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CONVERSION OF GLYCEROL TO GLYCEROL CARBONATE VIA
TRANSESTERIFICATION USING 1-ETHYL-3-METHYLIMIDAZOLIUM
ACETATE CATALYST

ABSTRACT

In the present research, the synthesis of glycerol carbonate by transesterification of
glycerol with diethyl carbonate in a green and efficient process catalyzed by ionic liquid
was comparatively studied. A series of imidazolium and ammonium-based ionic liquids
with different anions and conditions optimization (reaction temperature, reaction time,
diethyl carbonate/glycerol ratio, solvent and catalyst loading) were screened for the best
catalytic activity towards glycerol carbonate synthesis with respect to glycerol conversion
and glycerol carbonate yield. It has been revealed that 1-ethyl-3-methylimidazolium
acetate ([Emim][Ac]) remarks the highest activity towards glycerol conversion and
glycerol carbonate yield of 93.5%, and 88.7%, respectively at 120 °C, 2.0 hours, molar
ratio of diethyl carbonate/glycerol of 2, 0.50 mol% [Emim][Ac] loading with 2.0 wt.%
water content. The peak intensities at 1262 cm™ and 923 cm™ corresponding to O-H
bending and 3387 cm'* corresponding to O-H stretching in glycerol were reduced indicate
to glycerol being converted to glycerol carbonate. Meanwhile, the peak at 1750 cm™
corresponding to C=0 and also peaks between 1200 cm™to 1000 cm™ corresponding to
C-C and C-O stretching of 2-hydroxyethyl chain showed an increase in intensity. These
supported the presence of glycerol carbonate while reaction was in progress. Glycerol
carbonate peaks at 61.5 ppm, 67.0 ppm, and 77.5 ppm corresponding to —-CH>—O-, —-CH>—
OH and —CH-, respectively are gradually increased when the reaction solution turned
into a single phase at 1.5 hours. Response surface methodology (RSM) showed the
interactive effects between selected reaction parameters towards glycerol conversion and

glycerol carbonate yield with 92.4% and 91.8%, respectively at optimum reaction



conditions; reaction temperature of 118 °C, at 1.8 hours with 2.2 of diethyl
carbonate/glycerol ratio and 0.42 mol% [Emim][Ac] loading. Recyclability study showed
insignificant reduction of glycerol conversion from recovered [Emim][Ac] indicating that
[Emim][Ac] could be reused for approximately three times. All the respective peaks of
[Emim][Ac] can be comparably resolved with little variation in chemical shift of *H
spectra NMR for each cycle, thus revealing that [Emim][Ac] was successfully recovered
with no degradation on its structure. The result of the computational study using a General
Atomic and Molecular Electronic Structure System (GAMESS) software clearly
demonstrated that the activation of glycerol proceeds mainly through the hydrogen
bonding interaction with [Ac] anion. On the other hand, diethyl carbonate is also capable
of forming hydrogen bonding with imidazolium ring proton at carbon 2 position and
hydroxyl group of glycerol. The proposed mechanism of glycerol carbonate synthesis

agreed well with the theoretical computational study.



PENUKARAN GLISEROL KEPADA GLISEROL KARBONAT MELALUI
TRANSESTERIFIKASI MENGGUNAKAN MANGKIN 1-ETIL-3-
METILIMIDAZOLIUM ASETAT

ABSTRAK

Dalam kajian ini, sintesis gliserol karbonat melalui tindak balas transesterifikasi gliserol
dengan dietil karbonat dalam proses hijau dan cekap dimangkinkan oleh cecair ionik telah
dikaji secara perbandingan dengan terperinci. Cecair ionik berasaskan Kkation
imidazolium dan ammonium yang mempunyai anion yang berbeza serta pengoptimuman
parameter-parameter keadaan (suhu tindak balas, masa tindak balas, nisbah molar dietil
karbonat/gliserol, pelarut dan muatan pemangkin) telah disaring untuk memperoleh
pemangkin yang memberi catatan aktiviti pemangkin yang terbaik terhadap penghasilan
gliserol karbonat iaitu berdasarkan peratus penukaran gliserol dan gliserol karbonat
terhasil. Keputusan mendapati, 1-etil-3-metilimidazolium asetat ([Emim][Ac]) memberi
catatan aktiviti yang tinggi terhadap tindak balas penukaran gliserol dan gliserol karbonat
terhasil, iaitu masing-masing sebanyak 93.5% dan 88.7% pada 120 °C, 2.0 jam, nisbah
dietil karbonat/gliserol 2, 0.50 mol% muatan [Emim][Ac] dengan 2.0 wt.% kandungan
air. Keamatan puncak-puncak iaitu pada 1262 cm™ dan 923 cm™ sesuai dengan O-H
lentur dan 3387 cm* sesuai dengan O-H teregang pada gliserol berkurang menunjukkan
gliserol ditukarkan kepada gliserol karbonat. Dalam pada itu, puncak pada 1750 cm™
sesuai dengan C=0 dan juga puncak antara 1200 cm™ ke 1000 cm™* merujuk kepada C-C
dan C-O teregang pada 2-hidroksietil menunjukkan peningkatan keamatan. Ini
menyokong kehadiran gliserol karbonat apabila tindak balas sedang berlaku. Puncak
gliserol karbonat pada 61.5 ppm, 67.0 ppm dan 77.5 ppm bersesuaian dengan —CH>—O-,
—CH>-OH dan —CH-, masing-masing secara beransur-ansur meningkat apabila larutan

tindak balas berubah menjadi fasa tunggal pada 1.5 jam. Kaedah tindak balas permukaan



(RSM) menunjukkan kesan interaksi antara parameter-parameter tindak balas terhadap
tindak balas (penukaran gliserol dan gliserol karbonat terhasil) sebanyak 92.4% dan
91.8% gliserol karbonat terhasil, masing-masing diperolehi dibawah keadaan tindak balas
optimum; suhu tindak balas 118 °C selama 1.8 jam dengan 2.2 nisbah dietil
karbonat/gliserol dan 0.42 mol% muatan pemangkin [Emim][Ac]. Kajian kitar semula
telah menunjukkan pengurangan yang tidak ketara terhadap penukaran gliserol melaui
[Emim][Ac] yang dipulih semula dan [Emim][Ac] boleh digunakan semula sehingga
kira-kira tiga kali kitaran. Semua puncak [Emim] [Ac] boleh dilihat dengan hanya sedikit
variasi dalam peralihan kimia H spektrum NMR untuk setiap kitaran, dengan itu
mendedahkan bahawa [Emim][Ac] berjaya dipulihkan tanpa degradasi pada strukturnya.
Hasil kajian teori komputer menggunakan perisian General Atomic and Molecular
Electronic Structure System (GAMESS) jelas menunjukkan bahawa, gliserol diaktifkan
melalui interaksi ikatan hidrogen dengan asetat anion. Sebaliknya, dietil karbonat juga
mampu membentuk ikatan hidrogen dengan proton di kedudukan karbon 2 pada lingkaran
imidazolium dan kumpulan hidroksil daripada gliserol. Oleh itu, mekanisma yang

dicadangkan sepadan dengan kajian teori perisian komputer.
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CHAPTER 1 : INTRODUCTION

1.1 Background

Since biodiesel production has increased rapidly around the world, a fundamental
concern in biodiesel industry is the generated biodiesel by-product, glycerol (Figure 1.1).
In general, it is estimated that, for 10 tons of biodiesel, 1 ton of glycerol is produced
(10.0% of weight). It is predicted that by 2020 the global production of glycerol will reach
41.9 billion liters (Nanda et al., 2014). The surplus in glycerol decreased its price

significantly which also reduced the profitability margins of biodiesel manufacturers.
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Figure 1.1: Biodiesel production process yielding glycerol as the main by-product.



The crude glycerol is about 80.0% pure and still contained contaminants like soap,
methanol, and water. In order to turn this crude glycerol into a usable state for existing or
emerging uses, a purification process must take place. During this refinement process
residual organic matter, water, salt, methanol, and odors are removed. There are different
types of glycerin grades ranging from crude glycerol to refined glycerol (pharmaceutical

grade) as shown in Figure 1.2.

Crude Glycero! Tecrglllcal Glrade Refined Glycerol
By-product produced ycero Ay ’
during transesterification Purification required. hse L C‘i_smf ICS,d
in the biodiesel production Fit for industrial type p arma(iceu (cha san
process applications ?)0
Approximately 80% pure >97% pure >99.7% Pure

Figure 1.2: Different types of glycerol grades.

Utilization of glycerol for the synthesis of value-added chemicals is a theme of
great industrial interest to overcome the surplus of glycerol which inevitably
accumulated. As a non-toxic and biodegradable compound, glycerol will provide
important environmental benefits to the new platform products. Via indirect
transesterification reaction, glycerol can be converted to glycerol carbonate and this route
has been proven to be the most promising one. Through this reaction, glycerol is reacted
with carbon dioxide derivatives such as dimethyl carbonate and diethyl carbonate
(Chiappe & Rajamani, 2012; Rokicki et al., 2005; Ochoa-Gdémez et al., 2009) which have

favored high glycerol carbonate yield.

Much effort has been devoted to the search for effective catalysts for the
transesterification of glycerol. The catalyst can be divided into three types as shown in
Figure 1.3 which each can be assigned through a wide spectrum of different catalyst

properties categorized either acidic and basic catalysis. Furthermore, understanding of the



catalyst property and the overall reaction mechanism is both practical and fundamental

interest.
Type of catalyst
[
[ 1 I
Homogeneous Heterogeneous Enzymatic
Acidic catalysis Basic catalysis

Figure 1.3: Type of catalyst use for transesterification reaction of glycerol with dialkyl
carbonate.

The emergence of the green solvent such as ionic liquid with unique properties has
gradually gained its versatile application as solvent and catalyst in the process synthesis
(Mohammad Fauzi & Amin, 2012). The adjustable cation-anion pairing opens up the
possibility of preparation of acidic or basic ionic liquids (Gong et al., 2008). Dual function
of ionic liquids (catalyst and solvent) often leads to an increase in rate and/or reactivity
compared to some of the catalysts that need the addition of solvent to enhance the reaction
(Takagaki et al., 2010; Kumar et al., 2012). Thus, a huge interest on investigating the
usefulness and the scope of ionic liquids as the catalyst in organic reactions and catalysis
has been sufficiently reviewed (Wasserscheid & Welton, 2003; Olivier-Bourbigou et al.,

2010), and still a lot of reported studies are expecting to come in foreseeable future.



1.2 Problem statement

The increasing demand of biodiesel makes glycerol as a by-product available in
large quantities at decreasing prices. This has prompted the conversion of low-cost
glycerol to value-added products (Teng et al., 2014; Sonnati et al., 2013; Ochoa-Gomez
et al., 2012b). One of them is multifunctional glycerol carbonate which has increasing
industrial attention based on its physical properties as well as on its reactivity.
Transesterification of glycerol with dialkyl carbonate is one of the most direct and
industrial feasible pathway to produce high glycerol carbonate yield. Catalyst plays a
crucial role in the transesterification reaction of glycerol to glycerol carbonate. It is
imperative to search for suitable catalysts that can attainably synthesize glycerol
carbonate with regards to reducing the cost of operation and handling, bio-based, reusable
through several cycles of reaction and involving chemical (catalytic) processes with

reduced impacts on health, safety, environment, and energy.

Various heterogeneous catalysts have been reported for glycerol carbonate
synthesis from glycerol and dimethyl carbonate. Many of them show a good catalytic
activity for glycerol carbonate formation (Lu et al., 2013; Jiabo & Wang, 2011; Climent
et al., 2010; Malyaadri et al., 2011). These catalysts are usually alkali metal oxide or
mixed oxide catalysts. However, the preparation method of these catalysts usually is not
environmentally friendly and it is time-consuming. Moreover, the catalyst such as
calcium oxide (CaO) is deactivate more easily, evidenced by quick decrease of glycerol
conversion during the catalyst recycling experiments (Ochoa-Gémez et al., 2009; Jiabo
& Wang, 2011) which implies that, an expensive and troublesomely regeneration step
following every reaction will be needed for CaO catalyst. Consequently, the cost
associated with the preparation could affect the applicability of these catalysts in the

industrial scale.



During the period from 2011 to 2016, more than 10,000 publications reported the
great impacts of ionic liquids that can be designed to catalyze variety of reactions with
excellent catalytic activity influencing the outcome of organic synthesis. It can be seen
that less than 2000 publications have reported on ionic liquids as the catalysts in
transesterification reactions of glycerol to glycerol carbonate (statistic from google
scholar). Regardless of the reported excitements for transesterification reaction of
glycerol using various homogeneous as well as heterogeneous catalysts, the limitations
such as high catalyst loading (up to 10.00 mol%) and a large excess of substrate ratio
between carbonylating source (dimethyl carbonate and diethyl carbonate) and glycerol
(normally 3 to 10) need to be employed in order to achieve good glycerol conversions
and high glycerol carbonate yield and selectivity in a reasonable time frame. Moreover,
the factors governing the selectivity pattern such as the formation of glycerol carbonate
or other possibility products are not well understood. Almost all the literature does
investigate the pertinent factors influencing glycerol conversion and glycerol carbonate
yield and/or selectivity, and just few studies focused on the detailed understanding of the
fundamental underlying the reaction. These knowledge gaps constituted the starting point

for experiments in this study.

1.3 Objectives of the research

The aim of this research is to investigate potential ionic liquids as catalyst for
transesterification reaction of glycerol with diethyl carbonate and demonstrates the effect
of reaction temperature, time, substrate molar ratio, catalyst loading, water content and
basicity of catalyst towards glycerol conversion and glycerol carbonate yield and

selectivity. Specific objectives of this research are as follows:



1) To explore potential ionic liquids as catalysts and evaluate the affecting parameters for
transesterification of glycerol to glycerol carbonate.

