dration of CaO when exposed to air as had been reported in the
manufacturing of biodiesel [95]. This was found to be false when Li and
Wang [96] reported that the deactivation of CaO was due to the for-
mation of a basic calcium carbonate (Cax(OH)y(CO3)2) after interaction
with glycerol and dimethyl carbonate.

To overcome the limitations associated with used CaO catalyst, cal-
cium diglyceroxide was suggested as a reusable catalyst, formed through
the reaction of CaO and glycerol. A yield of greater than 95 % could be
obtained with excellent reusability observed over 5 reaction cycles. The
stability and reusability of CaO can also be improved through use of a
support such as activated alumina [97]. Lu et al. [97] reported the use of
CaO supported on activated alumina extrudates using polyacrylamide as
a pore forming agent. The catalyst showed higher stability than un-
supported CaO, with the yield decreasing from 90.57 % to 62.53 % after
6 reaction cycles. This is a marked improvement when compared to
unsupported CaO. The introduction of additional basic species on the
surface of CaO has also been shown to improve the stability and activity.
The doping of the surface of CaO with potassium nitrate increased both
the activity and stability when compared with plain CaO [89]. A 15 wt
% loading of KNO3 maintained a glycerol conversion of greater than 95
% over 5 recycles, with a constant glycerol carbonate yield of between
83-85 %. Similarly supporting lithium chloride on CaO increase the
yield and stability, with a yield greater than 6.5 % higher than pure CaO
[98]. A yield of over 80 % could be maintained over 5 recycles.

One positive aspect of CaO is that it can be prepared from abundant
and renewable natural sources, often from materials that would be
classified as waste which allows the development of a more circular
economy. The use of CaO from renewable sources may offset the limited
reusability of the catalyst without calcination to regenerate the active
sites. Roschat et al. [99] investigated the use of CaO derived from
various renewable sources such as cockle shells, golden apple snail shells
and egg shells. Sources such as shells consist of mainly CaCO3 which can
be phase transformed to CaO by calcination at high temperature. It was
found that CaO derived from cockle shells was the most active catalyst
due to a higher surface area and greater number of basic sites, with a
92.1 % yield of glycerol carbonate in 2 h. However, it should be noted
that all sources of CaO outperformed commercial CaO catalyst. Another
waste, an eggshell is rich in CaCO3. CaO was derived by Praikaew et al.
[100] via calcination at 900 °C for 2.5 h in a Ny atmosphere. The basic
strength of CaO eggshell is very high, with a total basicity of
0.481 mmol/g. The highest achieved results were a glycerol conversion
of 96 % and a glycerol carbonate yield of 94 %. The effect of CaO syn-
thesis method from waste egg shells was investigated by Changmai et al.
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[101] who found that microwave synthesis yielded higher activity when
compared with furnace and calcination synthesis. The higher level of
activity was attributed to a higher surface area and smaller particle size
which led to a high density of active sites. Regeneration of active sites
could be achieved by calcination of the catalyst at 400 °C for 4 h,
resulting in only a marginal decrease in glycerol carbonate yield over 6
reaction cycles.

3.3.2.2. Magnesium oxide. Ochoa-Gémez et al. [90] first used magne-
sium oxide (MgO) and found it to be less active in comparison to both
CaO and CaCOs. The activity of commercial MgO was found to be un-
affected by calcination with similar yields obtained by both. To address
the low activity of commercial MgO, Simanjuntak et al. [102] syn-
thesised MgO with the use of the surfactant - pluronic F127. MgO
generated from Mg(NO3),.6 HO and pluronic F127 was more active
(75.4 % yield of glycerol carbonate after 90 min) when compared to
MgO prepared from direct calcination (11.1 % yield) and through pre-
cipitation with Mg(NOs)2.6 Hy0 in potassium hydroxide solution (16.0
% yield). The higher activity was attributed to greater concentration of
basic sites 0.48 mmol/g (H_ > 9.8) and highly basic sites 0.38 mmol g-1
(H_ > 15) in comparison with MgO from calcination 0.09 mmol g-1 (H_
> 9.8) due to a higher amount of surface o* species.

The morphology of MgO also has a marked effect on the catalytic
activity [103]. Trapezoidal MgO exhibited a higher activity (95 % yield
after 1 h at 70 °C) in comparison to rod-like, spherical, flower and
nest-like morphologies (<6.5 %). Converse to previous catalysts re-
ported the high activity of trapezoidal MgO could not be attributed to a
higher basicity, as it illustrated the weakest basicity of all morphologies.
Higher reaction efficiency was linked to a smaller ratio of O:Mg (1.02)
which gave ride to better interactions with the reactants — higher
number of oxygen atoms would result in a greater electron repulsion
force. Impregnation of MgO with K2COs is also effective in increasing
the efficiency for the reaction [104]. A 20 wt % loading can increase the
yield of glycerol carbonate from 15.2 % to 98.6 % with 1 wt % catalyst
loading at 80 °C after 2 h.

3.3.2.3. Other single metal oxides. Alumina (Al;03) based catalysts have
also been reported for glycerol carbonate synthesis. Whilst alumina itself
has a low level of activity for the reaction, it can be functionalized
through the impregnation of other active species. Sandesh et al. [105]
found that y-AlpO3 was the most effective support for impregnating
potassium fluoride (KF) out of the supports tested (a-AloO3, SiO5, H-beta
zeolite, ZnO, ZrO5 and carbon). The activity is attributed to the higher
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amount of strong basic sites formed with y-Al,O3. These strong basic
sites were attributed to the presence of F” and OH' species formed by the
interaction of KF with Al,O3. Impregnation of Al;03 with sodium hy-
droxide (NaOH) is also an effective way of increasing the activity of
alumina [106]. A 20 wt % loading of NaOH increased the basicity of the
catalyst to 1.63 mmol/g. Interestingly further increase in NaOH loading
resulted in a decrease in basicity, due to the formation of sodium
aluminate from NaOH and Al,O3. Furthermore, Elhaj et al. [107] con-
ducted the preparation of KNO3/Al;,O3 nanoparticles using the
impregnation method. Active species of K0 are well dispersed on Al,O3
support. At medium and high temperatures, the peaks of the
KNO3/Al,03 TPD profile are more pronounced, and it has the highest
COy adsorption volume at 1.38 mmol/g. After each run, the
KNO3/Al;03 recycling studies were subjected to calcination at a tem-
perature of 800 °C for a duration of 5 h. In the fourth cycle of catalyst
recycling, the glycerol conversion and glycerol carbonate output ach-
ieved percentages of 90.32 %g % and 58.08 % respectively.

Lanthanum oxide (LapO3) has also been reported for the reaction.
The activity of pure LapO3 could be enhanced through hydrothermal
preparation using polyethylene glycol (PEG) as a pore-expanding agent
[108]. Using PEG-20000 as the pore expanding agent (5 times excess of
metal nitrate precursor) the basic strength and number of basic sites of
Lay03 was improved when compared to LayO3 prepared without the use
of PEG-20000. This effect is highlighted in the increase in yield of
glycerol carbonate from 40 % to 99.4 % under similar reaction condi-
tions. Surface area, pore diameter and pore volume all increased as a
result of the use of a pore-expanding agent. Similarly impregnation of
Lay03 with lithium (Li) can also improve the activity due to an increase
in strong basic sites [109]. A 3.5 mol % loading of Li/ LayOs calcined at
600 °C gives 94.4 % glycerol conversion with 92.1 % glycerol carbonate
selectivity (85 °C, mole ratio glycerol to dimethyl carbonate of 1:3,0.1 g
catalyst, 3 h). To improve the basicity of La;Os, it was doped with alkali
and alkaline earth metals (Li, Na, K, Mg, Ca, Sr, and Ba) at a concen-
tration of 25 mol % and doped Lay,O3 was calcined at 600 °C. The Na
doping LayO3 had the highest glycerol conversion (85 %) and glycerol
carbonate yield (60 %) [110].

Functionalization of both zirconium oxide (ZrO-) and zinc oxide
(ZnO) with Li has been reported for the reaction. Kaur et al. [111] found
that Li was the most active out of a range of alkali and alkaline metals
(Li, Na, K, Ca and Mg) when loaded on ZrO,. Interestingly it was found
that a wet impregnation method provided a more active catalyst than
that prepared by co-precipitation. This was due to the formation of
monoclinic LipZrOs as the major phase when wet impregnation was
used. Song et al. found that the activity of Li doped ZnO catalysts could
be attributed to the substitution of Zn?>* by Li* in the ZnO lattice and the
presence of [LitO] species [112]. Calcination temperature was key to
catalyst activity, with higher temperatures promoting the substitution in
the lattice, transforming weak and medium basic sites into strong basic
sites. Optimal calcination temperature was found to be 500 °C, with
further increase resulting in the destruction of strong basic sites. Liu
et al. [113] prepared catalysts, including ZrO,—KOH-CP, ZrO,-KOH and
ZrO,-NH4OH. The ZrOo-NH4OH catalyst had a maximum BET surface
area of 247 m%/g, whereas the ZrO,-KOH sample showed a slightly
lower BET surface area of 209 m2/g. However, it is interesting that the
ZrO,-KOH catalyst exhibited a much higher total basicity compared to
the other catalysts. The best results of 99.43 % glycerol conversion and
glycerol carbonate yield were achieved with 100 % of selectivity.