2) To study the interactive effects between reaction parameters using Response Surface
Methodology (RSM) approach.

3) To explore on recyclability of ionic liquid at optimum usage for transesterification of
glycerol.

4) To elucidate the transesterification reaction mechanism theoretically using a

computational method.

1.4 Scope of the research

In view of the recent interest in converting glycerol to glycerol carbonate, ionic
liquid was used as catalyst for the transesterification reaction of glycerol and diethyl
carbonate. Thus, the scope of the current research is divided into four main sections. For
the first part, the performance of ionic liquid as catalyst towards transesterification of
glycerol was measured by screening the potential ionic liquids. The approach was to use
ionic liquid with targeted anion in order to obtain a satisfying glycerol conversion and
glycerol carbonate yield and selectivity. Selection of ionic liquids was governed by the
basicity value ( value) originated from the anion of the ionic liquids. Pertinent factors
affecting the glycerol conversion and glycerol carbonate yield and selectivity such as the
effect of temperature, reaction time, substrate ratio diethyl carbonate/glycerol, solvent,
catalyst loading and water content of catalyst were evaluated individually. It was
necessary to use Fourier transform infrared (FTIR) and nuclear magnetic resonance
(NMR) in order to corroborate the results obtained from product analysis using gas
chromatography-flame ionization detector (GC-FID). Gas chromatography-mass
spectrometry (GC-MS) was used to distinguish glycerol carbonate as the main product

and also possible unknown products which have been formed along the reaction.



In the second part, statistical method, namely response surface methodology
(RSM) was employed to determine the interactive effects between reaction parameters
(factors that affect transesterification reaction of glycerol) that yielded the desired
responses which are glycerol conversion and glycerol carbonate yield for a given

measurement and described the responses near to optimum.

In the third part, the investigation on the possibility of recycling the ionic liquid
employed for the consequence cycle of transesterification reaction was performed. The
efficiency of recovery was examined along with the glycerol conversion and glycerol

carbonate yield and selectivity.

In order to support the experimental findings, a computational study was also
carried out in the last part. The mechanistic study was conducted by general atomic and
molecular electronic structure system (GAMESS) software. In this study, the fundamental
understanding of the role of anion and cation towards the transesterification reaction of
glycerol and diethyl carbonate was achieved by prediction of the hydrogen bonding
formed, thus help to stabilize the reaction during the reactants at initial state and transition
states. The reaction mechanism was also proposed by means of the computational

findings.

Therefore, it is important to gather overall understanding in the catalytic
transesterification reaction of glycerol and diethyl carbonate using ionic liquid as catalyst
as well as optimizing the catalytic reaction. The novelty of this study relies on the
fundamental and practical levels as to gather overall understanding in the catalytic
transesterification reaction of glycerol and diethyl carbonate using ionic liquid as catalyst.

It is envisaged that this study could contribute towards creating a variety of new strategies



for converting glycerol as a green building block glycerol together with ionic liquids for

the more integrated process.

1.5 Outline of the thesis

In order to accomplish the objectives, this thesis is divided into five chapters

which consist of the following chapters:

Chapter 1 describes the research background, problem statements, objectives,

scope of work and the layout of the thesis.

Chapter 2 consists of relevant literature that motivates this study. It starts with a
brief introduction of the background of the source of surplus glycerol and its properties.
A broad literature review on the glycerol as a major chemical platform, glycerol carbonate
and organic synthetic routes of converting glycerol to glycerol carbonate were presented
in this chapter. Furthermore, it also reviews the properties of ionic liquids as catalysts,

factors affecting transesterification reaction and reaction mechanism.

Chapter 3 provides the details of the materials, experimental and analytical
apparatus including TLC, ATR-FTIR, NMR, GC-FID and GC-MS as well as

methodology involved in the experiments.

Chapter 4 describes the results obtained from the transesterification of glycerol
and diethyl carbonate by a screening of ionic liquids and reaction parameters such as
temperature, time, substrate molar ratio and solvent, catalyst loading and water content.
Glycerol conversion and glycerol carbonate yield and selectivity were measured by using

GC-FID, while the results from ATR-FTIR, NMR and GC-MS were included to



corroborate the GC-FID’s results. The RSM was reported with the purpose of establishing
the relationship between the reaction variables (reaction temperature, time, substrates
ratio and catalyst loading) and the responses (glycerol conversion and glycerol carbonate
yield) and determine how the responses are affected by the changes in the factors over a
specified level of interest. Recyclability of ionic liquid catalyst was also reported for
optimum glycerol conversion and glycerol carbonate yield and selectivity. Finally, this
chapter also involves the results and the discussion on the computational study, which

have been conducted by GAMESS and the discussion of the proposed mechanism.

Chapter 5 emphasizes and summarizes all the significant findings from this
research. Furthermore, relevant suggestions for future work were also provided, which is

essential and related to this work.



CHAPTER 2 : LITERATURE REVIEW

2.1 Glycerol

Today, as a result of the remarkable growth of biodiesel production produced from
vegetable oils by transesterification processes with methanol or ethanol, the production
of unavoidable glycerol increased very rapidly as well. The world outline of glycerol
production is given in Figure 2.1. It is predicted that by 2020 the global production of
glycerol will reach 41.9 billion liters (Nanda et al., 2014). Thus, crude glycerol disposal
and utilization have become a serious issue and a financial and environmental liability for
the biodiesel industry should be seriously reconsidered. A large amount of glycerol
generated may become an environmental problem since it cannot be disposed in the
environment. Economic utilizations of glycerol for value-added products are critically
important for the sustainability of the biodiesel industry. Therefore, new methods for

converting glycerol into high value-added chemicals are being developed.
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Figure 2.1: World outline of current surplus glycerol production (Nanda et al., 2014).
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2.1.1. Physical and chemical properties of glycerol

Glycerol (glycerine or 1,2,3- propanetriol) is an organic compound and it has the
chemical formula C3HgOz (Figure 2.2). Glycerol is virtually non-toxic to both human and
environment. In pure form, glycerol is a clear, colorless, odorless, hygroscopic, vicious
and sweet-taste liquid, which possesses a unique combination of physical and chemical

properties. Table 2.1 shows physicochemical properties and toxicity data of glycerol.

HO

Figure 2.2: Chemical structure of glycerol.

Table 2.1: Some physicochemical properties and toxicity data of glycerol (Mario &
Michele, 2010).

Properties Toxicity data
Melting point 17.8°C
Boiling point 290 °C
Molecular weight 92.09 g/mol
Viscosity (20 °C) 1200 cP
Vapour pressure (20 °C) <1mm Hg
Density (20 °C) 1.26 gcm?
Flash point 160 °C (closed cup)
Autoignition temperature 400 °C
Critical temperature 492.2 °C
Critical pressure 42.5 atm

Because it is a trihydric alcohol, glycerol is a polar protic solvent with a dielectric
constant of 42.5 (at 25 °C) which is intermediate between that of water (78.5) and an ionic
liquid such as 1-butyl-3-methylimidazolium hexafluorophosphate (11.4). The three-
hydroxyl groups in glycerol dominate its solubility. Glycerol is completely soluble in
water and short chain alcohols, sparingly soluble in many common organic solvents

(ethyl acetate, dichloromethane, diethyl ether), and is insoluble in hydrocarbons (Mario
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& Michele, 2010). Other than that, the extensive intermolecular hydrogen bonding is
responsible for the high viscosity and boiling point of glycerol. Taking advantage of its
high boiling point, reactions in glycerol can be carried out at high temperatures, thus

allowing acceleration of the reaction.

Glycerol represents an important raw compound in numerous fine chemistry (e.g.
food, drug, cosmetic and tobacco industry) and bulk industrial chemical processes due to
its high chemical reactivity (Pagliaro et al., 2007). A highly functionalized nature
exhibited by glycerol is due to the presence of primary and secondary hydroxyl groups
that can be replaced with other chemical groups. The primary hydroxyl groups generally
are more reactive than the secondary hydroxyl group, thus will preferably react first. In
any reaction, however, the second and third hydroxyls will react to some extent before all
the most reactive groups are exhausted. A large number of top-value added chemicals
such as dihydroxyacetone, mesoxalic acid, 1,3-propane-diol, 1,3-dichloropropanol,
glyceryl ethers, glycerol carbonate, and glyceryl esters can be obtained from glycerol by
a variety of chemical reactions (Figure 2.3) (Zheng et al., 2008). There is a comprehensive
literature and various research works are available on the glycerol valorization to value-
added chemicals (Pagliaro et al., 2007; Pagliaro et al., 2009; Behr et al., 2008). Among
them, the production of glycerol carbonate plays a prominent role as the monomer which
could be used for the production of new functionalized polymers that might have an

interesting new application (Ochoa-Gémez et al., 2012a).
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Figure 2.3: Value added chemicals from glycerol (Zheng et al., 2008).

2.2 Glycerol carbonate as a potential value-added chemical

With a focus on recent developments in the conversion of glycerol into value-
added chemicals, production of glycerol carbonate is one of the glycerol derivatives that
captures at present more scientific and industrial attention. The interest of glycerol
carbonate as a bio-based product has broad spectrum of applications in several fields,
mainly as a green solvent in analytical applications (Lameiras et al., 2011), Li-ion
batteries (Ochoa-Gdmez et al., 2012a) or as reaction media (Benoit et al., 2010; Ou et al.,
2011). Glycerol carbonate could also serve as raw material for the production of glycidol
(Yoo et al., 2001), which is widely being used in the textile, plastics, pharmaceutical and
cosmetics industries. Due to its potential end uses, glycerol carbonate is a relatively new

product for chemical industry for two main reasons: (1) its wide reactivity, implying

13



numerous applications, (2) as a way to valorize glycerol, which is becoming widely
available as a major bio-based by-product from the manufacturing of biodiesel and other

chemicals (Behr et al., 2008) (Figure 2.4).

Solvent <
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Lithium and lithium-ion batteries < :
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Detergent <

Figure 2.4: Direct and indirect application of glycerol carbonate (Ochoa-Gémez et al.,
2012a; Pagliaro et al., 2007).

2.3 Synthesis routes of glycerol carbonate

Figure 2.5 enumerates six proposed synthesis routes of glycerol carbonate. These
include direct carbonylation of glycerol with carbon dioxide and oxidative carbonylation
of glycerol with the gaseous mixture of carbon monoxide. For indirect carbonylation, the
routes include phosgenation, glycerolysis of urea and transesterification of alkyl
carbonates and dialkyl carbonates. Their advantages and limitations are presented in

Table 2.2 to exhibit the influence of catalyst on glycerol carbonate synthesis process.
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Table 2.2: Advantages and disadvantages of conversion route with respect to glycerol carbonate yield.

Glycerol
Route Type Catalyst Advantages Disadvantages carbonate Reference
yield (%)
Direct  Glycerol + Sn, KOH/HCI, Using bio-based Higher reaction temperature and 7.0-90.0 Maet al., 2012;
route Carbon La,0,CO3-Zn0O, n-  reactant and pressure and longer heating time, (Free of Ochoa-Gomez
dioxide Bu>Sn(OMe)a, n- commercially poor carbon dioxide reactivity, solvent), etal., 2011
Bu2SnO, RhCls + available at low price, thermodynamically limited, use 0.2-35.0
PPhs + Kl no intermediate steps  of organic solvents to enhance (Organic
the reaction rate and improve solvent)
yield (from 7.0% to 35.0%),
difficult recovery of products,
formation of polyglycerols at
higher temperature
Glycerol + CuCl, CuBra, Straightforward Formation of large amount of by- 47.0 (Free Huetal., 2010;
Carbon PdCl»(1,10- synthetic method products, toxicity of carbon of Mizuno et al.,
monoxide phenanthroline) /Kl monoxide, difficult in handling, solvent), 1994; Wang et
(include addition of higher reaction pressure 83.0-96.0 al., 2013
oxygen) (Organic
solvent)




91

Continue...

Indirect
route

Glycerol +
Phosgene

Glycerol +
Urea

Glycerol +
Alkylene
carbonate
(Ethylene
carbonate/
Propylene
carbonate)
Glycerol +
Dimethyl
carbonate

Zn/Cal Ma/
Zr/Aly/Laz oxide,
ZnS0O4, MnSO4, Zn
hydrotalcite, y-
zirconium
phosphate, gold,
gallium, and zinc
supported on oxides
and Zeolite ZSM-5

Amberlyst A26
HCOs, zeolite,
Al/MgO
hydrotalcite, Al/Mg,
MgO, RNX-
MCM41, Amberlyst
A26 OH"
Ammonium
bromide, K>COg,
K2CO3/MgO, Sn,
Ca0,Ca(0H),
LiNO3/MgsAlOs 5,M
g-Al hydrotalcite,
Mg/Al/Zr,
hydrotalcite-
hydromagnesite,
lipase

Simple and effective
way of reaction

Easy separable and
recyclable of
heterogeneous
catalyst. Low cost raw
material  with  low
toxicity

Easy separable and
recyclable of
heterogeneous catalyst

Homogeneous catalyst
enhanced reaction rate,
non-corrosive, higher
product obtained, for

enzyme (ambient
reactions  condition,
simplicity in
purification of
products)

Toxic gas, corrosive

Need low pressure, formation of
ammonia as by-product, difficult
purification

Carbonylation agent expensive,
difficult purification

Product yield decrease and
polymerization of product at
higher ~ temperature, involve
consecutive steps of catalyst
preparation, costly

28.0-93.0

68.0-92.0
(Free of
solvent)

59.0-99.0
(Free of
solvent),
79.0-99.0
(Organic
solvent)

Nemirowsky,
1885

Choetal., 2010;
Vieville et al.,
1998

Kumar et al.,
2012;
Waghmare et
al., 2015; Teles
etal., 1994;
Tudorache et al.,
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Figure 2.5: Various glycerol carbonate synthesis routes (Ramirez-Lopez, & Belsué,

2.3.1.1 Carboxylation of glycerol with carbon dioxide and carbon monoxide

Direct carboxylation of glycerol by carbon dioxide could be considered as the
most attractive and environmentally benign pathway leading to glycerol carbonate
production because the process uses carbon dioxide, a global warming gas, as a raw
material, and the only by-product is water (Scheme 2.1). Accordingly, a number of
homogeneous and heterogeneous catalysts such as zeolites (under supercritical
conditions), CeO,/Al>03, Sn-based compounds and rhodium complexes modified with
phosphine ligands have been developed for the carboxylation of glycerol (Aresta et al.,
2006; Dibenedetto et al., 2011; Ezhova et al., 2012; George et al., 2009; Vieville et al.,
1998). However, the result has never been satisfactory in terms of glycerol carbonate

yield and selectivity. Up to now, the poor carbon dioxide reactivity has led to yields lower



than 8.0%, although a more promising yield of 32.0% has been reported by George et al.
(2009). The low catalytic activities of catalyst were also reported even under high
pressure because of the thermodynamic limitation (Aresta et al., 2006; Dibenedetto et al.,

2011; Vieville et al., 1998).

0]
OH Sn-based compound yO
+ o - 0 . HO
HO OH 2
A 180 °C, 5.0 MPa f
OH
glycerol glycerol carbonate
Conversion = 40.0% Yield =< 8.0%

Scheme 2.1: Synthesis of glycerol carbonate from glycerol and carbon dioxide.

Avresta et al. (2006) has reported the direct carboxylation of glycerol with carbon
dioxide using tin complexes (n-Bu2Sn(OCHz3)2, n-Bu.SnO and Sn(OMe)») as catalysts.
The high temperature of 180 °C and a pressure of 50 atm were employed in the reaction.
The conversion of glycerol was only 2.3% at 6.0 hours, 5.0 MPa and 453 K. In an attempt
to increase the glycerol carbonate yield, molecular sieves were used to remove water from
the gas phase and tetraethylene glycol dimethyl ether was used as a solvent. These have
led to a slight increase of glycerol carbonate yield up to 35.0% at 4.0 hours, 13.8 MPa
and 393 K. At higher pressure, carbon dioxide occurs in the liquid state thus required
special expensive equipment to handle. Other than that, coupling agents (Tomishige et
al., 2004), co-reactant such as ethylene carbonate (Vieville et al., 1998), solvents such as
ethanol, n-butyl alcohol, acetone, tetrahydrofuran, pyridine, dimethyl sulfonate and
dimethylformamide and dehydrating agent such as valeronitrile, benzonitrile, phenyl
acetonitrile, 2-cyanopyridine (Liu et al., 2016) were also added to increase glycerol

carbonate yield.

19



Carboxylation of glycerol with carbon monoxide and oxygen has also been
previously reported (Scheme 2.2). Although it is a straightforward reaction, but this
method has few drawbacks such as rigorous reaction conditions, formation of large
number of by-products, toxicity of carbon monoxide and inherent difficulty to handle it
safely both at laboratory and industrial scales (Hu et al., 2010; Mizuno et al., 2010; Teles

etal., 1994; Wang et al., 2013).

(0]
PdCl,(phen) 0.25 mol% >\\
OH KI 2.50 mol% 0

. o - 1.0 o + HO
Ho\/K/OH 2 CO 2.0 MPa, O, 1.0 MPa 1)

DMF. 140 °C, 2.0 hours

OH
glycerol glycerol carbonate
Conversion = 92.0% Selectivity = 99.0%

Scheme 2.2: Synthesis of glycerol carbonate from glycerol and carbon monoxide.

2.3.2 Indirect synthetic route

2.3.1.1 Phosgene

The indirect synthetic route involved phosgenation using phosgene shows to be a
very simple and effective way to produce organic carbonates. Phosgenation reaction is
somehow hazardous due to the toxicity of phosgene, thus the use of phosgene is limited

(Climent et al., 2010; Sonnati et al., 2013) (Scheme 2.3).

O%
OH 0] . (0]
Pd (1,10-phenanthroline)
+ - O + 2 HCI
O _on CI)LCI . f
OH
glycerol glycerol carbonate

Scheme 2.3: Phosgenation of glycerol carbonate from glycerol and phosgene.
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2.3.1.2 Urea

As an alternative to carbon dioxide, urea has been extensively investigated as in
indirect synthetic route (Scheme 2.4). This is a phosgene-free process that uses easily
available and low-cost raw materials with low toxicity. Carbonylation of glycerol with
urea are catalyzed by basic oxides; magnesium oxide (MgO) and calcium oxide (CaO),
Al/Mg and Al/Li mixed oxides (Climent et al., 2010), samarium exchanged heteropoly
acid (Ramesh Kumar & Jagadeeswaraiah, 2012), zirconium phosphate (Aresta et al.,
2009), zinc compounds, lanthanum-based mixed oxide (Zhang & He, 2014), gold and
palladium based supported (Ab Rahim et al., 2013), hydrotalcite based (Aresta et al.,
2009; Climent et al., 2010; Park et al., 2012), boiler ash (Indran et al., 2014) and tin-

tungsten mixed oxide (Jagadeeswaraiah et al., 2014).

OH J(-)L 2180 >Lo
NSy + 2NH
HO\/K/OH + N CNH, 4 - OZ) 3

150 °C, 40.0 Mbar
OH
glycerol glycerol carbonate
Yield = 80.0%

Scheme 2.4: Carbonylation of glycerol carbonate with glycerol and urea.

Mouloungui et al. (1996) patented the synthesis of glycerol carbonate by
carbonylation of glycerol with urea in the presence of a catalyst bearing Lewis acid sites,
in particular, metallic or organometallic salts or supported metallic compounds. Okutsu
& Kitsuki (2001) have prepared glycerol carbonate by reacting glycerol with urea with
zinc oxide (ZnO) in the presence of a dehydrating agent such as anhydrous magnesium
sulfate (MgSQa4). After 6.0 hours of reaction time, the conversion of glycerol was 62.0%

to 65.0% with a selectivity close to 92.0%. Catalysts based on zinc, Zn(CH3CgHs-SO3)2,
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were used by Yoo & Mouloungui (2003) to synthesize glycerol carbonate from glycerol
with urea and glycerol conversion achieved was 85.0% after 1.0 hour of reaction. A recent
study by Nguyen-Phu et al. (2016) showed that Zn/Al mixed oxide was successfully
impregnated into activated red mud which attained a glycerol carbonate yield of 59.8%,

which is higher than 49.6% of the unsupported catalyst, Zn7Al3Ox.

Although the urea process is highly efficient for the production of glycerol
carbonate, the reaction must be conducted at elevated temperature (Turney et al., 2013)
and consumes a relatively longer reaction time about 1.0 hours to 8.0 hours (Sharath Babu
et al., 2015). Moreover, the reaction is preferably carried out under vacuum, in particular
at a pressure of between 10.0° Pa and 2.1% Pa, so as to displace the point of equilibrium

of the reactions by continuously eliminating ammonia from the gaseous state.

2.3.1.3 Alkylene carbonate

Transesterifications are highly useful reactions for utilization of recent huge
amount of glycerol production originated biodiesel synthesis from triglyceride and
methanol (Andreani & Rocha, 2012). Transesterification of glycerol with alkylene
carbonate (ethylene carbonate/propylene carbonate) is a safer and more effective method
that involves much lower reaction temperature and high yield of glycerol carbonate
(Alvarez et al., 2010; Climent et al., 2010; Mouloungui et al., 1996). Ethylene carbonate
possesses interesting physical properties such as low toxicity, low evaporation rate,

biodegradability and high solvency.
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At present, potassium hydroxide (NaOH) (Esteban et al., 2016), Mg/Al
hydrotalcite (Climent et al., 2010), Zn/Al hydrotalcite (Climent et al., 2010), potassium
carbonate and MCM-41 based materials (Cho et al., 2010) have been used to catalyze the
transesterification reaction of glycerol and ethylene carbonate. Moreover, the
transesterification of glycerol in supercritical carbon dioxide using zeolites or strongly
basic resins gives low glycerol carbonate yields (less than 25.0%) (Vieville et al., 1998).
Through this route (Scheme 2.5 (a)), ethylene glycol was formed as a by-product with a
high boiling point. Reducing the pressure is necessary during purification step to separate

ethylene glycol from the glycerol carbonate production process.

a)
O>X\
0 . -
HOVOC/OH + )k Al/Ca-mixed OXIde= g O . 1o oH
Q0 35°C, 0.5 Wt.% —
\/
OH
glycerol ethylene carbonate glycerol carbonate etlhylelne
Yield = 87% giyee
b)
ol )CL Calcium-doped O>\\
hydrotalcite O HO OH
160 °C, 5.0 hours,
0.10 gram
OH
glycerol propylene carbonate glycerol carbonate  propylene
Conversion = 84.0% Yield = 99.0% glycol

Scheme 2.5: Transesterification reaction of glycerol carbonate from glycerol and a)
ethylene carbonate and b) propylene carbonate.

Despite promising metal-containing catalyst systems that have been developed for
the synthesis of glycerol carbonate from glycerol and ethylene carbonate, ethylene
carbonate is expensive. Thus, it is an urgent to find an efficient, inexpensive, and also

environmental-friendly metal-free catalytic system for this interesting reaction.
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2.3.1.4 Dialkyl carbonate

The most studied route for the synthesis of glycerol carbonate is via the
environmentally benign transesterification of glycerol with dialkyl carbonate (Scheme
2.6). This is the most direct and industrial feasible pathways to produce high glycerol
carbonate yield with safe or moderate reaction conditions (Ochoa-Gémez et al., 2012a).
Dimethyl carbonate, diethyl carbonate or dibutyl carbonate (Tudorache et al., 2014) has
been used as carbonate sources for transesterification reaction (Pasquier et al., 2009).
Dimethyl carbonate is an environmentally-harmless chemical, which can be prepared
from methanol and urea. It can also be synthesized by utilization of carbon dioxide, a
readily available, inexpensive and environmentally acceptable starting material (La et al.,

2007).

Likewise, diethyl carbonate is also an important commercial compound that can
be prepared by ethanol and urea. It is non-toxic and readily more biodegradable (Tundo
et al, 2002). Moreover, diethyl carbonate including ethoxy and carbonyl groups can be
used as an effective carbonylating and ethylating agent as well as a raw material for
manufacturing polycarbonates (Wang et al., 2007). Diethyl carbonate is also an excellent
solvent and an intermediate for various pharmaceuticals such as antibiotic and
phenobarbital. In addition, diethyl carbonate can be used as the electrolyte of lithium ion

battery widely (Shaikh & Sivaram, 1996).
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Yield = 77.0%

Scheme 2.6: Transesterification reaction of glycerol carbonate from glycerol and a)
dimethyl carbonate and b) diethyl carbonate.

2.3.3 Summary on the synthesis routes of glycerol carbonate

As summary, two synthesis routes (direct and indirect routes) of glycerol
carbonate have been well elaborated in section 2.3.1 and section 2.3.2. Among the routes
for glycerol carbonate synthesis, transesterification of glycerol with dialkyl carbonate is
one of the most direct and industrially feasible pathways to produce high glycerol
carbonate yield. Moreover, this reaction offers facile separation of the product, by simple
distillation of the methyl/ethyl alcohol co-product. With such transesterification reactions
proving both efficient in catalysis and product isolation, the focus turned to substrate
scope, and in particular to a substrate that had come to prominent attention due to the
biodiesel boom at the end of the 20" century, glycerol. This synthesis route will be

discussed systematically in the subsequent sub-chapter.
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2.4 Homogeneous catalyst for transesterification reaction of glycerol with dialkyl

carbonate

In this study, homogeneous catalyst system for transesterification reaction of
glycerol is focused. Homogeneous catalyst can be defined as a catalyst that remains in
the same phase (liquid) as the reactants enhancing reaction rate of a reaction without
consuming itself. It provides an alternative way of lowering activation energy.
Furthermore, it is non-corrosive which gives higher percentage of product while for the
enzyme, it can perform well at an ambient reactions condition with simplicity in the
purification of products. Due to the mentioned point, many studies have devoted attention
to exploring the best homogeneous catalyst to enhance glycerol conversion and glycerol
carbonate yield and selectivity. Consequently, Table 2.3 summarizes the reported
homogeneous catalysts (not including ionic liquids) employed in transesterification

reaction of glycerol with dialkyl carbonate.

Notably, a primary advantage of homogeneous catalysts is that the reaction rates
are generally higher than those with heterogeneous catalysts. However, it has been
reported that the homogeneous acidic catalysts are not suitable for glycerol carbonate
synthesis as they indicate relatively weak catalytic activities (Ochoa-Gémez et al.,
2012a). Less than 5.0% of glycerol carbonate yield has been reported using the strong
acid such as p-toluenesulfonic or sulfuric acids in the catalytic reaction. Longer reaction

time within 24.0 hours is needed in order to improve yield up to 50.0%.