Titanium-based materials were used as a catalyst in the process of
transesterification. The Na/TiO, catalysts were synthesised using the
wetness incipient approach, as reported by Jaiswal et al. [114]. The use
of a TiO support, along with a 10 wt % Na loading and a calcination
temperature of 900 °C, results in the formation of the pure sodium
hexatitanate (NayTigO13). The presence of sodium metal within the TiOy
lattice results in a reduction in both the BET surface area and pore
volume. Nevertheless, it has been found that the basic strength of
10TNO lies in the range of 15 <H_< 18.4, resulting in an increase of the
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amount of basic sites to 30.5 mmol/g. The catalyst loading was at 3 wt %
exhibited a selectivity of 96.4 % for glycerol carbonate, with a yield of
94.5 % and a conversion rate of 98.5 %. Pristinedosium titanate nano-
tube (NaTNT) was prepared by Scheid et al. [115] with different calci-
nation temperatures. Additionally, a significant decrease in both the
specific surface area and total pore size was observed at temperatures
reaching 500 °C. Conversely, using NaTNT, NaTNT500, and NaTNT700,
which revealed higher values of glycerol conversion (100 %), GC yield
(96 %) and GC selectivity (96 %). (Tables 12-14).

3.3.3. Mixed Metal Oxide Catalysts

Mixed metal oxides (MMOs) are oxides which contain two or more
different metal cations [116]. MMOs are synthesised with a view of
increasing catalytic activity through increased amounts of basic sites or
increased surface area. Typically MMOs catalysts are synthesised using a
co-precipitation method, although methods such as impregnation and
sol-gel can also be used [94]. First the metal salts are precipitated from
solution by the addition of a base at an appropriate pH. The obtained
solid metal hydroxides are then calcined under a specific atmosphere to
obtain the mixed metal oxide catalyst.

3.3.3.1. Binary Systems. Binary mixed metal oxide systems are those
consisting of two different metal cations. For the production of glycerol
carbonate from DMC and glycerol, significant research has focused on
lanthanum (La) as one of the binary components. Simanjuntak et al.
[117] prepared magnesium-lanthanum mixed oxide catalysts by a
co-precipitation method. Surface area of the catalysts increased with
increasing magnesium to lanthanum mole ratio, however catalyst ac-
tivity was found not to be proportional to surface area. MgsLa; exhibited
the highest basicity (0.39 mmol/g) and was 2.1 times more active than
pure lanthanum oxide. Interestingly the catalyst activity was affected by
choice of precipitating agent, with a mixture of potassium hydroxide and
potassium carbonate the most effective. Zinc-lanthanum mixed oxides
have also been reported with both Zn4La; and Znpla; providing
reasonably high conversion and selectivity [118]. Zn4La; gave a glycerol
carbonate yield of 95.7% at 150 °C, dimethyl carbonate to glycerol mole
ratio of 6:1, 0.5 wt% catalyst and 2 h reaction time. Whilst the catalyst
exhibited deactivation upon reuse it could be regenerated through
calcination. Similarly with calcium-lanthanum mixed oxides increasing
the calcium to lanthanum mole ratio resulted in increased activity
[119]. The catalyst 3CaLa yielded 74% glycerol carbonate at 90 °C,
dimethyl carbonate to glycerol mole ratio of 5:1, 0.217 g catalyst and
1.5h reaction time. Song et al. [120] prepared porous
lanthanum-zirconium catalysts using P123 as a soft template. The pre-
pared La-Zr catalyst was not as active as pristine LayO3 giving only
15.97% glycerol conversion compared to 70% under similar conditions.
The activity could be increased with impregnation of a 0.3 mass ratio of
potassium fluoride. The interaction of KF with La-Zr lead to the forma-
tion of a Lewis base yielding strong and super basic sites, increasing
yield to 91.77% under similar conditions. A lanthanum-cobaltite
perovskite material was prepared by sol-gel method by Phadtare et al.
[121]. It was found that metal oxide precursor, ratio and crucible ma-
terial had a strong effect on the catalyst activity. Lanthanum nitrate and
cobalt acetate were found to be the best precursors in a 1:2 ratio using a
porcelain crucible and calcined at 900 °C. These preparation conditions
resulted in the formation of a highly crystalline LaCoOs perovskite phase
with 40% LapO3 phase also contributing to the basicity. Continuous
synthesis of glycerol carbonate has been reported by Pattanaik et al.
[122] wusing iron and lanthanum mixed oxides prepared by
co-precipitation. A highly active LaFeOs phase could be obtained ata 1:1
molar ratio of metals, giving a greater number of strong acidic and basic
sites. The catalyst exhibited excellent stability with 100 h on stream,
yielding 71% glycerol carbonate at 240 °C, dimethyl carbonate to
glycerol mole ratio of 4:1 and 1 g of catalyst.

Magnesium is another binary component which has been extensively
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Table 12
Physical properties and performance of different single component metal oxides catalysts for the transesterification of glycerol with DMC.
Catalyst Physical properties Operating parameter Performance Ref
BET surface Total basic site amount Temp Time Mole Ratio of DMC  Catalyst Solvent
area (mmol CO,/g catalyst) (O] (min) to glycerol loading
(m*/g)
CaO - calcined at 900 °C - - 75 90 5:1 10 mol % - C=941% [90]
Y=911%
CaO (waste cockle shells) — 3.5 0.2074 80 120 31 3wt % - Y=921% [99]
calcined at 800 °C
CaO (waste eggshells) 4.92 0.481 60 180 2.5:1 9 mol % - Y=94% [100]
— calcined at 900 °C C=96%
S =100 %
Ca0/Al,;03 (polya,3) 29.35 - 80 300 3:1 15 mol % - C=95.39% [97]1
— calcined at 800 °C Y =90.57 %
5 wt % KNO3/CaO - 0.12 70 120 3:1 10 mol % - C=99.23 % [89]
— calcined at 700 °C Y =89.38 %
10 wt % LiCl/CaO 3.2822 - 65 20 1:1 10 wt % Ethanol Y=942% [98]
— calcined at 600 °C
MgO - calcined at 900 °C - - 75 90 5:1 10 mol % - C=124% [90]
Y=121%
%
MgO - pluronic F127 47 0.39 90 90 2:1 5wt % - Y=754% [102]
Trapezoidal MgO 31.8 - 90 120 1:3 3wt % Ethanol Y =196.2% [103]
20 wt % K,CO3/MgO 25.74 - 80 120 2.5:1 1wt% - Y =99.0% [104]
3.8 mmol KF/y-Al,03 20.4 217 75 120 2:1 5wt % DMF Y =95.8% [105]
80 wt % NaOH/y-Al,03 21.7 0.50 78 60 2:1 3 wt% - C=979% [106]
S =99.0%
30 wt % KNO3/Al;03 5.90 1.38 70 120 2:1 0.75 mol - Y =31.60 % [107]
— calcined at 800 °C % C=09512%
5wt %
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to Catalyst Solvent
area CO,/g catalyst) [(9)] (min) glycerol loading
(m?%/g)
La,03 (PEG 20000) 11.27 - 85 30 5:1 5wt % - Y =99.4% [108]
3.5 mol% Li/LayO3 1.9 0.7409 85 180 3:1 01g - C=944% [109]
S=921%
25 mol% Na/LayO3 31.94 5.6 pmol m?2 70 120 3:1 0.10g - Y=60% [110]
— calcined at 3.33% C=85%
600 °C wt
20 wt% Li/ZrOy - 2.10 95 120 3:1 5 wt% - Y=91% [111]
1 wt% LiNO3/ZnO - - 95 240 2:1 5 wt% - Y =95.8% [112]
ZrO,-KOH 209 1.226 80 120 31 3 wt% - Y =99.43 % [113]
C=99.43%
S =100 %
10 wt% Na/TiO, 7.721 30.5 920 920 2:1 3 wt% - Y=945% [114]
C=985%
S =96.4%
NaTNT- calcined at 19 - 75 90 2:1 2 Wt% - Y =96 % [115]
700°C C =100 %
S=96 %

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate

researched. Khayoon et al. [123] reported the wuse of
magnesium-calcium mixed oxide catalysts prepared by a
co-precipitation method. All Mg-Ca mixed oxide catalysts prepared
exhibited higher basicity when compared to pristine MgO and CaO. It
was found that by increasing the ratio of Mg that the surface area, pore
volume, and number of basic sites all increased. The catalyst
Mg 2Cag O3 had the highest activity of the prepared catalysts, exhibi-
ted higher activity than conventional hydrotalcite under the same re-
action conditions. Li/Mg composite was reported by Liu et al. [124]. As
the molar ratio of Li to Mg increased, the weak basic sites were trans-
formed into the medium and strong sites, respectively. The maximal
glycerol yield (90.61%) was achieved at a molar ratio of 4 between Li
and Mg. MgO was also synthesised by co-precipitation with CuO, MnOy
and CrO,, reported by Jaiswal et al. [125] By doping Mg onto MnOs, the
surface area can be increased. MgCusOshad a pore diameter of
64.25 nm, which was considerably larger than MgMny04 (58.65 nm).
MnO; and CuO doped to Mg, which improved the total basicity and basic
strength of the catalyst. MgCu4Os exhibited a lower basic site than
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MgCu4Os5 (18.86 mmol/g). According to Pradhan et al. [126], MgCro04
exhibited remarkable catalytic activity and contributed to a 98% con-
version of glycerol, which is significantly higher than MgV,04 (82%
conversion of glycerol). In contrast to MgV,04, MgCry04 exhibited a
significantly higher efficiency due to its higher crystallite size and higher
total basicity (17.63 mmol/g), both of which are fundamental properties
that enhance the catalytic activity of heterogeneous catalysts. Magne-
sium titanate (MgTiO3) catalyst was synthesised by simple
co-precipitation route. The main reasons for its 88% selectivity and 93%
conversion are its high surface area and strong basicity catalyst [127].
The presence of MgO to the g-C3N4 resulted in an increase in the specific
surface area, pore volume, and pore size. According to the results report
by Reisi and Chermahini [128], the catalyst 6MgO/CsN4 shown the best
catalytic activity due to its good basic strength. The total CO5 desorption
was measured to be 0.196 mmol/g. Consequently, the conversion, yield,
and selectivity were determined to be 98.3%, 97.1%, and 95.5%,
respectively. Magnesium-zirconium catalysts can be prepared via a
self-induced assembly route with Pluronic P123 as a structure directing
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Table 13
Physical properties and performance of different mixed metal oxide catalysts for the transesterification of glycerol with DMC.
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to ~ Catalyst  Solvent
area CO,/g catalyst) (O] (min) glycerol loading
(m*/g)
MgsLa; 43.4 0.39 85 90 2:1 5 wt% - Y=813% [117]
ZnyLa,; 33.54 0.256 150 120 6:1 0.5 wt - Y=957% [118]
% C=985%
S=972%
3Cala 33 0.771 90 90 5:1 0.217 g - Y=740% [119]
C=94.0%
0.3 wt% KF/LaZr 14.49 - 80 60 2:1 1 wt% - Y=91.77% [120]
S =99.00 %
LaCoO3 7.89 0.2503 120 90 31 5 wt% DMF C=098.0% [121]
S=77.0%
LaFeO3 — on stream 16.4 1.413 240 6000 2:1 lg - Y=71% [122]
S =100 %
Mg 2Cag g0z 31.7 1.486 70 90 2:1 030¢g - Y =100 % [123]
C =100 %
MgiZro 54.19 - 70 180 5:1 15 wt% - Y=88% [129]
Li/Mg: 4 molar ratio 13.62 - 80 120 3:1 4 wt% - Y =90.61 % [124]
— calcined at 100 °C C=92.05%
S =98.44%
MgMn,04 — calcined at 14.94 18.86 90 75 4:1 5 wt% - Y=94% [125]
400 °C C=97%
MgCuyOs — calcined at 2.64 10.56 90 75 4:1 5 wt% - Y=71% [125]
400 °C C=83%
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time (min) Mole Ratio of DMC to Catalyst Solvent
area CO,/g catalyst) (O] glycerol loading
(m*/g)
MgCr04 28.7 17.63 85 80 4:1 5 wt% - Y =957 % [126]
C=98%
S =196.48 %
MgTiOj3 — calcined at 27.58 11.46 90 180 6:1 12 wt% - C=93% [127]
800 °C S=288
6MgO/g-CsN4 43.4 0.196 80 240 31 30 mg - Y=971% [128]
C=98.3%
S=955%
MgsCeyq 122 0.291 90 920 5:1 15 wt% - Y=86% [131]
S =100 %
MgsNi; 27 0.511 90 90 4:1 4 wt% - Y=82% [132]
Cag ¢Zr1 167 0.138 90 LHSV 31 3 mL - C=97% [133]
=15h" S=93%
1:2 Ni/CaO (NDW) - 35.65 90 90 31 3 wt% - Y =94.02 % [134]
300 mg C =99.2%
S=95%
Si0,-Na,0 (2:1) 6.2 16.4 75 90 4:1 4 wt% - Y=941% [135]
C=96.3%
Al,03-ZrO5-1 F 168 0.1053 110 90 2:1 01lg - Y=952% [136]
C =100 %
S=952%
MgsAl; Zry - - 75 90 5:1 10 wt% - Y=94% [137]
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to Catalyst ~ Solvent
area CO,/g catalyst) Q) (min) glycerol loading
(m®/g)
MgsZr;iSry - - 90 90 5:1 03g - C=96% [138]
S=56%
Mgs 4Al; 0Cup e 165.2 0.98 90 920 5:1 15 wt% - Y=912% [139]
C=96.4%
5 wt% Ce/CaO- 5.80 2.50 85 90 4:1 4 wt% - Y=91.74% [140]
MgO C=9557%
CoFe;04/Ca0- 11.58 - 85 150 5:1 5 wt% - C=97.7% [91]
ZnO S=99.2%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate.

agent [129]. A magnesium to zirconium ratio of 1:2 exhibited the
highest activity. This was attributed to its highly basic nature with a
lower pore size and well dispersed MgO. The catalyst gave a glycerol
carbonate yield of 88% after 3 h at 70 °C, dimethyl carbonate to glycerol
mole ratio of 5:1 and 15 wt% of catalyst. Li et al. [130] also studied the
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effects of the preparation method (co-precipitation, hydrothermal pro-
cess) and Mg/Zr ratio. The molar ratio of Mg/Zr exerts a substantial
influence on the basicity of catalysts that consist of Mg-Zr oxide. Among
all the catalysts, Mg;Zr, has the highest number of total basic sites. In
addition, the catalyst that was synthesised using the hydrothermal
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Physical properties and performance of different layered double hydroxides catalysts for the transesterification of glycerol with DMC.

Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol  Temp Time Mole Ratioof DMCto  Catalyst  Solvent
area CO,/g catalyst) (€] (min) glycerol loading
(m*/g)
MgsAly - 0.64 100 60 5:1 0lg Y =98% [143]
Mg4Al; (hierarchical) 223.52 0.0146 90 240 5:1 10 wt% Y=84% [146]
0.5 mmol/g Ni/ 248 0.55 100 120 31 10 wt% Y =55% [147]
MgoAly S =100 %
(A1F6)3'/MgAl 177 0.269 110 180 3:1 03g Y=953% [148]
C =100 %
S=953%
MgoAly 219 0.51 100 120 31 10 wt% 1,4- Y =66 % [149]
butanediol S =100 %
5 wt% Li/Mg4Al10s5 52 3.11 80 90 31 4 wt% Y=96.28% [150]
C =100 %
S =96.28%
Cay sMgi 5AlL o - - 80 180 31 5 wt% Y=45% [151]
5 wt% KF/ - - 80 30 31 5 wt% Y =99% [151]
Cay sMgi1.5Al10
CaMgAl (895 steel 40.27 0.99 75 90 3:1 3 wt% Y =96.2% [152]
slag) C=983%
$=97.9
[BMIM][OH]/ - - 75 120 3:1 3 wt% Y=95% [153]
CaMgAl C=96.1%
(S95 steel slag)
[APmim]OH/ZIF-8/ 431.66 1.47 75 80 3:1 3 wt% Y =96.5% [154]
LDH C=98.6%
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to Catalyst  Solvent
area CO,/g catalyst) Q) (min) glycerol loading
(m?/g)
CaAl 16 - 90 180 3.5:1 0.15¢g C=79% [155]
S =60 %
CaAl - calcined at 4 - 90 180 3.5:1 0.15¢g C=97% [156]
750 °C S=85%
MMO-Cu;5Zn;s 218 3.28 85 270 2:1 7.5 wt - Y =285.1% [157]
% C=95.6%
S=89.0%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate

method has a larger specific surface area, smaller grain size, and higher
dispersion. The catalyst Mg;Zro-HT, after undergoing calcination at
600 °C in a nitrogen atmosphere, exhibited the best catalytic activity,
achieving a conversion of 99% and a selectivity of 96.1%. Para-
meswaram et al. [131] investigated the use of magnesium-cerium mixed
oxide catalysts. Increasing the amount of Mg led to increased activity of
the catalysts, with MgsCe; the most active exhibiting strong basic sites.
The presence of cerium was found to be important to increase the yield
of glycerol carbonate, with magnesium important for glycerol conver-
sion. A calcination temperature of 650 °C produced well formed CeO,
phases and well dispersed MgO. A similar trend of increased basic
strength with increased magnesium amount was found by Pradhan et al.
[132] when preparing nickel-magnesium mixed oxide catalysts. A
MgsNi; catalyst exhibited the highest activity due to a higher basic
strength because of the increased magnesium loading. An 82% yield of
glycerol carbonate was achieved after 90 min at 90 °C, dimethyl car-
bonate to glycerol mole ratio of 4:1 and 4 wt% of catalyst.