Unlike acidic catalyst, homogeneous strong basic catalysts such as KOH, NaOH,
NaHCOg, calcium complex Ca(C3H703)(OCO.CHz3), potassium carbonate (K2CO3) and

ionic liquids have been employed in transesterification reaction which gave more than
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90.0% glycerol carbonate yield (Chiappe & Rajamani, 2012; Jesus Esteban et al., 2015;
Yi et al., 2014). However, the traditional synthesis of glycerol carbonate which involves
the use of NaOH or NaHCOs3 has introduced several drawbacks such as the corrosion of
the reactors and generation of basic aqueous effluents due to the neutralization of the base
as well as the recovery of the product by distillation under reduced pressure (Arthur et
al., 1959). In the view of this, pioneer works conducted by Herseczki et al. (2009),
Rokicki et al. (2005) and Herseczki et al. (2011) have attempted to look on another
catalyst for the transesterification reaction. From their findings, KoCO3 performed the
best in catalyzing the transesterification of glycerol without the addition of any solvent.
However, the formation of by-products was reported. Higher glycerol/dimethyl carbonate
ratio over long reaction time (more than 48.0 hours) has led to the formation of glycerol
dicarbonate about 34.0%. Glycerol dicarbonate can react further to form diglycerol
tricarbonate, with relatively low yield about 18.0%. Progressive removal of methanol
from the system was applied to reduce the percentage of by-products formed. On the other
side, ring opening polymerization of glycerol carbonate to glycidol has significantly
reduced glycerol carbonate selectivity. Aresta et al. (2006) discovered that n-
Bu.Sn(OCHs)2 has promoted transesterification reaction of equimolar glycerol/dimethyl

carbonate of 1, resulting in a 65.0% glycerol conversion after 15.0 hours.

A study conducted by Naik et al. (2009) shows that organocatalyst; 1-n-butyl-3-
methylimidazolium-2-carboxylate ([Bmim-2-CO2]) is an effective catalyst for
synthesizing glycerol carbonate. Interestingly, glycerol carbonate yield achieved 100.0%
within 1.3 hours, thus exceeds the results achieved by K>COsz claiming that glycerol
carbonate can be obtained after 3.0 hours at 3.00 mol% of catalyst loading to get the

comparable conversion (Rokicki et al., 2005).
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Patel et al. (2009) has demonstrated that 1,3-dichlordistannoxanes have performed
well as catalyst in the production of glycerol carbonate from transesterification of glycerol
and diethyl carbonate without the addition of solvent. This is with regards to their earlier
findings, which implied that ethylene carbonate and 1,2-propylene carbonate can be
synthesized from respective polyols; ethylene glycol and 1,2-propylene glycol, using the
same catalyst. Cyclic diamines such as, 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) and
1,4-diazabicyclo[2.2.2]octane (DABCO) were also found to exhibit high catalytic
activities for the transesterification of glycerol with dimethyl carbonate (Munshi et al.,

2014c).

As described above, conventional acid or base liquid catalysts for
transesterification processes often entail several synthetic and environmental concerns. In
this scenario, the need to find or implement the transesterification reaction based on
innovative and possibly green catalysts and reaction pathway remains still a highly
desirable target. One of the alternatives is using ionic liquids as catalysts as they are well
known to be environmental-friendly and has driven their exploration and exploitation in
countless fields among the physical and chemical sciences. The increased interest in ionic
liquids by chemists and technologists clearly is also due to the utility of ionic liquids as
solvents for reaction chemistry, including catalytic reactions. With this, scientists have
made a concentrated effort to improve the performance of the ionic liquid catalysts
(Welton, 1999). lonic liquid as catalyst on transesterification reaction of glycerol and
dialkyl carbonate will be discussed systematically in section 2.5 with more details

focusing on its properties and performance upon the reaction.
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Table 2.3: Comparison of reaction conditions and performance of various catalysts (except of ionic liquid) for glycerol transesterification.

Reaction conditions

Molar ratio Reaction Catalyst Performance
Type of catalyst Tem[()oeg;a ture (carbonate/  time  loading (Wt.% Solvent  Y/C/S (%) Reference
glycerol) (hour) or mol%o)
Homogeneous base
catalyst
Potassium carbonate 73-75 3:1° 3.0 4.5 wt.% nil Y =970 Rokicki et al.,
(K2CO3) 2005
K2CO3 71-76 3:1° 5.0 4.5 wt.% nil N.A. Herseczki,
Varga, &
Marton, 2009
K2COs3 75 5:12 1.5 15.0 wt.% nil Y =100.0 Ochoa-Gomez
etal., 2009
K2COs 73-75 10:12 48.0 4.5 wt.% nil Y =18.0 Rokicki et al.,
K2COs3 73-75 3:1° 4.0 3.00 mol% nil Y =97.0 2005
K2CO3 70 3:12 1.0 1.0% wiw nil N.A Esteban et al.,
2015
Potassium hydroxide (KOH) 75 5:12 1.5 6.0 wt.% nil Y =100.0 Ochoa-Gomez
etal., 2009
Sodium hydroxide (NaOH) 75 5:12 1.5 4.0 wt.% nil Y =985 Ochoa-Gomez
etal., 2009
Triethylamine 68-88 4:12 2.5 10.00 mol% nil Y =98.0 Ochoa-Gomez
etal., 2012b
N-heterocyclic carbenes Room 3.5:12 0.33 2.60 mol% nil Y =95.7 Hervert et al.,
temperature 2014
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1-n-butyl-3- 74
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Homogeneous acid catalyst

Sulphuric acid (H2SO4) 75
p-Toluenesulfonic acid 75

5:1P

3.2:1

3.2:1

5:12
5:12

2.0

1.33

5.0

1.5
1.5

0.50 mol%

1.00 mol%

5.00 mol%

10.00 mol%
10.00 mol%

nil

nil

nil

nil
nil

Y =99.1
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Y =93.0

Y =35
Y =43

Patel et al.,
2009
Naik et al.,
2009

Ochoa-GOmez
et al., 2009

Y = yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate, N.A = not available, nil = not in list, ?
= use dimethyl carbonate as carbonate source, ® = use diethyl carbonate as carbonate source, ¢ = use ethylene carbonate as carbonate

source



2.5 lonic liquids

lonic liquids are constituted of a wide range of organic cation and
organic/inorganic anion and are liquid at or below 100 °C. In general, ionic compounds
composed entirely of ions, are solids with high melting points, for example, above 450
°C. These solids are commonly known as ‘molten salts’ when heated to above their
melting points. In contrast to “molten salt”, ionic liquids have low melting points, from
—100 °C to 200 °C. A simple example of a “molten salt” is molten sodium chloride (NaCl)
which has a melting point of 801 °C (Figure 2.6). The considerable difference in the
melting temperature between molten salt NaCl and ionic liquid, for example 1-ethyl-3-
methylimidazolium chloride (JEmim][CI]) lies in the asymmetric and large cation of ionic
liquids, leading to a difficult packing structure of the cations and anions as well as weak

ionic bond between them as shown in Figure 2.6.

ol Jol
- Jol 1O,
ol Jol
L ]10] 10

_ Na_CI [Emim][CI]
(melting point 801 °C) (melting point 87 °C)

Figure 2.6: Comparison between lattice energy of NaCl and [Emim][CI] (Wilkes,
Levisky, Wilson, & Hussey, 1982).
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Some typical structures of ionic liquids are shown in Figure 2.7. Heteroatom
cations such as alkylimidazolium, alkylpyridinium, alkylammonium and
alkylphosphonium ions are the most widely used cations in the ionic liquids family. A
wide range of physical characteristics of ionic liquids can be developed incorporating
many different anions: including hexafluorophosphate, ethanoate, trifluoroethanoate,
sulfate,  hydrogensulfate, alkylsulfate, nitrate, biscyanamide  ([N(CN)2]2),
trifluoromethanesulfonate ([CF3S0O3]2), bis-trifluoromethylsulfonyl amide
(IN(CF3S02)2]2) and tris-trifluoromethylsulfonyl methanide ([C(CF3sSO2)s]2). There are
about one trillion (10'8) possible cation or anion combinations to produce ionic liquids,
which can fit the needs of targeted properties and also specific reaction (Huddleston et
al., 2001; Holbrey & Seddon, 1999).

Cations Anions
et ] | s
= R [1]

imidazolium pyrazolium halide anion nitrite

R F FF
R F-B-F F-P-F
s [Eler A
_Ni R
R R

tetrafluoroborate  hexafluorophosphate

0

I
SN
o Vo

pyridium pyrrolidium
F O F O
R \ /
R_E+R [ bR F-C-$-0 F-C—C,
I I 0 F 0]
R R
: . trifluoromethanesulfonate  trifluoroacetate
ammonium phosphonium
F F
F—C
/O
O//\S( O F
N-S-C-F
o F

bis(trifluoromethanesulfonate)

Figure 2.7: Examples of some typical cations and anions of ionic liquids.
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lonic liquids also exhibit high thermal stability, non-flammable, high electrical
conductivity, low or negligible vapor pressure and low toxicity (Sheldon, 2001;
Wasserscheid & Welton, 2008). Because of the unique properties of ionic liquids, they
are integrated in many fields such as analytical chemistry (Joshi & Anderson, 2012),
electrochemistry (Seddon, 1996), solvent for organic reaction (da Costa Lopes et al.,
2013) and catalysis (Shu et al., 2014; Cheng et al., 2013). Besides, behaving as either
solvent or catalyst in chemical processes, they could also act as both, thus drawn attention

not only within academic area but also in industry.

2.5.1 lonic liquids as catalysts

The ability of ionic liquids to act as a solvent in chemical processes has never been
argued before (Bose et al., 2010; Heinze et al., 2005; Sheldon, 2001). Yet, they also
performed excellently as a catalyst and received considerable attention due to their
prospects for ‘green’ catalysis (Rani et al., 2011). lonic liquids can be designed to be used
as a catalyst to accelerate the reaction and provide high catalytic activity as well as
excellent chemical and thermal stability. It is evidenced that ionic liquids act as desirable
catalysts for several organic synthetic reactions, including Diels-Alder reactions,
hydrogenation, polymerization, cycloaddition, esterification and transesterification
reaction (Anthofer et al., 2014; Lan et al., 2016; Welton, 1999; Welton, 2004). Anion and
cation of ionic liquids can be change independently, allowing its properties such as
solvation properties, polarity (Chiappe et al., 2009), viscosity and acidity or basicity of
ionic liquids to be tuned to purpose. Furthermore, ionic liquids exhibited acidic or basic
properties, which the combination of these unique properties emerges them as green

reaction media and also catalyst (Gong et al., 2008). The acidity or basicity of reactive

33



ionic liquids is governed by the strength of the cation, anion, or by the combination of the

cation and anion.

In another hand, the polarity of ionic liquids can be measured by means of polarity
scales which describe the potential behaviors of the solvent in a relationship with the
solute and that it is not an absolute property of the pure liquid (Rani et al., 2011). Kamlet
& Taft (1976) introduced the multi-parameter polarity scales that comprises the
complimentary scales of hydrogen bond acidity (a), (Taft & Kamlet, 1976) hydrogen
bond basicity () and the dipolarity/ polarizability effects (n*) (Kamlet et al., 1977). These
scales together provide greater sophistication when describing the polarity of a solvent
than single parameter scales. Thus, the strength of cation and anion can be referred to the

hydrogen bond acidity (o) and hydrogen bond basicity () value, respectively.

An efficient and realistic use of ionic liquids in catalysis requires the knowledge
of their hydrogen bond acceptor of anion and hydrogen bond donor of cation ability. This
will allow the preparation of acidic or basic ionic liquids. The common structures of ionic
liquids used as the catalyst for transesterification reaction of glycerol are presented in
Table 2.4. As a way of understanding the mechanism of transesterification reaction of
glycerol and dialkyl carbonate for synthesizing glycerol carbonate, the roles of cation and
anion of ionic liquids as catalysts were explored and further elaborate from section 2.5.1.1

t0 2.5.1.3.
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Table 2.4: Typical ionic liquids as catalysts use in transesterification reaction.

lonic liquid Reference
C,Hy Chiappe &
I:I\ Rajamani,
[ ] E ] [ b < 2012
"N(CN), OH N(CN), 1\{\
HaC C4H9 HsC X=THN  [Bmim][TEHN]
[Mory 4][N(CN),] [M0f1=g] [N(CN)z] X=PF, [Bmim][PF]

O
[ ¢ [
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5 ~-Crn-CHs N TEHEN

0] 0] AN
chl \CH3 H;C CyHs
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EN> N(CN)z H3C C4H9

\ X=TEN  [Hme, J[TEN]
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F4H9 VN?\N/ C4H9 Yl et al., 2014
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N Cl N/\\ D
\ NN \
[Bmim][Cl] [Amim][Im] [bmim][Im]
CH;, CH; Gade et al.,
+1 - + 2012
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CH,
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[Tma][HCO;]

C, = methyl, butyl
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2.5.1.1 Effect of anion to transesterification reaction of glycerol

It is in general accepted that the strongest forces in ionic liquids are exhibited by
basic anions which depends on their hydrogen bond acceptor ability (B) value to activate
nucleophile, thus inflating the glycerol conversion. Choi et al. (2013) demonstrated that
glycerol conversion increases with increasing 8 value of ionic liquid which is from 1.0 to
1.2. They suggested that the degree of the interaction between the anion and hydroxyl
groups of glycerol through the hydrogen-bond is the most important factor in determining

the activity of ionic liquids and selectivity pattern.

In another finding, Gade et al. (2012) reported that hydroxide and bicarbonate-
based ionic liquids (tetraalkylammonium hydroxide; [Tea][OH], [Tba][OH], [Tma][OH])
and (tetraalkylammonium bicarbonate; [Tma][HCOs], [Tha][HCO3]) have been pointed
out to effectively converted 77.0% to 95.0% of glycerol at 80 °C within 1.5 hours. The
selectivity to glycerol carbonate after 1.5 hours of reaction time was reported with a range
of 33.0% to 56.0% (Table 2.5). The higher basicity of hydroxide and bicarbonate counter
ions best explains the higher activity achieved. They also reported that there was glycidol
formation where its selectivity increased within the range of 26.0% to 70.0% as the
catalyst loading increased. This could be due to the increase in the concentration of
catalyst in the reaction mixture leading to an increase in glycerol carbonate
decarboxylation. Halide-based ionic liquids such as [Tma][Br] and [Tbha][Br] were not

active for the reaction and only trace the amount of product was formed in these reactions.