Mesoporous calcium-zirconium mixed metal oxides have also been
prepared through template free co-precipitation [133]. Zhang et al.
[133] found that increasing the amount of Ca present resulted in an
increase in the basic strength of the prepared catalysts with CaggZr;
having 138 pmol/g of basic sites compared to 43 pmol/g of pure zir-
conia. The contribution of strong basic sites is roughly 4 times higher in
Cag ¢Zr; than pure ZrO2. When employed in a continuous flow set-up the
Cag eZr; catalyst exhibited 97% glycerol conversion and 93% selectivity
towards glycerol carbonate at 90 °C, dimethyl carbonate to glycerol
mole ratio of 3:1, 3 mL of catalyst and a liquid hourly space velocity

(LHSV) of 1.5h™\. In addition, a nickle oxide was doped into CaO to
synthesised Ni-modified distillation waste (NDW) by the wet impreg-
nation process with 2:1 Ni/ca atomic ratio [134]. The catalyst consists of
two types of CaO and NiO crystals, each with an average particle size of
25.68 nm, exhibiting a varied spheroidal shape. The moderate basicity
of the catalyst is indicated by the 35.65 mmol/g of basic sites. The
catalysts revealed an increased conversion of 99.2% for glycerol car-
bonate and a higher selectivity of 95%, with a yield of 94.02%.

Mixed metal oxides of SiOy and NapO known as water glass have
been prepared by Xu et al. [135] with differing modulus values (the ratio
of SiO; to Nay0). The catalyst with a modulus value of 2 was chosen as
the best catalyst due to a high surface area, relatively high total basicity
and due to less sodium hydroxide being required during preparation.
The catalyst exhibited a 94.1% yield after 90 min at 75 °C, dimethyl
carbonate to glycerol mole ratio of 4:1 and 4 wt% of catalyst. Wang et al.
[136] reported another mixed metal oxide consisting of ZrO5 and Al;O3,
with the same AI**/Zr*" atomic ratio of 0.2 and different F/Al molar
ratios (n = 0, 0.5, 1, 2). It is noted that the presence of AI*t and (A1F6)3'
to ZrOz not only increased the acidity but also significantly enhanced the
basicity of the AlyO3-ZrO,-nF catalysts. Additionally, F content also
impacted both the strength and the distribution of acidic-basic sites on
the catalysts. Glycerol carbonate was produced with a high selectivity of
95.2%, a glycerol conversion of 100%, and a yield of 95.2% through
Aleg—Zl’Oz—l F.

3.3.3.2. Non-Binary Systems. Mixed metal oxide catalysts can also be
made of three (ternary) or four (quaternary) different metal
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components. Malyaadri et al. [137] reported the use of a ternary mixed
metal oxide consisting of magnesium, aluminium and zirconium. The
most active catalyst consisted of Mg as the main component with a Mg:
Al:Zr ratio of 3:1:1. MAZ-311 yielded 94% glycerol carbonate after
90 min at 75 °C, dimethyl carbonate to glycerol mole ratio of 5:1 and
10 wt% of catalyst. A similar ternary mixed metal oxide was reported by
Parameswaram et al. [138] consisted of magnesium, zirconium and
strontium. Again, a high loading of magnesium was found in the most
active catalyst with a Mg:Zr:Sr ratio of 3:1:1. However this catalyst
suffered from low selectivity to glycerol carbonate compared to that
reported by Malyaadri et al. [137]. A glycerol conversion of 96% and
selectivity of glycerol carbonate of 56% was achieved after 90 min at
90 °C, dimethyl carbonate to glycerol mole ratio of 5:1 and 0.3 g of
catalyst. A copper based mixed metal oxide consisting of magnesium,
aluminium and copper has also been investigated [139]. The catalyst
consisting of Mgz 4Al; oCug e had the highest density of strong Lewis
basic sites yielding 91.2% of glycerol carbonate after 90 min at 90 °C,
dimethyl carbonate to glycerol mole ratio of 5:1 and 15 wt% of catalyst.
Arora et al. [140] synthesised a ternary system through the calcination
of marble waste to give a mixture of calcium and magnesium oxide,
which was then loaded with cerium oxide through a wet impregnation
method. Whilst loading ceria decreased the surface area of the catalyst,
the presence of both Ce®* and Ce** species were shown to create oxygen
vacancies which increased both the catalyst activity and stability. A 5 wt
% loading of Ce calcined at 850 °C gave a glycerol carbonate yield of
91.74% after 90 min at 85 °C, dimethyl carbonate to glycerol mole ratio
of 4:1 and 4 wt% of catalyst.

One quaternary system has been reported by Zhang et al. [91] con-
sisting of a magnetic mesoporous CoFe;04 supported on calcium and
zinc oxide. CaO-ZnO was found to be the best support when compared to
CoFey04/Ca0-Ce0, and CoFep04/CagpAl14033. This was due to the
higher peak strength and therefore the presence of more moderate acidic
sites. The magnetic nature of the catalyst also offers easy separation
from the reaction mass. The catalyst achieved a 97.7% conversion of
glycerol and a 99.2% selectivity towards glycerol carbonate after 2.5 h
at 85 °C, dimethyl carbonate to glycerol mole ratio of 5:1 and 5 wt% of
catalyst.

3.3.4. Layered double hydroxides

Layered double hydroxides (LDHs), hydrotalcite-like materials or
anionic clays, are a type of layered material consisting of positively
charged brucite-like layers with an interlayer region containing charge
compensating anions and solvation molecules [141]. A general formula
for a LDH is [M11,M3*(OH);]1[A™],/n.zHo0 where M2 + is typically
Mg2+, Zn?* or Niz+, M3 is typically Al3+, Ga3+, Fe3t or Mn3+, A" is
typically CO%, CI', SOF or RCO? and x is typically between 0.2 and 0.4.
Layered double hydroxides have a number of interesting properties
including their ease of synthesis, uniform distribution of metal cations,
surface hydroxyl groups, flexible tunability and high chemical and
thermal stability to name a few [142]. They can be synthesised through
co-precipitation, ion-exchange or reconstruction/rehydration synthesis
methods.

The mineral, hydrotalcite, was one of the first LDHs discovered with
a formula [MggAl3(OH)16]1(CO)3.4 HoO. The use of an uncalcined MgAl
hydrotalcite prepared by co-precipitation was first reported by Takagaki
et al. [143]. When ranging the Mg/Al ratio from 2 to 5, a higher ratio of
5 was found to give the highest basicity of 0.64 mmol/g. This high ratio
was found to also form a hydromagnesite phase of
Mgs5(CO3)4(OH)2.4 HoO. The activity of the catalyst was attributed to
the hydrotalcite formed, with the hydromagnesite exhibiting poor ac-
tivity. The hydromagnesite however was shown to absorb glycerol,
bringing it closer to the active sites of the hydrotalcite and improving the
activity. Hsu et al. [144] also found that basicity increased with
increasing Mg/Al ratio, with a Mg/Al ratio of 5 was also found to be the
most active catalyst.

This promotional effect of hydromagnesite was further investigated
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by Kumar et al. [145]. Through glycerol absorption studies it was found
that hydomagnesite absorbed 0.68 mmol of glycerol compared to 0.52
absorbed by pure hydrotalcite, with a mixture of both absorbing
1.22 mmol of glycerol. It was found that whilst glycerol carbonate yield
increased throughout the reaction, almost complete uptake of glycerol
was observed at the initial stage of the reaction facilitated through the
adsorption of glycerol onto hydromagnesite.

The effect of MgAl layered double hydroxide morphology was
investigated by Sun et al. [146] through the preparation of
three-dimensional hierarchical flowerlike catalysts. The catalysts were
prepared through a sacrificial template coprecipitation method using
y-Al;03 with an Mg/Al ratio of 4. When comparing conventional LDH
with the 3D hierarchical structure, conversion could be increased from
13% to 26.3% under similar conditions due to an increase in both sur-
face area, and more importantly basicity which increases from 0.3
pmol/g to 1.29 pmol/g. Surface area and basicity of the 3D hierarchical
structures could be further increased by calcination at 500 °C achieving
a surface area of 223.52 m?/g and high basicity of 14.64 pmol/g. As a
result of this glycerol conversion increased to 85.6%. The increase in
activity from calcination is attributed to the presence of OH Brgnsted
sites, Mg/MO pairs and strong 0% Lewis basic sites.

To further increase the activity of Mg/Al LDHs Liu et al. [147]
investigated the effect of metal doping. The catalysts were prepared by a
homogeneous precipitation method and doped with metals (Cr, Mn, Fe,
Co, Ni, Cu and Zn) using a calcination-reconstruction process. Using
0.5 mmol metal/g hydrotalcite precursor lithium was found to be the
most active dopant. Similarly, Zhang et al. [148] investigated MgAl LDH
promotion through modification with fluorine containing (AlFg)*. The
basic strength and number of basic sites increased with the fluorine
content, until a ratio of F/Al of 1. With loading of fluorine, the glycerol
conversion could be increased from 57.8% of pure MgAl LDH to com-
plete conversion.

It is also possible to prepare mixed metal oxide materials from LDHs
through calcination. Liu et al. [149] prepared MgAl LDHs through a
co-precipitation method and subsequent calcination to give mixed oxide
catalysts. The surface area of the LDHs decreased with increasing Mg/Al
ratio with a similar trend found in the mixed oxide catalysts. However,
calcination of the LDHs to mixed oxides resulted in an increase in the
surface area. For a Mg/Al ratio of 6, the LDH had a surface area of
16 m?%/g with the mixed oxide having a surface area of 155 m?/g. A good
correlation between the number of basic sites and activity was found
with a Mg/Al ratio of 2 calcined at 600 °C giving the highest basicity of
2.3 pmol/g. The high activity of the calcined catalyst was attributed to
the presence of weak OH sites, medium Mg-O pair sites and strong 0
sites. A similar trend of increased LDH activity by calcination to mixed
oxides was found by Liu et al. [150]. The activity of the calcined LDH
(Mg/Al ratio of 4) could be further enhanced through incorporation of
lithium nitrate (LiNO3) resulting in an increase in the number of basic
sites. The MgAl oxide gave a 52.09% yield of glycerol carbonate which
could be increased to 96.28% yield through incorporation of 5 wt%
LiNOs. For comparison 5 wt% LiNO3 on MgAl LDH gave 88.35% glyc-
erol carbonate yield.

Calcium, magnesium and aluminium LDHs have also been reported
for the reaction [151]. A CaMgAl LDH with a ratio of 1.5/1.5/1
exhibited low activity for the reaction, with only 45% glycerol carbonate
yield after 3 h at 80 °C, a dimethyl carbonate to glycerol mole ratio of
3:1 and 5 wt% catalyst loading. The activity of CaMgAl LDH could be
dramatically improved through loading of 5 wt% KF, giving a 99%
glycerol carbonate yield in 30 min under the same conditions. The effect
of solvents was also found to inhibit the formation of glycerol carbonate.
It is possible to synthesis CaMgAl hydrotalcite type mixed oxides from
waste material, such as waste steel slag [152]. The catalysts were pre-
pared through acidolysis, co-precipitation and calcination from S95
steel slag. The basicity of the prepared catalysts was found to increase
with increasing calcination temperature. A high calcination temperature
of 800 °C was found to increase glycidol formation, therefore 600 °C
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was found to be optimum giving a 96.2% glycerol carbonate yield after
90 min at 75 °C, a dimethyl carbonate to glycerol mole ratio of 3:1 and
3 wt% catalyst loading. The activity of the waste steel slag catalyst could
be improved through intercalation with basic ionic liquids [153]. Liu
et al. [153] tested 5 different ionic liquids — [BMIM][CH3COO], [BMIM]
[HCOO], [BMIM][OH], [BMIM][Br] and ChOH. [BMIM][OH] was
found to be the most active and drastically improved the activity of the
catalyst. Liu et al. [154] also synthesised ZIF-8 modified by ionic liquid
and dispersed evenly in the CaMgAl hydrotalcites to prepare [APmim]
OH/ZIF-8/LDH. The dispersion of [APmim]OH/ZIF-8 among hydro-
talcites serves to improve the alkaline strength of catalyst and prevent
the aggregation of ZIF-8. Furthermore, it should be noted that hydro-
talcites exhibit an increased specific surface area of 431.66 m%/g. The
glycerol conversion achieved a high value of 98.6%, while the yield of
glycerol carbonate reached 96.5% at 75 °C and the reaction time was
80 min

Granados-Reyes et al. [155] reported the use of CaAl LDHs for the
reaction. The effect of metal salt precursor and ageing techniques such
as microwave, conventional heating, refluxing of autoclave was inves-
tigated. However no significant differences were found in any of the
catalysts synthesised, with similar surface and basic characteristics. The
effect of calcination temperature on these catalysts was further studied
by Granados-Reyes et al. [156]. Calcination temperature and duration
was found to have a marked effect on the activity of the catalyst.
Calcination of the catalyst for longer than 15 h at 450 °C in an air or
inert atmosphere was shown to improve glycerol conversion and glyc-
erol carbonate selectivity. This could be further improved at higher
calcination temperatures such as 750 °C due to the formation of a CaO
phase in the catalysts.

Argiiello et al. [157] prepared quaternary (Cu-Zn-Mg-Al) precursors.
Layered double hydroxides (LDHs) are used as the precursor materials
for the synthesis of multi metallic oxides. Subsequently, the precursor
materials were calcined at 450 °C for 9 h, resulting in the formation of
MMO. The presence of Zn in the MMO-Cu;5Zny samples resulted in an
increase in the number of very strong basic sites. MMO-Cu;5Zn;5 cata-
lyst had the highest glycerol yield (85.1%) due to the presence of the
highest number of total basic sites, as well as its larger pore diameter and
volume.

3.3.5. Sodium aluminate

Sodium aluminate (NaAlO5) is a strong base, available as both a solid
or in solution, which has gained interest recently as a catalyst for
biomass conversion, as it is commercially available and relatively
inexpensive. NaAlO; is also reported to be insoluble in alcohols, making
it interesting for glycerol carbonate synthesis which produces methanol
as a by-product.

The use of NaAlO; for glycerol carbonate synthesis from glycerol and
DMC was first reported by Ramesh et al. [158]. The activity of NaAlOy
microspheres prepared by a spray-drying method was compared with
commercial NaAlO,. The basicity of commercial NaAlO, is lower than
that of the spray-dried microspheres. The basicity of the microspheres
could be further improved by spray-drying a NaAlO; and ethanol solu-
tion. The microspheres prepared by NaAlOy/ethanol solution has much
faster kinetics than the commercial catalysts, yielding 94% of glycerol
carbonate after 30 min at 90 °C, a dimethyl carbonate to glycerol mole
ratio of 2:1 and 3 wt% catalyst loading. The improved activity was
attributed to the smaller crystallite size and higher surface basicity.
Production of NaAlO, was also investigated by Rittiron et al. [159] who
used glycerol as a template during production. When comparing
spray-drying vs. the conventional hot-air drying method, spray-drying
was found to be marginally more active giving 10.4% glycerol carbon-
ate yield vs. 9.4. Contradictory to what is reported by Ramesh et al.
[158] it was found that without the use of template, that the commercial
NaAlO; catalyst was more active. When using a template, glycerol was
found to produce more active catalysts than polyvinylpyrrolidone
(PVP), due to the increased SA and basicity of the catalyst.
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Chotchuang et al. [160] investigated the impregnation of CaO onto
NaAlO; in an effort to improve the activity. Loading of CaO resulted in
an increase in the activity of the catalyst until a loading of 5 wt% CaO.
The activity of the catalysts could be further improved through the use of
glycerol as a template in order to improve the surface area. The catalyst
synthesised with 45 wt% glycerol as a template and 5 wt% CaO was
most active with 91% glycerol carbonate yield after 3h at 70 °C, a
dimethyl carbonate to glycerol mole ratio of 4:1 and 30 wt% catalyst
loading. The catalyst exhibited deactivation due to agglomeration and
leaching.

Whilst NaAlO» is highly active in its pure form, it is also highly hy-
groscopic and corrosive [161]. For this reason, it is desirable to support
NaAlOs to increase the ease of handling. NaAlO, supported on hydro-
talcites have proven to be highly active for the transesterification of
glycerol with DMC. A 10 wt% loading of NaAlO, was found to be the
optimum catalyst loading conversion 93% of glycerol after 30 min at
90 °C, a dimethyl carbonate to glycerol mole ratio of 2:1 and 3 wt%
catalyst loading.

To further increase activity and stability of NaAlOy, alumina sup-
ported sodium aluminate catalysts were synthesis by Keogh et al. [162]
using a simple wet impregnation method. Sodium aluminate supported
on AlyO3 is the most stable catalyst in terms of stability, exhibiting a
small decrease in activity when reused. After 60 min of reaction time,
the glycerol conversion of pure sodium aluminate is similar to 20 wt%
SA/Al»03, at 98% and 96% conversion, respectively. Although the cat-
alysts exhibit similar activity, supported sodium aluminate shows the
benefit of being easier to handle in comparison with pure sodium
aluminate, which is corrosive and hygroscopic. The reusability of the
catalyst was relatively good, as evidenced by a 3.4% reduction in glyc-
erol conversion upon reuse.(Tables 15 and 16).

3.3.6. Silicate materials

Silicates are cheap and effective basic catalysts, which were first
reported for this reaction by Wang et al. [163]. Sodium silicate was
found to be the most active out of the silicates tested (aluminium,
magnesium, calcium, potassium, and sodium). Calcination of the sili-
cates was found to release water by cratering, which created smaller
particle sizes. Calcination of NaySiO3.9 Hy0 at 200 °C provided a cata-
lyst with intermediate total basicity and a low amount of strong basic
sites.