Chiappe & Rajamani (2012) demonstrated that dicyanamide-based counteranion
showed better catalytic activity, giving higher conversion and selectivity compared to

neutral-based ionic liquids such as Tf:N and PFe based counteranion. N-methyl-N-
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butylmorpholinium dicyanamide ([Mor1,4][N(CN).]) give 95.0% glycerol conversion at
120 °C within 13.0 hours using a dimethyl carbonate/glycerol molar ratio of 3:1. Besides,
highly ~ basic  ionic  liquids  N,N-dimethylpyrrolidinium  methylcarbonate
([mmPyrr][MeCOz]) gave complete glycerol conversion within 9.0 hours at 120 °C and

a molar ratio of [mmPyrr][MeCOs]/glycerol of 1:10.

Yi et al. (2014) demonstrated that 1-butyl-3-methylimidazolium imidazolide
([Bmim][Im]) gives better performance with higher conversion and selectivity compared
to 1-butyl-3-methylimidazolium hydroxide ([Bmim][OH]) with 73.0% and 59.0%
glycerol conversion, respectively. The differences of the catalysts performance can be
attributed to the stronger basicity and dispersibility properties of the [Im]™ anion relative
to the [OH] anion. [Im]~ anion tends to undergo a stronger interaction with the hydroxyl
group of glycerol resulting in the facile formation of the corresponding [OH] anion
followed by a nucleophilic attack on the carbonyl group of dimethyl carbonate.
[Bmim][Im] was also found to give 73.4% glycerol conversion and 100.0% glycerol
carbonate selectivity whereas neutral ionic liquid [Bmim][CI] gave a lower glycerol

conversion. These results were consistent with those described by Lin et al. (2013).

2.5.1.2 Effect of cation to transesterification reaction of glycerol

In general, the ability of cation to activate electrophile depends on their hydrogen
bond donor (o) value. With respect to the effect of cation towards catalyst activity, Cho
et al. (2010) demonstrated that increasing the alkyl chain length from ethyl to butyl of the
cation of quaternary ammonium immobilized onto MCM-41 ionic liquids (heterogeneous

catalyst) resulted in a significant increment of the conversion of glycerol of 93.0%, 79.0%
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glycerol carbonate selectivity at 80 °C for 1.5 hours and turnover number (TON) in the
range of 147 to 202. This is in good agreement with the previous reports on the effect of
alkyl chain length of cation throughout the reaction (Ju et al., 2007). These findings were
attributed to the stronger electron-donating ability of its butyl group compared with the
other alkyl chain. Theoretically, increasing the bulkiness of alkyl chain may result in less
electrostatic interaction between cation and anion which thereby forces anion away. The
larger distance between cation and anion will lead to a higher mobility of anion.

Therefore, anion will be much easier to initiate the reaction.

2.5.1.3 Synergistic effect of cation and anion to transesterification reaction of

glycerol

In some studies, researchers have reported that synergistic catalytic effects of ionic
liquids catalytic system play an important role in promoting the conversion of glycerol to
glycerol carbonate. This is owing to the fact that the cation and anion of ionic liquids can
cooperatively act as nucleophilic and electrophilic to catalyze various reactions which
involve carbonyl activation (Zhang et al., 2011). They both work together by electrophile-

nucleophile dual activation.

The plausible mechanisms also have been proposed by Munshi et al. (2014a) (as
discussed in section 2.5.1.1) by considering the earlier proposed mechanism by Selva et
al., (2012) and Gade et al. (2012) which reported on the parallel requirement of both
anions and cations of ionic liquids for the activation of dimethyl carbonate and alcohols.
Munshi et al. (2014a) reported on DBU-based ionic liquids in the transesterification
reaction of glycerol with respect to the low TON which was reported in previous studies
(Cho et al., 2010; Gade et al., 2012; Patel et al., 2009). They found that the 1,8-

diazabicyclo [5.4.0Jundec-7-ene (DBU)-methanol ionic liquid catalyst gave higher

39



catalytic activity (TON = 9408). Then, the researchers have screened amidine-based ionic
liquids; 4-dimethylaminopyridine (DMAP), 1,4-diazabicyclo [2.2.2] octane (DABCO),
1,8-diazabicyclo [5.4.0Jundec-7-ene (DBU), and 1,5- diazabicyclo[4.3.0]non-5-ene
(DBN) for the transesterification reaction of dimethyl carbonate and glycerol (Munshi et
al., 2014b). The results showed that, DBU performed better than DBN with 98.0%
glycerol conversion and 96.0% glycerol carbonate selectivity at 100 °C within 7.5 hours
and 0.01 mol% catalyst loading (TON = 9408) which is in line with their earlier reported

work (Munshi et al., 2014a) (Figure 2.8).

Figure 2.8: DBU based ionic liquid.

The synergistic effect of cation and anion on transesterification reaction of
glycerol was also discussed by Cheng et al. (2013). They have found that hydrogen
bonding originated from Caromatic—H moieties of the cation has a positive effect on the
ring-opening of epoxide to promote the synthesis of cyclic carbonate, while it may also
weaken the nucleophilicity of the anions by limiting their movements to some extent
(Cheng et al., 2013). Besides, the presence of hydroxyl groups on the cation did not affect
the catalytic activity and nuclear magnetic resonance analysis of the reaction mixtures
showed that the dihydroxyl-functionalized ionic liquids do not compete significantly with
the glycerol in the reaction with dimethyl carbonate (Chiappe & Rajamani, 2012). Table
2.5 summarizes the ionic liquids that have been used as catalyst for transesterification of

glycerol with dialkyl carbonate.
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Table 2.5: Reaction conditions of ionic liquids as catalyst of glycerol carbonate synthesis.

Reaction conditions

Substrate ratio

of glycerol/

Performance (C/Y/S)

Type of catalysts i i References
yp y Tempoerature Carbonate _Reactlon Catalyst loading %
(°C) . time (hour) (wt., g or mol%)
(equivalent
molar)

lonic liquid:

gf;:ﬁ;géb“ty'ammon'“m 120 1:0 6.0 3.30 mol% Y =920 Grey & Pa, 1999
[Tea][OH] 80 1:32 1.5 0.217 mmol C=89.0,S=560  Gadeetal, 2012
[Tba][OH] 80 1:32 15 0.217 mmol C=90.0,S=47.0

[Tma][OH] 80 1:32 1.5 0.217 mmol C=95.0,S=470

[Tma][OH] 80 1:1# 1.5 0.217 mmol C=45.0,5S=39.0

[Tma][OH] 80 1:22 15 0.217 mmol C=74.0,S=40.0

[Tma][OH] 80 1:32 15 0.217 mmol C=97.0,S=46.0

[Tma][OH] 80 2:12 15 0.217 mmol C=66.0,S=30.0

[Tma][OH] 80 3:12 15 0.217 mmol C=55.0,S=51.0

[Tpa][OH] 80 1:32 15 0.217 mmol C=77.0,S=420

[Me-DABCO][OH] 80 1:32 15 0.217 mmol C=87.0,S=46.0

[Tma][HCO3] 80 1:32 15 0.217 mmol C=83.0,S=33.0
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[Tba][HCO3] 80 1:32 1.5 0.217 mmol C=86.0,S=420  Gadeetal, 2012
[Tma][Br] 80 1:32 1.5 0.217 mmol C = very low

[Tha][Br] 80 1:32 1.5 0.217 mmol C = very low

[Mor1.4][N(CN)] 120 1:32 13.0 0.17 mmol C=95.0 Chiappe &
[Mor1g][N(CN)] 120 1:32 13.0 0.16 mmol C=90.0 Rejamani, 2012
[Hme14][N(CN)] 120 1:32 13.0 0.16 mmol C=45.0

[HOC2mim][N(CN)2] 120 1:32 13.0 0.2 mmol C=95.0

[HOC2mim][N(CN)2] 120 1:32 13.0 0.4 mmol C =100.0

[Mor12][Tf2N] 120 1:3? 13.0 0.2 mmol C=0.0

[Bmim][Tf2N] 120 1:3? 13.0 0.18 mmol C=0.0

[Bmim][PFe] 120 1:32 13.0 0.13 mmol C=0.0

[Hme14][TF2N] 120 1:3 13.0 0.2 mmol C=0.0

[mMmPyrr][MeOCO2] 120 1:32 13.0 0.1 mmol C=100.0

[Bmim][Im] 70 1:22 0.5 10.00 mol% C=73.4,5=100.0 Yietal., 2014
[Amim][Im] 70 1:22 0.5 10.00 mol% C =65.6,S=100.0

[Bmim][OH] 70 1:22 0.5 10.00 mol% C =59.0, S =100.0

[Amim][OH] 70 1:22 0.5 10.00 mol% C =53.0,$=100.0

[Bmim][HSO4] 70 1:22 0.5 10.00 mol% C=15.0,S=76.0
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[Bsmim][HSO4] 70 1:22 0.5 10.00 mol% C=11.0,S=76.0

[Bmim][CI] 70 1:22 0.5 10.00 mol% C =<10.0,S=82.0

[DBU][Methanol] 100 1:32 0.5 2.5 wt.% C=96.0,S=82.0 Mugzqi4et al.,
a

[DBU][Methanol] 100 1:12 0.5 1.00 mol% C=62.0,S=84.0

[DBU][Methanol] 100 1:22 0.5 1.00 mol% C=71.0,5S=850

[DBU][Methanol] 100 1:32 0.5 1.00 mol% C=96.0,S=82.0

[DBU][Methanol] 100 2:12 0.5 1.00 mol% C=78.0,S=77.0

[DBU][Methanol] 100 3:12 0.5 1.00 mol% C=68.0,S=86.0

[DBU][Propylene glycol] 100 1:32 0.5 2.5 wt.% C=87.0,5S=90.0

[DBU][Glycerol] 100 1:32 0.5 2.5 Wt.% C=85.0,5S=92.0

Amidines based ionic liquids:

4-dimethylaminopyridine Ao 0 _ _ Munshi et al.,

(DMAP) 100 1:3 0.5 0.10 mol% C=5.0,5=89.0 2014b

%SA"E';%ZSS"CVC'O[Z'2'2]°Cta”e 100 1:3° 05 0.10 mol% C=310,S =930

%’_i;]‘i'a(‘éagﬁg’c'o[‘r"“'o]“”dec' 100 1:3° 0.5 0.10 mol% C=510,S=91.0

18-diazabicyclo[5.4.0]undec- 100 1:3° 7.5 0.01 mol% C=98.0,S=96.0

7-ene (DBU)
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1,5-diazabicyclo[4.3.0]non-5-
ene (DBN)

1,5-diazabicyclo[4.3.0]non-5-
ene (DBN)

primary alkyl amine

primary, secondary, tertiary
amine

[N2222] [Pipe]
[N2222][Pro]
[N2222][H-pyr]
[N2222][Thio]

[N2222][Ace]
Heterogeneous catalyst
TEA-MCM41°

TPA-MCM41°
TBA-MCM41°®

100

100

100

100

130

130

130

130

130

80
80
80

1:32
1:32
1:32
1:32
1:2%
1:28
1:22
1:28
1:28
1:2°

1:2°b
1:2°

0.5

7.5

2.0

2.0

2.0

2.0

2.0

2.0

2.0

1.5
1.5
1.5

0.10 mol%

0.01 mol%

2.00 mol%
2.00 mol%
3.0 wt.%
3.0 wt.%
3.0 wt.%
3.0 wt.%

3.0 wt.%

01g
01g
01g

C=44.0,5=98.0

C=87.0,S=99.0

C=37.0-53.0,S =
83.0-98.0
C=76.0-97.0,S =
88.0-97.0
C=96.0,5S=18.0, S*=
82.0
C=94.0,5S=32.0, S*=
68.0
C=12.0,S=75.0, §*=
25.0
C=11.0,5S=90.0, $%=
10.0
C=88.0,S=42.0, =
58.0

C=93.0,S=795
C=933,S=823
C=94.0,S=83.8

Munshi et al.,
2014b

Zhou et al., 2015

Cho et al., 2010
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THA-MCM41° 80 1:2"° 1.5 0.1¢g

C=928,S=81.6

Y =yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate
2 use dimethyl carbonate as carbonate source

® use ethylene carbonate as carbonate source

¢ Selectivity of glycidol is reported

d Gas phase basicity (GPB) calculated using density functional theory (DFT)

¢ Immobilized onto mesoporous support



2.5.1.4 Reported mechanism

Another class of homogeneous catalysts that have been studied widely is that of
the ionic liquids, which come in a range of guises. lonic liquid, act as catalyst due to the
adjustable cation-anion pairing which allows the preparation of acidic/basic ionic liquids.
It is interesting to note that, the cation and anion in ionic liquids can activate electrophiles
and nucleophiles respectively to catalyze various reactions involving carbonyl activation
(Zhang et al., 2011). The ability of cation to activate electrophile depends on the ability
of hydrogen bond donor while the ability of anion to activate nucleophile depends on the

ability of hydrogen bond acceptor.

Scheme 2.7 illustrates the mechanism of the reaction for the formation of
glyceroxide anion in step 1, initiated by nucleophilic attack of anion. The strength of
nucleophile must be high enough to abstract the proton from the primary hydroxyl group
of glycerol. Methanol is produced during the synthesis of glycerol carbonate (step 3).
Furthermore, the glyceroxide anion reacts with dimethyl carbonate to produce methyl
glyceryl carbonate as an intermediate (step 2) that converts to glycerol carbonate
concomitantly through a fast-intramolecular cyclization (step 4) with the production of a
second methanol molecule (step 5). The formation of methyl glyceryl carbonate was
observed in only small quantities at low catalyst loading (0.01 mol%) (Munshi et al.,
2014c). The close contacts between catalyst sites and glycerol are necessary to favor the
reaction if there are no glycerol mass transport limitations from the bulk solution to the

catalytic sites.
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O
OH

glycerol carbonate

CH;0 + H _ CH;0H

Scheme 2.7: Reaction mechanism of the transesterification of glycerol with dimethyl
carbonate using 1-butyl-3-methylimidazolium imidazolide ([Bmim][Im])
catalyst.

There are a few of reported studies carried out on reaction mechanism with respect
to the synergistic effect of cation and anion of ionic liquid which help in activating the
reactants (Chakraborti & Roy, 2009; Lucchini at al., 2012; Selva et al., 2010). Selva et al.
(2012) have proposed a mechanism for the synthesis of unsymmetrical carbonates
involving parallel requirement of both anions and cations of ionic liquid for the activation
of dimethyl carbonate and alcohols such as benzyl alcohol, cyclopentanol, cyclohexanol
and menthol. Methyltrioctylphosphonium cation was coupled to weak basic anions such
as bicarbonate, acetate, and phenolate was used as basic ionic liquid catalysts. Besides,
Gade et al. (2012) have reported on direct synthesis of glycidol from glycerol via glycerol
carbonate as an intermediate and also discussed the role of both cations as well as anion

in decarboxylation of glycerol carbonate to glycidol over tetramethyl ammonium
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hydroxide ionic liquid as catalyst. Munshi et al. (2014a) have adapted the reaction
mechanism proposed by Selva et al. (2012) and Gade et al. (2012) thereafter. A plausible
reaction mechanism has been proposed for the transesterification of dimethyl carbonate
with glycerol to glycerol carbonate and decarboxylation glycerol carbonate to glycidol

over DBU-Methanol as catalyst as shown in Scheme 2.8.
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Scheme 2.8: The proposed reaction mechanism for (a) transesterification of dimethyl
carbonate with glycerol and (b) decarboxylation of glycerol carbonate
catalysed by ionic liquid (Munshi et al., 2014a).
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Munshi et al. (2014c) also synthesized DABCO-based ionic liquids as a catalyst
for transesterification of glycerol. DABCO functions as a nucleophilic catalyst, reacts
with dimethyl carbonate and generates an ion pair. DABCO-Dimethyl carbonate ionic
liquid is less basic than the parent DABCO giving the value of 11.0 and 9.1, respectively
(measured at 17 °C). A plausible mechanism of transesterification reaction of glycerol
and dimethyl carbonate using DABCO-Dimethyl carbonate catalyst has been proposed

as in Scheme 2.9. The formation of glycidol was also reported.

Scheme 2.9: Proposed reaction mechanism of transesterification reaction of glycerol and
dimethyl carbonate using DABCO-Dimethyl carbonate catalyst (Munshi et
al., 2014c).
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As reactivity of glycerol carbonate lies not only in the ring but also in the pendant
hydroxyl moiety, glycerol carbonate can react both as a nucleophile through its hydroxyl
group, and as an electrophile through its ring carbon atoms. As being proposed by Ochoa-
Gomez et al. (2012), at higher temperature of 135 °C, acidic primary hydroxyl pendant
group of glycerol carbonate is deprotonated by tetraethylamine as catalyst resulting in a
hydroxide ion which could initiate the glycerol carbonate ring opening polymerization.
An intramolecular nucleophilic substitution reaction occurs, followed by ring-opening of
the five-membered cyclic carbonate, to form glycidol (Scheme 2.10). Glycerol

dicarbonate was also reported to form along the reaction (Scheme 2.11).

Et;NH"
oC) ’ -c(
Et;N
3 k -CO,

.
HO™ >~
o

Scheme 2.10: Proposed mechanism for glycidol formation (Ochoa-Gémez et al., 2012b).

HO 0
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Glycerol Methyl glyceryl Glycerol carbonate Glycerol dicarbonate

carbonate

Scheme 2.11: Reaction mechanism of the transesterification of glycerol with dimethyl
carbonate.
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Through the literature in this area of study, it can be concluded that ionic liquids
as catalyst can either contribute toward a single and synergistic effect of cation or/and
anion on transesterification of glycerol. Reaction mechanism using heterogeneous
catalysts were also proposed in several studies which signify the formation of other
products such as glycidol and glycerol dicarbonate, rather than glycerol carbonate solely
has been formed from the transesterification reaction of glycerol (Ochoa-Gomez et al.,

2012b; Bai et al., 2013a; Bai et al., 2013b, Climent et al., 2010).

2.6 Factors influencing transesterification reaction of glycerol

The glycerol conversion, glycerol carbonate yield/selectivity and other possible
products such as glycerol dicarbonate and glycidol in transesterification reaction are
significantly altered by several reaction parameters such as reaction temperature, reaction
time, substrates ratio and catalyst loading. Some of the studies have certainly explained
the effect of solvent as well as impurity particularly in water content and methanol in the
reaction mixture (Teng et al., 2014). The pertinent factors affecting the performance of
ionic liquids catalyzing transesterification reaction of glycerol such as the effect of
temperature, time, substrates ratio and catalyst loading will be elucidated individually in

the section 2.6.1 t0 2.6.4.

2.6.1 Effect of temperature

In most of the reported studies, the reaction temperature is obviously a critical
parameter affecting the glycerol conversion and glycerol carbonate yield. This is mainly
due to that higher temperature can improve the miscibility between hydrophobic dimethyl

carbonate/diethyl carbonate and hydrophilic glycerol. The conversion of glycerol and the

51



selectivity of glycerol carbonate increases as the reaction temperature increased (Chiappe
& Rajamani, 2012; Cho et al., 2010; Gade et al., 2012; Grey, 1992) together with the
chemical equilibrium constant (Li & Wang, 2011). The incomplete reaction was obtained
at a very low temperature, indicated by two unchanged layers form, while one phase of
reaction solution obtained can significantly indicate the complete reaction. Changes in
temperature has increase the kinetic energy of the reactant molecules, thus affect on the
rate of reaction. It can be correlated to the collision theory as well as the Arrhenius

equation (Yadav & Chandan, 2014).

Nevertheless, the optimum reaction temperature in transesterification is closely
dependent on the heat sensitive carbonates and catalysts used. Understanding the physical
properties of the reactants can help in determining the optimum reaction condition of
reaction. Dimethyl carbonate and glycerol are thermally stable and will not decomposed
below 390 °C (Cross et al., 1976) and 150 °C (Benavides et al., 2013), respectively. It is
therefore, the workable reaction temperature which is strongly encouraged to not
exceeding the mentioned value. Besides, the high temperature must be avoided to
eliminate the formation of highly flammable ethers resulting from undesired

decomposition of dimethyl carbonate (Selva et al., 2011).

The synthesis route has been widely studied using different carbonate sources and
catalysts at varying temperature range between 35 °C to 140 °C at atmosphere pressure.
In the reaction involving ionic liquid as a catalyst, Zhou et al. (2015) has synthesized a
series of tetraethylammoniumamino acid ionic liquids which show 96.0% glycerol
conversion at an optimum reaction temperature of 130 °C. Li & Wang (2011) reported
that increasing the temperature of the transesterification reaction should lead to a dramatic

increase in the chemical equilibrium constant for the reaction of glycerol with dimethyl
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carbonate. Cho et al. (2010) have observed a similar trend in the transesterification of
glycerol to glycerol carbonate using tetraalkylammonium salts immobilized on MCM-41
as the catalyst. At the higher temperature of 140 °C, a rapid darkening of the reaction
mixture was reported by Chiappe & Rajamani (2012). This is due to the evaporation of
dialkyl carbonates that exceeds their boiling points whereby excessive evaporation will

cause partial decomposition of the reactants or catalyst.

Chiappe & Rajamani (2012) has reported obtaining a high glycerol conversion
and glycerol carbonate selectivity at the reaction temperature of 120 °C. The reaction
temperature can still be considered as it does not exceed the decomposition temperature
of either/both of the reactants in the reaction. Dicyanamide based ionic liquids; N-methyl-
N-butylmorpholinium dicyanamide, [Mor14][N(CN)2], N-methyl- N-
glycerylmorpholinium  dicyanamide  [Morig][N(CN).] and  1-methyl-3-(2-
hydroxylethyl)imidazolium dicyanamide, [HOEmim][N(CN)2] have given 90.0%, 95.0%
and 95.0% glycerol conversion, respectively at 120 °C, 13.0 hours of reaction time with

dimethyl carbonate/glycerol ratio of 3:1 and 0.16 to 0.20 mmol of catalyst loading.

In another study, 1-butyl-3-methylimidazolium imidazolide ([Bmim][Im]), 1-
butyl-3-methylimidazolium hydroxide ([Bmim][OH]), 1-allyl-3-methylimidazolium
imidazolide ([Amim][Im]), and 1-allyl-3- methylimidazolium hydroxide ([Amim][OH])
worked well as the catalysts in the reaction of glycerol with dimethyl carbonate at 70 °C,
0.5 hours, dimethyl carbonate/glycerol ratio of 2:1 and 10.00 mol% ionic liquid loading
(Yi et al., 2014). The glycerol conversion increased by more than 65.4% when the
reaction temperature increased from 25 °C to 70 °C. In contrast, the glycerol carbonate
selectivity consistently less affected by the temperature, gives 100.0% its selectivity up

to 70 °C, where it was decreased slightly with the increase of temperature. It is expected

53



that the increase in the operating temperature beyond the optimum temperature might not
improve the glycerol conversion but instead it would probably decrease the glycerol
carbonate yield. This was witnessed with decarboxylation of glycerol carbonate to
glycidol which decreases the glycerol carbonate selectivity while glycidol selectivity

slightly increases as temperature increases (Munshi et al., 2014a).

An earlier finding by Rokicki et al. (2005) also have described the K>COs-
catalysed ring opening polymerization of glycerol carbonate at 170 °C which proceeds
with carbon dioxide evolution and vyields hyperbranched aliphatic polyethers. The
reaction mechanism has been proposed as illustrated in Scheme 2.10 (described in section
2.5.1.4), motivated by earlier findings from Sandler & Berg (1966) who reported on
vigorous polymerization of glycidol in the presence of triethylamine. The proposed
mechanism has been supported by Ochoa-Gomez et al. (2012b), thereafter. In another
study, Darensbourg & Yeung (2014) showed that decarboxylation is favored at high
temperature, regardless of the acid or base-catalyzed system due to increasing reactivity
of glycerol carbonate hydroxyl moiety with temperature. Formation of glycidol has also
been reported in several studies with respect to homogeneous and heterogeneous catalyst

(Zhou et al., 2015).

Therefore, it is crucial to control the optimum reaction temperature properly in

achieving a maximum of glycerol carbonate yield and selectivity.

2.6.2 Effect of time

Higher reaction time could be advantageous as it allows more time for the glycerol

to react in chemically catalyzed reaction. Furthermore, glycerol conversion rate and
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glycerol carbonate yield and selectivity are expected to increase with reaction time with
respect to homogeneous or heterogeneous catalyst (Jagadeeswaraiah et al., 2014; Chiappe
& Rajamani, 2012). Short reaction time is predictably attractive for industrial
manufacturing of glycerol carbonate. In the absence of catalyst, transesterification was
noted slow and gave only 20.0% glycerol conversion and 5.0% glycerol carbonate
produced after 5.0 hours (Climent et al., 2010). Meanwhile, Yi et al. (2014) found that
less than 5.0% of conversion was obtained at 0.5 hours of reaction without the presence

of catalyst.

Generally, the reaction rate of base catalyzed transesterification is much faster
than that of the acid catalysis due to higher catalytic activity (Ochoa-Gomez et al., 2009).
Reaction time ranging from 0.5 hours to 13.0 hours have been reported for
transesterification of glycerol using ionic liquids as catalysts. Many different types of
base catalysts as previously mentioned (homogeneous and heterogeneous) are suitable for
transesterification of glycerol as the reactions are rapid with no apparent induction period
(Liu et al., 2013). Furthermore, the conversion rate of glycerol, glycerol carbonate yield
and selectivity increase with reaction time (Chiappe & Rajamani, 2012; Yi et al., 2014).
However, prolonged reaction time does not benefit the glycerol carbonate yield as there
are further transesterification reaction of glycerol carbonate to formation glycerol
dicarbonate (Alvarez et al., 2013; Yi et al., 2014) and also decarboxylation of glycerol
carbonate to glycidol (Gade et al., 2012; Parameswaram et al., 2013; Choi et al., 2013).
In order to achieve higher glycerol carbonate yield of more than 90.0%, optimum reaction
time ranging from 30 minutes to 3.0 hours were applied in the homogeneous catalyzed
transesterification (Ochoa-Gomez et al., 2009; Rokicki et al., 2005; Chiappe & Rajamani,

2012).
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The transesterification of glycerol with DBU-methanol ionic liquid has given
89.0% glycerol conversion in 20 minutes reaction time, with 86.0% and 14.0% selectivity
to glycerol carbonate and glycidol, respectively (Munshi et al., 2014a). The longest
reaction time has been reported by Chiappe & Rajamani (2012) using N-methyl-N-
butylmorpholinium dicyanamide, [Mor14][N(CN)2], with 96.0% glycerol conversion at
13.0 hours reaction time. It was found that the glycerol conversion increased with an
increase of the reaction time. However, this study has failed to report on glycerol
carbonate yield or selectivity. Yi et al. (2014) have reported that continuous
transesterification reaction has led to the formation of glycerol dicarbonate, thus
decreases the glycerol carbonate selectivity. Glycerol conversion increase up to 99.3%
was obtained when time is prolonged to 2.5 hours. However, glycerol carbonate achieved
the highest yield of 98.4% at 1.5 hours, and slowly decreased to 91.0% as reaction time

is reaching 2.5 hours.