Silicates are typically used as a support, to provide dispersion for a
more active compound. MCM-41 (Mobil Composition of Matter No. 41)
is an ordered mesoporous silica with a 2D hexagonal structure [164].
Mg-Al mixed oxides supported on MCM-41 were prepared via
co-precipitation followed by thermal decomposition [165]. The sup-
ported catalysts were found to be more active than the corresponding
pure Mg-Al mixed oxides, due to the increased basicity. MCM-41 has
also been reported as a support for lithium prepared through wet
impregnation [166]. Out of the metals tested (lithium, lanthanum,
cerium, magnesium, and potassium) lithium was found to be the most
active. A loading of 5wt% Li calcined at 450 °C resulted in both
decreased surface area and pore volume, but an increase in the basic
character of the catalysts from 5.7 mmol/g to 9.8 mmol/g. The low yield
of 3.2% glycerol carbonate associated with pristine MCM-41 could be
increased to 93.14%. Arora et al. incorporated Co304 nanoparticles on
the synthesised support material by impregnation method [167]. The
presence of active metal in MCM-41 resulted in a slight reduction in both
surface area and pore volume. However, this did not appear to have a
significant impact on the average pore diameter. The conversion of
glycerol and the yield of glycerol carbonate increased to 42.1 + 1.7%
and 40.2 + 2.2%, respectively, while using a 5 wt% loading of active
metal cobalt on the MCM-41 catalyst. The observed increase in positivity
might perhaps be attributed to the rise in the concentration of the basic
site, which reached 8.7 mmol/g. The increase in the basic site concen-
tration to 8.7 mmol/g might be the reason for the positive result.

SBA-15 is another mesoporous silica with uniform hexagonal pores
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Table 15
Physical properties and performance of different sodium aluminate catalysts for the transesterification of glycerol with DMC.
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to  Catalyst  Solvent
area CO,/g catalyst) (O] (min) glycerol loading
(m*/g)
NaAlO; (microspheres) - - 90 30 2:1 3 wt% Y =94% [158]
NaAlO, (glycerol 9.5 - 70 120 4:1 30 wt% Y =85% [159]
template) S =100%
5 wt% CaO/NaAlO, 16.11 - 70 180 4:1 30 wt% Y =91% [160]
S =100%
10 wt% NaAlOy/ 23 1.1 90 30 2:1 3 wt% C=93% [161]
Hydrotalcite
20 wt% SA/Al,O3 178.25 2.2 920 60 31 10% wt C = 96% [162]
Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate
Table 16
Physical properties and performance of different silicate materials catalysts for the transesterification of glycerol with DMC.
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to  Catalyst Solvent
area CO,/g catalyst) [§O) (min) glycerol loading
(m*/g)
Na,Si03.9 H,0 1.3 10.3 75 150 4:1 S5 wt% Y =95.5% [163]
— calcined at C=97.8%
200 °C S =97.6%
MgAl/MCM-41 657 0.120 100 31 03g Y =92.5% [165]
C=98.7%
5 wt% Li/MCM-41 254 9.80 90 180 31 5.5 wt% Y =93.14% [166]
C =99.00%
5 wt% Co/MCM-41 490 8.7 990 120 3:1 6 wt% Y =94.1% [167]
— calcined at C=98.7%
400 °C
Ti/SBA-15 (Si/Ti = 1000 - 87.5 240 31 5.5 wt% Y =82% [169]
4) C=94%
S =287.17%
Mg2Al;/SBA-15 317 0.533 100 120 31 30.46 wt% DMF C=78% [170]
S = 90%
0.3Ca0O-SBA-15 324 - 95 90 4:1 7 wt% Y = 99.0% [171]
7 wt% K/TUD-1 430 6.68 90 150 5:1 6 wt% Y =91.5% [172]
C =98.0%
Mg2Al;/HMS 250 - 170 150 3:1 0.002 g/ Methanol Y = 83.4% [8]
cm?® C=84.7%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate

and a narrow pore size distribution [168]. SBA-15 catalysts doped with
titanium with varying Si/Ti ratio were prepared by Devi et al. [169]
using a sol-gel method. Lower Si/Ti ratios exhibited higher glycerol
conversion and glycerol carbonate selectivity when compared to higher
ratios. A Ti-SBA-15 catalyst prepared with a Si/Ti ratio of 4 was found to
be 10 times more active than pristine SBA-15. The catalyst gave an 82%
yield of glycerol carbonate after 4 h at 87.5 °C, a dimethyl carbonate to
glycerol mole ratio of 3:1 and 5.5 wt% catalyst loading. LDHs with a
Mg/Al ratio of 2 have also been coated on SBA-15 to give different
morphologies — rice shape, short rods and long rods [170]. The rice
shape morphology was found to be most active, due to a high specific
surface area (317 m%/g) and large pore volume (0.71 cm®/g). The rice
shape also gave mesoporous cavities which resulted in higher dis-
persibility of the LDH and glycerol. Mesoporous CaO-SBA-15 catalysts
(Ca0O-SBA-15) and impregnation of CaO with SBA-15 (CaO/SBA-15)
were reported by Zhu et al. [171] In comparison to 0.3CaO-SBA-15, the
surface area and pore volume of 0.3Ca0O-SBA-15 are noticeably higher,
reaching 324 m?/g and 0.95 mL/g, respectively. Regarding CaO-SBA-15
samples, it was observed that the presence of Ca consistently leads to a
reduction in the number of weak basic sites. Increasing Ca content can
significantly increase the number of strong and medium basic sites. It
was evident that CaO-SBA-15 samples showed significantly higher ac-
tivity when compared to purified SBA-15 under the same conditions.
The 0.3Ca0O-SBA-15 sample with a Ca/Si molar ratio of 0.3 was found to
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be the most active catalyst, producing 99.0% glycerol carbonate. Even
after 5 cycles, no decrease in glycerol carbonate yield was observed.
TUD-1 is another 3D mesoporous silica material which has been loaded
with potassium to create a more active catalyst [172]. With loading of
potassium, the surface area of TUD-1 decreased from 632 to 430 m?/ g,
but both the basicity and activity increased. A loading of 7 wt% potas-
sium provided optimal activity of the catalyst with 91.5% yield after
2.5 h at 90 °C, a dimethyl carbonate to glycerol mole ratio of 5:1 and
6 wt% catalyst loading.

Hexagonal mesoporous silica (HMS) was used as a support for a
calcined hydrotalcite with an Al/Mg ratio of 1:2 [8]. The presence of the
HMS silica support increased the surface area of the catalyst, however
there was some neutralization of basic sites observed. An Al/Mg ratio of
1:2 was found to be most optimum, giving 84.7% glycerol conversion
and 83.4% glycerol carbonate yield after 2.5h at 170 °C, a dimethyl
carbonate to glycerol mole ratio of 3:1, 0.002 g/cm? catalyst loading
and 20 cm® methanol.

3.3.7. Zeolites

Zeolites are 3D frameworks typically consisting of SiO4 and AlO4
tetrahedra, which are linked at their corners via a common oxygen atom
[173]. Pan et al. [174] reported the use of Na-based zeolites as catalysts
for the transesterification of glycerol. Using a variety of zeolite catalysts,
it was found that smaller pore zeolites such as 3 A, 4 A and NaZSM-5
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(consisting of 8 or 10 numbered ring-structured pore channels) were
inactive for the reaction. Larger pore zeolites such as NaY and Nap were
more active giving 80% and 37% glycerol conversion, respectively. The
poor active was attributed to the small pore size, which restricted the
formation of glycerol carbonate. NaY was particularly active due to its
larger pore size (0.74 x0.74 nm) when compared with geometric
parameter of glycerol (0.47 nm in diameter and 0.52 nm in length) and
DMC (0.37 nm in diameter and 0.45 nm in length) and it had greater
number of basic sites (4.2 mmol/g). NaY with bigger pore channel al-
lows for the entrance and diffusion of both reactants, and desired
product, resulting in an excellent performance. Methanol was found to
enhance glycerol carbonate when compared to a solvent free reaction,
and other solvents such as DMSO, DMF and ethanol.

The activity of zeolites can be improved through incorporation of
more active species. ETS-10 which is a titanosilicate molecular sieve
with a 3D 12-ring structure can be promoted through the incorporation
of transition metals [175]. The effect of a porous structure was inves-
tigated through the preparation of METS-10, which is a hierarchical
porous ETS-10. The introduction of hierarchical pores was found to
improve the catalyst activity from ETS-10 and provided a more stable
catalyst upon reuse. M3ETS-10 was found to be the most active of the
hierarchical catalysts with the largest pore size distribution of 7 nm. Out
of the transition metals tested nickel was found to be the most active
followed by zinc, manganese, iron, cobalt and finally copper. The Lewis
basic sites (TiO%’) were found to be enhanced by the presence of Ni®
species. Incorporation of a 5% nickel loading was found to enhance
basicity without a serious loss of zeolite crystallinity yielding 97.1%
yield of glycerol carbonate after 2 h at 90 °C, a dimethyl carbonate to
glycerol mole ratio of 2:1 and 0.125 g catalyst loading.

Similarly, MgO can be incorporated into the structure of zeolitic
imidazolate framework-8 (ZIF-8) [176]. Loading MgO into ZIF-8, did not
affect the structure and well dispersed MgO nanoparticles were
observed. MgO incorporated ZIF-8 was found to be more active than
MgO or ZIF-8. A 50 wt% loading of MgO yielded 21.1 mmol of glycerol
carbonate per gram of catalyst after 2 h at 75 °C, a dimethyl carbonate to
glycerol mole ratio of 4:1 and 0.2 g catalyst loading.