2.6.3 Effect of substrate ratio

Theoretically, the ratio for transesterification reaction requires only 1.0 mol of
carbonates and 1.0 mol of glycerol to produce 1.0 mol of glycerol carbonate and 1.0 or
2.0 mol of relevant by-product (methanol or ethanol). To ensure the operational
feasibility, the molar ratio of reactants must be adjusted accordingly. No addition of
solvents needed in order to cater the miscibility problem between hydrophilic glycerol
and hydrophobic dialkyl carbonate when ionic liquids are used as catalyst. However, as
compared to heterogeneous catalyst, the addition of solvent is necessary to promote the
substrates miscibility as discussed earlier in section 2.4.2 (Takagaki et al., 2010; Kumar

etal., 2012; Alvarez et al., 2012; Pan et al., 2012).
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Furthermore, the transesterification of glycerol with carbonate source is a
reversible reaction. With this in mind, carbonate source should be presented in an excess
of stoichiometric proportion in order to shift the chemical equilibrium towards formation
of glycerol carbonate, thus giving a positive effect on the glycerol conversion and glycerol
carbonate yield. The carbonate source may play a role as substrate or solvent for the

reaction.

As reported in the literature, the reactions were normally carried out at the molar
ratio of carbonate source to glycerol in the range of 1.0 to 3.2 to shift the chemical
equilibrium towards glycerol carbonate formation for greater glycerol conversion in a
shorter time as shown in Table 2.5, using ionic liquids as catalysts. Low glycerol
conversion and glycerol carbonate yield were observed when equimolar of reactants were
used in the transesterification (Gade et al., 2012). The vyield of glycerol carbonate
increased when the carbonate source to glycerol ratio is raised beyond 2.0 and reached a
maximum molar ratio of 3.2 (Naik et al., 2009). Even though an excess of carbonate
source is beneficial to the formation of glycerol carbonate, the formation of glycerol

dicarbonate and glycidol often take place (Zhou et al., 2015).

It is best to note that, ionic liquid has served not only as catalyst but also as
cosolvent (dual function) in transesterification reaction (Chiappe & Rajamani, 2012). The
results of high glycerol conversion and glycerol carbonate yield and selectivity using
ionic liquid as catalyst are very interesting taking into account the moderate dimethyl
carbonate/glycerol molar ratio. Other reported homogeneous catalysts have produced
90.0% to 100.0% glycerol carbonate yield with carbonate source to glycerol molar ratio
between 2 and 5 (Ochoa-Gomez et al., 2009; Ochoa-Gomez et al., 2012b; Rokicki et al.,

2005; Grey, 1992). By contrast, the ratio of diethyl carbonate/glycerol of 21 and 17 were
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reported when using Mg/Al hydrotalcite supported on a-Al20O3 and Mg/Al hydrotalcite
supported on carbon nanofiber, respectively (Alvarez et al., 2012; Alvarez et al., 2013).

Glycerol dicarbonate was reported to be formed as the by-product.

From economic and environmental viewpoint, the low molar ratio of carbonate
source to glycerol and solvent free are preferable in the transesterification reaction.
Nonetheless, high molar ratio or addition of solvent is essential to increase the miscibility

of glycerol with dimethyl carbonate or diethyl carbonate.

2.6.4 Effect of catalyst loading

Generally, as the number of ionic liquids loading increased, there was significant
increase in the glycerol conversion and the glycerol carbonate selectivity due to more
glycerol molecules would be catalyzed in the desired reaction. Munshi et al. (2014a) have
found that at very low catalyst loading; 0.01 and 0.03 mmol, the glycerol carbonate
selectivity achieved was very high (>95.0%). However, with an increase in the catalyst
loading, decarboxylation of glycerol carbonate leads to an increase in glycidol formation
and 56.0% glycidol selectivity was obtained at the catalyst loading of 0.66 mmol.
Glycerol carbonate selectivity decreased marginally with an increase in glycerol
dicarbonate and glycidol selectivity (Yi et al., 2014; Munshi et al., 2014a). Their findings
were in line with the findings reported by Gade et al. (2012) at which the interaction of
cationic and anionic centres of ionic liquid with glycerol carbonate and increased in
basicity of the reaction mixture due to increase in catalyst loading have led to

decarboxylation of glycerol carbonate.
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Proposed mechanism as discussed in section 2.5.1.4 can comprehend the
understanding towards the effect of catalyst on transesterification reaction of glycerol.
The pertinent factors affecting the performance of glycerol carbonate production have

been summarized in Table 2.6.

Table 2.6: General comparison between homogeneous classic and ionic liquid catalyst.

Factor Homogeneous catalyst system
Classic catalyst lonic liquid
Temperature (°C) Room temperature - 100 70 - 130
Time (hour) 0.33-5.0 0.5-13.0
Substrate ratio of 1:2-1:10 1:1-1:3.2

glycerol/carbonate
(equivalent ratio)

Catalyst loading 0.01 — 15.0 wt% 0.1-0.217 mmol
0.50 — 10.00 mol% 0.01 - 10.00 mol%
Performance (C/YIS), % Y=3.5-100.0

Y =yield of glycerol carbonate, C = conversion of glycerol, S = selectivity of glycerol carbonate

2.7 Reusability of ionic liquids

The ionic liquid is separated from the product and can also be removed by
decantation, presenting the advantages of cost and easiness compared to filtration
(Seddon, 2003). It is economically viable for ionic liquids to be reused. [Mor1,4][N(CN);]
showed good recyclability of at least four recycles without any significant reduction in
the glycerol conversion and glycerol carbonate selectivity (Chiappe & Rajamani, 2012).
[Bmim][Im] could be reused three times with a slight decrease of glycerol conversion.
The isolation of the product and catalyst can be done through liquid-liquid extraction
method using diethyl ether (Yi et al., 2014), flash chromatography column with ethyl
acetate and methanol as eluents (Chiappe & Rajamani, 2012) and easy catalyst filtration
(Cho et al., 2010). Zhou et al. (2015) has reported that tetraethylammoniumamino acid

ionic liquids can be extracted with deionized water, and the aqueous phase containing
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ionic liquids could be separated by simple decantation. Reusability of amidine-based

ionic liquids has not been described by Munshi et al. (2014a) in their findings.

The heterogeneous catalyst TBA-MCM41 can be reused to at least up to three
consecutive times without any considerable loss of its initial activity giving TON reduces
only from 175.0 to 165.5 from fresh run until second recycle run, respectively (Munshi
et al., 2014a). This type of catalyst showed additional advantages such as the reduction
of the amount of ionic liquids employed and easy separation, as well as the recovery of
catalyst from the reaction mixture. The conversion of glycerol and selectivity reported
are comparable with the transesterification of glycerol using other types of heterogeneous

catalysts (Climent et al., 2010; Ochoa-Gomez et al., 2009).

In summary, it can be seen that ionic liquids have performed well as catalyst,
exhibited significant activity providing good to excellent yield of glycerol carbonate from
transesterification of glycerol and carbonate source. This is due to their exclusive
characteristics and special properties of anions and cations counterparts. Cation and anion
counterparts can be tailored, in order to be used in organic reaction as catalyst and exert
synergistic effects, thus help reaction rate enhancement. Moreover, ionic liquids can be
recycled and reused, at least comparable to heterogeneous catalysts. Perhaps, a detail
exploration and understanding of ionic liquid as catalyst can help in improving catalysis
field. This area of study is still in its infancy though promising results have been reported.
The reaction should be well explained through the fundamental point of view in order to

capture the understanding of the whole reaction.
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CHAPTER 3 : MATERIAL AND METHOD

3.1 Material and chemicals

All chemicals and solvents were commercially available and of analytical grade

and were used without further purification, unless otherwise stated.

3.1.1 Chemicals for transesterification reaction of glycerol

Glycerol (99.5%), glycerol carbonate (99.5%), diethyl carbonate (99.5%) and
glycidol (CAS: 556-52-5) were supplied by Aldrich and used without any further

purification.

3.1.2 Source of ionic liquids

lonic liquids namely methylammonium nitrate ([Ma][NQs]), ethylammonium
nitrate ([Ea][NOz]), 2-hydrozyethylammonium formate ([Hea][Fmt]) were purchased
from loLiTec Inc. (USA). 1-ethyl-3-methylimidazolium dimethyl phosphate
([Emim][DMP]), 1-butyl-3-methylimidazolium chloride ([Bmim][CI]), 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim][BF4]), 1-butyl-3-methylimidazolium
dicyanamide ([Bmim][Dca]) and 1-ethyl-3-methylimidazolium acetate ([Emim]][Ac])

were obtained from Merck. All ionic liquids were purchased having 99.0% of purity.
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3.1.3 Solvents

Solvents; chloroform (AR grade), ethyl acetate (AR grade), methanol (AR grade)
and methanol (GC grade-99.9%) were purchased from Fisher Scientific. Deuterated

methanol-d4 (99.8%) (Aldrich) was used as solvent in NMR analysis.
3.2 Experimental procedure

3.2.1 Drying of glycerol and ionic liquid

Glycerol and ionic liquids were dried using Schlenk technique to remove any water
or volatile solvents content. This is necessary due to the highly hygroscopic behavior of
glycerol and ionic liquids. Prior to drying, glycerol and ionic liquids were dried through
continuous stirring under vacuum condition on a standard Schlenk line in order to
minimize its water content (Figure 3.1). Water evaporation from the glycerol and ionic
liquids were collected using cooling traps apparatus. A Karl Fischer Coulometric with
ethanol-based hydranal reagents was used to measure the water content of glycerol and

ionic liquids after drying and prior to use.
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Figure 3.1: Drying of ionic liquid by Schenk line.
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3.2.2 Transesterification reaction

3.2.2.1 Screening of ionic liquid as catalyst for transesterification reaction

The reaction was carried out using a 150.0 ml round bottom three-neck glass flask
fitted with magnetic stirrer, reflux condenser, and sampling device. A constant heating
energy was supplied to the glass flask in oil bath with nitrogen gas flow at atmospheric
pressure using Schlenk line. In each experimental run, 13.7 mmol (1.2616 g) of glycerol
was heated first, followed by the addition of an excess of diethyl carbonate into the flask.
Then, each of the ionic liquids, methylammonium nitrate ([Ma][NOs3]), ethylammonium
nitrate ([Ea][NOs]), 2-hydrozyethylammonium formate ([Hea][Fmt]), 1-ethyl-3-
methylimidazolium dimethyl phosphate ([Emim][Dmp]), 1-butyl-3-methylimidazolium
chloride ([Bmim][CI]), 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]),
1-butyl-3-methylimidazolium  dicyanamide  ([Bmim][Dca]) and  1-ethyl-3-
methylimidazolium acetate ([Emim][Ac]) (0.50 mol% with respect to limiting substrate)
was then added to the biphasic system as catalyst to start the reaction. The reaction was
heated to the desired temperature and was stirred at speed of 1000 rpm to enhance mass
transfer. The transesterification progress was monitored by analytical thin layer
chromatography (TLC) with optimized developing solvent system of ethyl
acetate/methanol (4.8:0.2). Alternatively, the formation of a sole phase could be taken as

the end point of the reaction.

3.2.2.2 General procedure for transesterification reaction

The reaction was carried out using a 150.0 ml round bottom three-neck glass flask
fitted with magnetic stirrer, reflux condenser, and sampling device. In a typical study,

the reaction was initiated by introducing glycerol (13.7 mmol, 1.2616 g), followed with
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the addition of diethyl carbonate (13.7 mmol to 54.8 mmol) and ionic liquid (0.10 mol%
to 10.00 mol%) with respect to limiting reactant. lonic liquid with water content of 4 wt.%
and 8 wt.% were prepared by addition of distilled water with respect to ionic liquid
catalyst (wt./wt.%) used in the reaction. To start the reaction, the mixture was heated at
temperature of 90 °C to 140 °C for the duration of 0.5 hours to 4.0 hours and was kept
under nitrogen gas flow at atmospheric pressure. The reaction was stirred at speed of 1000
rpm to enhance the mixing. The temperature and stirring rate were controlled by using a
temperature controller. The sample of liquid product produced was sampled at specific

sampling time then subjected to analysis.

3.2.3 Recycle of ionic liquid

When the first run of experimental transesterification reaction procedure was
completed, the reaction mixture was concentrated and dichloromethane (3x10.0 ml) was
added to the residue in order to recover ionic liquid catalyst. Dichloromethane was earlier
purified using water and sulphuric acid to remove any traces amount of water, ethanol,
methanol (Armarego & Chai, 2009). Simple phase separation was performed to recover
ionic liquid catalyst and calculated using the formula in equation 3.1. Later, the reaction
was repeated again following the mentioned procedure using the recovered ionic liquid
which has been dried using Schlenk line in order to get 2.0 wt.% water content. The

recovered ionic liquid was analyzed with *H NMR to confirm its purity.

mass catalyst finq;

Catalyst recovery (%) = x100% .oooeiiiiiianl. Equation 3.1

mass catalyst initial
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3.2.4 Product analysis

3.2.4.1 Thin layer chromatography (TLC)

Analytical thin layer chromatography (TLC) was performed using Merck Kiesel
60 PF2s4 silica gel 60F254 plates with optimized developing a solvent system of ethyl
acetate/methanol (4.8:0.2). Chromatograms were visualized by a heating plate that was
dipped in potassium manganate (V1I) (KMnOQg) reagent (3.0 g potassium permanganate,
20.0 g potassium carbonate, 5.0 ml NaOH (5.0%) and 300.0 ml distilled water). The

transesterification progress was monitored by TLC.

3.2.4.2 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

spectrometry

Infrared spectra were measured by attenuated total reflection-fourier transform
infrared spectroscopy (ATR-FTIR) with a built-in diamond ATR. ATR is a sampling
technique used in conjunction with infrared spectroscopy which enables samples to be
examined directly in the solid or liquid state without further preparation. The sample
needs to be free from impurities and solvents for infrared spectroscopy. The adsorption

bands were measured in cm™ at range 280 cm™ to 4000 cm™.