BPH-type zeolite (Linde Q) was synthesised using hydrothermal
treatment with different Si/Al ratios to produce two different size of
catalyst; nano-sized and micro-sized [177]. In their study, Kosawattha-
nakun et al. [177] observed that the nano-sized CsBPH_AP exhibited
better efficiency in comparison to the micron-sized KBPH_AP. The
ion-exchange process of the BPH-type zeolite, using potassium and ce-
sium, provided similar thermal properties to the parent samples. How-
ever, there were differences in terms of basicity and catalytic activity.
The catalytic activity of the nano-sized CsBPH_AP, with a catalyst
loading of 6 wt%, was found good performance over four runs at 120 °C
for 3 h.(Table 17).
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3.3.8. Enzymes

Enzymes are known as biological catalysts, or biocatalysts, and
consist of 3D structured proteins. Whilst enzymes can catalyst the re-
action without being supported [178], the immobilisation of enzymes on
a physical support can provide ease of separation and also act as a
prevention against denaturation. Kim et al. [179] first reported the use
of an immobilised lipase B from C. antarctica (Novozym 435). Novozym
435 was found to be most effective out of a range of enzymes tested.
Similarly, C. antarctica lipase B could be immobilised on magnetic
organosilica nanoflowers [180]. A 88.6% glycerol carbonate yield was
achieved after 24 h at 50 °C, a dimethyl carbonate to glycerol mole ratio
of 20:1, 5 g/L catalyst loading and 0.2 g of molecular sieves.

Tudorache et al. [181] reported the immobilisation of the lipase
Aspergillus niger on magnetic particles. It was found that the support
composition affected the activity of the supported enzyme. Nano-
particles of magnetic Fe3O4 functionalized with silicone derivatives with
-NH, terminal groups were found to be most active. The immobilisation
of the enzyme resulted in a catalyst which was stable for fifteen reaction
cycles (90 h reaction time) whereas free enzymes were only stable for 4
cycles (16 h reaction time). Aspergillus niger can also be cross-linked onto
magnetic particles using glutaraldehyde as a cross-linker [182]. A 55%
glycerol carbonate yield could be achieved after 6 h at 60 °C, a dimethyl
carbonate to glycerol mole ratio of 10:1 and 5 wt% catalyst loading. The
catalyst also exhibited excellent stability over 20 successive reaction
cycles. This was further investigated by Tudorache et al. [183]. The
immobilised catalyst had a higher TON than the homogeneous with
20.4 x 105 and 4.64 x 105 respectively. Again, the catalyst exhibited
good recyclability over 15 reaction cycles, and could be recovered
through use of a magnetic field.

3.3.9. Waste sources

In an effort to promote a more circular economy, production of
catalysts from waste sources can repurpose waste into more useful
substances and improve the economics of a chemical process.

Das and Mohanty [184] reported the use red mud, which is a waste
product from the production of alumina from bauxite. The composition
of red mud was mainly hematite phase (Fe3O3) with smaller amounts of
NaO, CaO, Al;03, SiO; and TiO,. A moderate basic strength was found to
be desirable to prevent decomposition of glycerol carbonate to glycidol.
The red mud catalyst calcined at 500 °C gave a 92.09% glycerol car-
bonate yield after 90 min at 90 °C, a dimethyl carbonate to glycerol
mole ratio of 3:1 and 12.5 wt% catalyst loading. The promotional effects
of potassium, strontium and magnesium on red mud were then inves-
tigated [185]. Potassium doped red mud showed both higher activity
and stability, when compared to magnesium and strontium doped. A
30 wt% potassium doped red mud had the highest activity and stability,
attributed to a high surface concentration of K20. Glycerol carbonate
yield could be increased to 93.27% with a lower loading of 10 wt%

Table 17
Physical properties and performance of different zeolites catalysts for the transesterification of glycerol with DMC.
Catalyst Physical properties Operating parameter Performance Ref
BET surface Total basic site amount (mmol ~ Temp Time Mole Ratio of DMC Catalyst  Solvent
area CO,/g catalyst) Q) (min) to glycerol loading
(m?/g)
NaYy - 4.2 70 240 31 10 wt% Methanol C = 80% [174]
S =99%
Nap - 0.64 70 240 31 10 wt% Methanol  C = 37% [174]
5 wt% Ni/M3ETS-10 298.5 - 90 120 2:1 0.125g - Y =97.1% [175]
C=977%
50 wt% MgO/ZIF-8 650 - 75 120 4:1 02g - Y [176]
= 21.1 mmol/g
Nano-sized CsBPH_AP 196 0.130 120 180 5:1 6 wt% Y =80% [177]
(Cs4.20K2.3Nas 5) C=83%
Si16Al12056 S = 96%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate
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catalyst.

Ladle furnace steel slag is another industrial process waste which can
be converted into an active catalyst [186]. The composition was mainly
Ca(OH)3, CaCOs3, CaO and CaSiOs. The steel slag was impregnated with
NaOH to increase the basicity, but NaOH was also found to stabilize the
leaching of CaO in the catalyst. A 10 wt% loading of NaOH gave 97%
yield after 90 min at 75 °C, a dimethyl carbonate to glycerol mole ratio
of 2:1 and 3 wt% catalyst loading. Similarly Okoye et al. [187] reported
the use of oil palm fuel ash obtained from the burning of oil palm.
Calcined at 600 °C the catalyst consists of KoMgSiO4, MgSiO3 and KAl-
SiO4 phases. Deactivation could be attributed to the leaching of mag-
nesium, silica and potassium from the catalyst upon reuse.

Municipal waste such as disposable baby diaper waste has been re-
ported by Wang et al. [188]. The superabsorbent polymer present in the
waste was carbonized at 200 to 600 °C under a nitrogen flow. It was
found that temperatures greater than 400 °C resulted in thermal
decomposition to Na;CO3, with 500 and 600 °C having a higher basicity
due to increased amounts of NayCOs. A calcination temperature of
500 °C was found to be most effective due to the reduced calcination
temperature and appropriate level of basicity.

Food waste is an abundant source of waste material to synthesis
catalysts. Corncob can be calcined at 500 °C to produce an effective
catalyst [189]. The catalyst is composed mainly of carbon material with
alkaline mineral salts. The catalyst was not stable however, due to the
leaching of potassium carbonate. Wang et al. [190] reported the use of
calcined waste crayfish shell. Chitin and calcium carbonate composed
the bulk of the catalyst, with CaO composition increasing with calci-
nation temperature. A calcination temperature of 800 °C gave the best
catalyst due to formation of a mainly CaO phase. Olivares et al. [191]
also reported the calcination of CaO catalyst from snail shell (Achatina
fulica sp.) at 900 °C for 4 h under air flow (SNS-900 °C). By reacting
SNS-900 °C with NagPOy, an apatite-like catalyst (snail shell apatite,
SNS-AP) with a Ca/P ratio of 1.61 was produced. The findings indicated
that the catalyst’s basicity was increased. Consequently, a glycerol
conversion of approximately 94.54% and a glycerol carbonate yield of
96.5% were achieved under optimal reaction conditions of 80 °C for
90 min. Empty fruit bunch can also be activated through calcination
[192]. Increasing calcination temperature was found to induce a phase
transition from KAISiO4 to KyMg(SiO4) resulting in increased basic
strength and number of basic sites, with 500 °C the optimum calcination
temperature. Deactivation of the catalyst was attributed to phase change
from MgSiOs and K;Mg(SiO4) to KAISiO4, KoMg(SiO4) and CaAl,SiOg
upon reuse. Musa acuminita (a species of banana) peel can be burned in
open air to produce an active ash [101]. Composed of mainly K30 with
minor components of SiO2, CaO and MgO. The catalyst was mesoporous
in nature with a high surface area and high basicity. The peel of Fresh
Mangifera indica (mango) can be activated by through calcination,
resulting in the production of Mangifera indica peel calcined ash
(MIPCA) [193]. The MIPCA sample exhibited a high amount of potas-
sium (K) element, with potassium oxide (K20O) being the primary metal
oxide responsible for basic strength to the catalyst. Moreover, MIPCA
exhibits a significant amount of CaO and MgO, which possess highly
basic properties, hence enhancing its catalytic efficiency. In contrast, the
utilisation of microwave-assisted reaction using MIPCA as a catalyst
showed a conversion of 98.1%.

Biochars can be produced through the pyrolysis of fish scale and cow
dung [194]. Cow dung exhibited higher activity than that of fish scales,
with optimum calcination values of 600 and 650 °C respectively. The
activity of fish scales could be improved through modification with KF.

3.3.10. Others

Hydroxyapatite (Ca;o(PO4)6(OH)2) is a mineral which is the main
component of bones and teeth. Bai et al. [195] reported the modification
of hydroxyapatite prepared by a precipitation method with metal salts
such as potassium, lanthanum, zirconium, lithium, cerium and potas-
sium fluoride. Potassium fluoride modified hydroxyapatite was the most
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active out of the metals tested, with comparable activity to homoge-
neous KF with a longer reaction time of 2 h compared to 50 min. KF
modified hydroxyapatite could be encapsulated on spherical y-Fe,O3
nanoparticles to improve catalyst separation [196]. Again, KF proved
most active out of sodium fluoride, potassium carbonate, sodium bi-
carbonate, cesium carbonate and lanthanum nitrate. CTAB used during
synthesis was found to improve the wettability of the catalyst,
improving the catalyst contact with the reactants.

Chai et al. [197] reported the use of a covalent organic framework
(COF) which was then modified with a N-Heterocyclic carbene (NHC)
moiety. A COF of BMIM4FPy modified with NaCO3 provided an active
catalyst for the transesterification reaction. A 96% yield could be ob-
tained after 8 h at 70 °C, a dimethyl carbonate to glycerol mole ratio of
3:1 and 5 mol% catalyst loading.

The polyamine DABCO was found to have the highest activity of
PMDTA, TMEDA and DMAP [198]. Interactions between the hydroxyls
of glycerol and the Cl” of the immobilised resin led to high activity of the
catalyst. Wan et al. [199] found that higher mass fractions of DABCO
lead to more hydrophilic polymers with excellent wettability. The high
surface area and hierarchical porosity of the catalyst lead to easily
accessible catalytic sites for glycerol and DMC.(Table 18).

4. Conclusions and future perspectives

CO; concentration in the atmosphere is a global crisis. Transitioning
from conventional fuel to green fuel is an effective method of reducing
CO9 emissions. Biodiesel exhibits greater efficacy in reducing carbon
dioxide (CO,) and CO emissions when compared to conventional
transport fuels. People become more concerned about environmental
issues when biodiesel has been used, leading to increase its production.
In fact, biodiesel production continues to emit carbon dioxide into the
atmosphere and produces large amounts of glycerol. There are several
carbon capture methods which have been used in recent years. It is
noteworthy that the process of decreasing CO; concentration and
enhancing value of glycerol to glycerol carbonate could potentially serve
as an effective method for carbon capture due to the utilisation of
glycerol carbonate to synthesis value-added compounds, providing
commercial and industrial importance. In addition, its biodegradable,
edible, non-toxic, and sustainable, glycerol carbonate also has the ca-
pacity to be manufactured in large volumes. Nowadays, the increasing
acceptance of the potential of glycerol carbonate as a chemical agent has
been utilised to enhance a variety of industrial processes. Furthermore,
CO4, is a non-flammable, and inexpensive carbon-oxygen source that can
be employed to produce reactants in the glycerol carbonate synthesis
process. After the thorough literature review, the important points that
require consideration can be summarised as follows:

e The main challenge in the process of direct carbonation glycerol with
CO;, is the synthesis of a suitable catalyst that exhibits high selec-
tivity, activity, and thermal stability. This reaction is limited by
thermodynamics, leading to a low production yield that might not
support scaling up. To address this limitation, catalysts with excel-
lent properties and dehydrating agents, have been suggested to shift
the equilibrium towards glycerol carbonate. The utilisation of het-
erogeneous catalysts is favoured over homogeneous catalysts due to
the ease of recovery and reuse. Nanostructured materials seem to be
the most promising catalysts owing to their notably increased surface
area. Three main suggestions are required to further improve the
catalytic performance and increase the feasibility of using the direct
reaction route while maintaining environment friendliness. The first
point is dual-functional materials, that consist of basic metal oxides
with high dispersion and basicity. These basic metal oxides are
doped onto a supporter that has a large surface area which has more
active site to alter the reaction. The second point is deep eutectic
solvents, which are environmentally friendly solvents, have the
ability to absorb carbon dioxide. And the third option is reaction
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Table 18
Physical properties and performance of different enzyme, waste source and other catalysts for the transesterification of glycerol with DMC.
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to  Catalyst Solvent
area CO,/g catalyst) [(O)] (min) glycerol loading
(m*/g)
Enzymes
CALB/magnetic - - 50 24h 20:1 5¢g/L - Y = 88.66% [180]
organosilica C =94.24%
S =94.13%
Aspergillus niger/ - - 60 360 10:1 5 wt% - Y = 55% [182]
Fe304 C=61%
S =90%
Waste Sources
Red Mud - Calcined at 21.967 32.10 90 90 3:1 12.5 wt - Y = 92.02% [184]
500 °C % C=95.21%
S = 96.64%
30 wt% K/Red Mud 1.36 33.1 75 90 3:1 10 wt% - Y =93.27% [185]
C =96.8%
10 wt% NaOH/ 29.92 39.60 75 90 2:1 3 wt% - Y =97% [186]
Ladle Furnace Steel C =99%%
Slag
Oil Palm Fuel Ash — 5.12 12.60 80 112 5:1 5 wt% - Y = 94.5% [187]
Calcined at 600 °C C =95.03%
Disposable Baby Diaper 1.1 15.5 75 60 4:1 2 wt% - Y = 93.6% [188]
Waste C =95.6%
S =97.9%
Corncob — Calcined at 3.08 8.8 80 90 3:1 3 wt% - Y =94.1% [189]
500 °C C=98.1%
Crayfish Shell — 13.1 20.4 75 90 6:1 4 wt% - Y =95.3% [190]
Calcined at 800 °C C =98.7%
Catalyst Physical properties Operating parameter Performance  Ref
BET surface Total basic site amount (mmol Temp Time Mole Ratio of DMC to  Catalyst Solvent
area CO,/g catalyst) (O] (min) glycerol loading
(m*/g)
Apatite-like catalyst - 36.65 80 90 4:1 5 wt% - Y = 94.54% [191]
(snail shell apatite,
SNS-AP)
Empty Fruit Bunch Ash 7 3.38 90 45 3:1 5 wt% - Y = 95.65% [192]
C =96.15%
Musa acuminata Peel 539 0.169 75 15 2:1 6 wt% - Y = 99.5% [101]
- Microwave
Magnifera indica peel 3.985 - 80 50 31 6 Wt% - C=98.1% [193]
- Microwave S =100%
Cow Dung Biochar 111 3.40 85 90 2:1 3 wt% - Y =97.1% [194]
C =100%
3 wt% KF/Fish Scale 117 2.74 85 60 2:1 2 wt% - Y =99.6% [194]
Biochar C =100%
Others
15 wt% KE/ 10.8 - 78 120 2:1 3 wt% - Y = 99% [195]
Hydroxyapatite C =99.3%
KF-/HAP-y-Fe;03 - - 85 150 5:1 5 wt% - Y =97.5% [196]
C =98.3%
NaCO3/BMIMA4F-Py- 13256 - 70 480 3:1 5 mol% - Y =96% [197]
COF C =9%%
([p-DABCO]CD) - - 80 60 2:1 1 wt% - Y =92.5% [198]
C=94.1%
S =98.3%
P(DVB-DABCO)— 0.4 412 1.54 85 60 3:1 1.5 mol - Y = 95% [199]

%

Note: Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, DMC = dimethyl carbonate

engineering solutions, which involve using reactor designs, such as
membrane reactors, to increase the rate of a chemical reaction by
driving reaction equilibrium through the removal of water.

Carbonation of glycerol with urea and transesterification of glycerol
with alkyl carbonates are both effective processes. In order to further
develop the glycerol with urea reaction pathway, it is needed to
consider the NH3 removal process. While it is true that CO, has the
potential to convert ammonia to urea. Urea is the most often utilised
as a nitrogen fertiliser. The manufacture of urea from NH3 and CO»
process necessitates the use of high temperatures and pressures. The
implementation of an alternative heat source or waste heat recovery
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system has the potential to make it economically feasible. Further-
more, the amount of ammonia produced is minimal in comparison to
the capacity of urea plant; therefore, combining this reaction with
other chemical units that consume NH3 may be one possible solution.
For transesterification glycerol with DMC, most of research focus on
the development of new catalysts that exhibit great catalytic per-
formance, resulting in high yield of glycerol carbonate, particularly
heterogeneous catalyst. In addition to catalyst efficiency studies,
technological economic analysis should be further investigated so
that the glycerol carbonate production process can be operated on an
industrial scale.
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e Therefore, the process exhibits a possibility for achieving greatly
high glycerol carbonate yield. The reaction takes place between the
immiscible reactants of hydrophilic glycerol and a hydrophobic
carbonate source, could happen in a prolonged reaction time and
need a larger amount of catalyst. Furthermore, it is necessary for
further study on microwave reactors due to their potential to
enhance the efficiency of reaction heating. Despite being presented
as a highly efficient technique that greatly reduces reaction time,
reactions usually are operated on a small scale. The heating process
of a microwave reactor relies on the alteration of dielectric charac-
teristics caused by the motion of electromagnetic fields. However,
the use of solid catalysts, particularly heterogeneous catalysts, can
lead to the build-up of heat inside these materials, resulting in
overheating or the creation of hot spots. Furthermore, the chemicals
employed in the procedure possess different characteristics
regarding their penetration depth, which depend on the solvent
temperature. When scaling up and designing a reactor, it is necessary
to consider these factors for maintaining uniform heat distribution
and enhancing the efficiency of the catalyst.
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