3.2.4.3 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) is a technique to determine the structure of
organic compounds and provides detailed information on the three-dimensional structure

of molecule in solution. *H/*3C NMR spectra were recorded at room temperature on NMR
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spectrometer. Deuterated methanol-d4 solvent was obtained from Sigma-Aldrich. Time
online analysis of products was analyzed using carbon (**C) spectrum by sampling 150
ul of sample into the NMR tubes and then diluting with 500 ul of the deuterated methanol-
d4. Recycled ionic liquid was also dissolved in deuterated methanol-d4 solvent for *H/*C
analysis. For each sample, 32 scans and 2000 scans were accumulated for *H and **C
analysis, respectively. Chemical shifts are quoted in parts per million (ppm) relative to

residual solvent peak using tables of chemical shifts of solvents.

3.2.4.4 Gas chromatography-flame ionization detector (GC-FID)

A capillary column FFAP (30 m long, 0.25 mm internal diameter) was used as the
stationary phase. The analysis of the sample was done by injecting a 1 ul aliquot in a
splitless mode into the chromatography equipment. A good peak separation was achieved
for all components under the conditions: the temperature of the column was programmed
to have a 5-minutes initial hold at 60 °C, a 5 °C/minutes ramp from 60 °C to 80 °C and 1
minutes hold at 80 °C, a 10 °C/minutes ramp from 80 °C to 230 °C and a 10 minutes hold
at 230 °C. The carrier gas used was nitrogen and 1-butanol was added to each sample as
an internal standard before the sample analysis. Standard glycerol and glycerol carbonate
with a different range of concentration were used for calibration purpose and also by
referring to the peak’s retention time of their respective glycerol and glycerol carbonate
standard. The conversions of glycerol and glycerol carbonate yield and selectivity were

determined following equation 3.2 to equation 3.4, respectively:
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initial molglyceml — residual molglyceml

Conversion, C = e x100% ............. Equation 3.2
initial molgycerol
. molyroduct formed H
Yield,Y = — LA KO0 L SRR Equation 3.3
initial molgyycerol
. Yield .
Selectivity, S = ——LroMUCLfOTMEd o 4 000 L1t Equation 3.4

Conversiongiycerol

The activity of ionic liquid towards the transesterification reaction was based on the
glycerol conversion as limiting substrate measured under standard conditions of reaction.
Other unknown by-products which total amount was <5.0% (by GC), were also detected.

However, they were not quantified except for glycerol carbonate and glycidol.

3.2.4.5 Gas chromatography-mass spectrometry (GC-MS)

A capillary column DB-5 (30 m long, 0.25 mm internal diameter) was used as the
stationary phase. Analysis of the sample was done by injecting a 3 ul aliquot in a splitless
mode into the chromatography equipment. A good peak separation was achieved for all
components under the conditions: temperature of the column was programmed to have a
5 minutes initial hold at 70 °C, a 5 °C /minutes ramp from 70 °C to 120 °C and 10 minutes
hold at 120 °C, a 10 °C/minutes ramp from 120 °C to 250 °C and a 15 minutes hold at 250

°C.
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3.3 Modelling & optimization by response surface methodology (RSM)

3.3.1 Experimental design and statistical analysis

There are several designs available for fitting a second-order model. The most
common one is the central composite design (CCD) that frequently works well for the
process optimization (Bezerra et al., 2008). This design was presented by Box and Wilson
(Box & Wilson, 1951). Generally, CCD requires a total of (2+2k+No) runs where k is the
number of considered factors, 2 are the points from the factorial design, 2k the axial
points and No the number of experiments carried out at the centre. A four-factor-three-
level CCD was employed in this study, requiring 30 experiments. The fractional factorial
design consisted of 16 factorial points, 8 axial points, and 6 centre points. The variables
and their levels selected for the transesterification reactions of glycerol with [Emim][Ac]
catalyst were: reaction temperature (110 °C to 130 °C); reaction time (1.5 hours to 2.5
hours), substrate ratio (1.5 to 2.5 equivalent ratio) and catalyst loading (0.30 mol% to 0.70
mol%). The experiments were produced in random order and triplicate measurements
conversion and yield were run on each experiment by GC-FID. A software package by
Design Expert Version 7.1.1 (State-Ease Inc., Statistics Made Easy, Minneapolis, MN,
USA) was used to fit the second-order model to the independent variables using the

following equation:

K K
y= Bo+ Z pi X; + Z BiX? + Z Z BiXiX; + ¢ Equation 3.4
i=1 i=1

i<

where y is the dependent variable (percentage of response) to be modeled, xi and x; are

the independent variables (factors), bo, bi, bii and bjj are the regression coefficients of the
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model, and ¢ is the residual associated with the experiments. An analysis of variance
(ANOVA) was used to determine the significance of the constructed model to describe
the observed data. The R? (coefficient of determination) statistic indicates the percentage
of the variability of the optimization parameters that is explained by the model. Three-
dimensional surface plots were drawn to illustrate the main and interactive effects of the

independent variables on the dependent ones.

3.4 Computational Methods

The interaction of reactants (glycerol and diethyl carbonate)-[Emim][Ac] at initial
state and intermediate-[Emim][Ac] at transition states were theoretically investigated
using the General Atomic and Molecular Electronic Structure System (GAMESS)
software with hybrid Becke 3-Lee-Yang-Parr (B3LYP) exchange-correlation functional
with the 6-31G basis sets approach (Munshi et al., 2014b). Avogadro version 7.3 was
used to build up the starting geometry of glycerol, diethyl carbonate, intermediate,
[Emim]* cation and [Ac]” anion. To confirm the connectivity between reactants-
[Emim][Ac] (initial state) and intermediate-[Emim][Ac] (transition states), hydrogen

bond distance was calculated.
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CHAPTER 4 : RESULTS AND DISCUSSION

4.1 Screening of ionic liquid for transesterification reaction

Prior to start, a broader screening of ionic liquids seems necessary in order to
select the best ionic liquid to catalyze the transesterification of glycerol and diethyl
carbonate reaction. The role of anion as hydrogen bond acceptor has been a major
consideration in choosing the ionic liquid in this study, with less attention on its cation.
The strength of anion depends on the hydrogen bond basicity or the B value measured by
reported Kamlet-Taff parameter (Kamlet et al., 1977; Taff & Kamlet, 1976; Kamlet &
Taff, 1976). Kamlet-Taft model is used to elucidate the solvation parameters; which
involves term o (hydrogen bond donor/hydrogen bond acidity), B (hydrogen bond
acceptor/hydrogen bond basicity) and ©* (polarizability or dipolarity). These a,  and ©*
values can be calculated by UV—-VIS spectroscopy in the presence of solvatochromic dyes

such as N,N-diethyl-4-nitroaniline and 4-nitroaniline (Seoud et al., 2011).

With this general approach in mind, a series of imidazolium and ammonium-based
ionic liquids namely methylammonium nitrate ([Ma][NOz]), ethylammonium nitrate
([Ea][NOs]),  2-hydroxyethylammonium  formate  ([Hea][Fmt]), 1-ethyl-3-
methylimidazolium dimethyl phosphate ([Emim][Dmp]), 1-butyl-3-methylimidazolium
dicyanamide ([Bmim][Dca]), 1-butyl-3-methylimidazolium chloride ([Bmim][CI]), 1-
butyl-3-methylimidazolium  tetrafluoroborate  ([Bmim][BF4]) and 1-ethyl-3-
methylimidazolium acetate ([Emim][Ac]) were screened for transesterification reaction

of glycerol and diethyl carbonate (Table 4.1).
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Table 4.1:

glycerol and reported B value (Claudio et al., 2014).

List of ionic liquids used as catalysts in transesterification reaction of

No.

lonic liquid Abbreviation

Molecular
weight
(g/mol)

Appearance f value

Methylammonium [Ma][NOz]
nitrate

+ -
H3N _CH3 NO3

Ethylammonium nitrate [Ea][NOs]
+ p—
H3N_CH2CH3 N03

2- [Hea][Fmt]
hydroxyethylammonium
formate
N o)
HsN—CH,CH,0H
OJ\H

1-ethyl-3- [Emim][Dmp]
methylimidazolium
dimethyl phosphate
AN ?\\F(OCHs
\—/ O OCH,

1-butyl-3- [Bmim][Dca]

methylimidazolium

dicyanamide

(O NN N
N\:/N R

1-butyl-3- [Bmim][CI]

methylimidazolium

chloride

NN
\—/

1-butyl-3- [Bmim][BF:]

methylimidazolium

tetrafluoroborate

— NN F_F

.B
\—/ F \F

1-ethyl-3- [Emim][Ac]
methylimidazolium

acetate

= NB\N ~. ©

\—/ @Jj\

cl

94.07

107.09

107.11

236.21

205.26

174.6

226.02

170.21

Liquid

Liquid

Solid

Liquid

Liquid

Liquid

Liquid

Liquid

0.460

0.460

0.730

1.120

0.596

0.950,

0.840?

0.550

1.201,

1.0742

2 Vitz et al. (2009) and Brandt et al. (2010).
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Table 4.2 shows the percentage of glycerol conversion and glycerol carbonate

yield and selectivity for transesterification reaction of glycerol and diethyl carbonate

using selected ammonium and imidazolium based ionic liquids. In general, there was a

significant difference between selected ionic liquids in term of glycerol conversion,

glycerol carbonate yield and phase changes at the end of the transesterification reaction.

The reaction does proceed slowly even in the absence of any catalyst (blank) giving 5.0%

of glycerol conversion and glycerol carbonate yield (Entry 1, Table 4.2). All ionic liquids

screened were active showing moderate to high glycerol conversion for the

transesterification reaction except for [Ma][NOs], [Ea][NOz], [Bmim][BF4] having non-

coordinating anion. These ionic liquids catalysts have weak abilities in forming hydrogen

bonds with glycerol (Entry 2-3, Table 4.2).

Table 4.2: Catalyst screening of selected ionic liquid as catalyst for transesterification
of glycerol. Reaction conditions: Temperature = 120 °C, Reaction time =2.0
hours, Ratio diethyl carbonate/glycerol = 2 and Catalyst loading = 0.50
mol% based on limiting reactant.
Entry  lonic liquid Glycerol Glycerol Glycerol Appearance of
conversion carbonate carbonate phase
(%) yield (%) selectivity
(%)

1 Blank 5.0 5.0 100.0 2 phases?

2 [Ma][NO3] 0.3 0.1 nc 2 phases?

3 [Ea][NO3] 0.2 0.1 nc 2 phases?

4 [Bmim][Cl] 0.7 0.5 nc 2 phases?

5 [Bmim][BF4] 0.0 0.0 0.0 2 phases?

6 [Hea][Fmt] 24.1 24.0 99.0 2 phases?

7 [Emim][Dmp] 22.2 22.0 99.0 2 phases?

8 [Bmim][Dca] 45.0 45.0 100.0 2 phases?

9 [Emim][Ac] 935 88.7 94.0 single phase

nc: not calculated; * Two phases of reaction mixture indicate incomplete glycerol conversion (even though 100% glycerol carbonate

selectivity may achieve).
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Besides, halide-based ionic liquid; [Bmim][CI] gave 0.73% glycerol conversion
and 0.46% glycerol carbonate in the reaction (Entry 4, Table 4.2). Similarly, Yi et al.
(2014) reported low glycerol conversion (7.0%) when 81.5% glycerol carbonate
selectivity were obtained when [Bmim][CI] catalyzed the transesterification reaction of
glycerol and dimethyl carbonate. Noting that, the observation of phase changes could be
used as an indicative approach to visualize either incomplete or complete glycerol

conversion achieved during ionic liquid catalyst screening.

As depicted in Table 4.2, [Bmim][CI] (B = 0.950) (Entry 4) and [Emim][Dmp]
(B=1.1200) (Entry 7) gave lower glycerol conversion and glycerol carbonate yield. These
ionic liquids were known to be categorized as the basic ionic liquids were considered
inferior or similar to [Emim][Ac] as both anions have almost comparable B value to
[Emim][Ac]. It could be related to the complexity of [Dmp]”anion structure (Méki-Arvela
et al., 2010) and incapable of forming hydrogen bonding with the hydroxyl group of
glycerol with [CI]" anion. Hydrogen of the glycerol hydroxyl group is much more
preferred to form a bond to an electronegative O or N atom rather than a Cl atom
(Swatloski et al., 2002). Unlike the results reported on [Bmim][CI] (Entry 4, Table 4.2)
activity towards glycerol conversion, [Bmim][Dca] (Entry 8, Table 4.2) shows better
glycerol conversion and glycerol carbonate vyield of 45.0%, respectively. The
electronegativity of N atom consists in [Dca] anion could significantly explain this
finding, even though [Bmim][Dca] shows lower 3 value (0.596) compared to [Bmim][ClI]
(0.950). In contrast, Chiappe & Rajamani (2012) reported that glycerol conversion
achieved using [Mory4][N(CN)2] and [HOEmim][N(CN)2] were 95.0% and 100.0%,
respectively. These could be related to the effect of alkyl length of morpholinium-based

cation and substitution of hydroxyl group to the imidazolium-based cation that can
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influence the ionic liquids polarity and hydrogen bond donor ability, thus could

cooperatively increase glycerol conversion (Lee & Prausnitz, 2010).

From the results, it is observed that the activity of the [Emim][Ac] is good giving
93.5% glycerol conversion and 88.7% glycerol carbonate yield at 2.0 hours with a ratio
diethyl carbonate/glycerol of 2. It was believed that [Ac] anion tends to form hydrogen
bonds with the hydroxyl proton of glycerol, thus initiating the transesterification reaction.
It is worth to mention that acetate-based ionic liquid shows as an excellent candidate not
only as catalyst (this study) but also as solvent for pretreatment of lignocellulosic
materials (Rahman et al., 2012; Rahman et al., 2016; Darji, 2015; Zakaria et al., 2017).
Due to the proficiency of [Emim][Ac] to catalyze the reaction, [Emim][Ac] was taken up
to evaluate in detail the effects of pertinent reaction parameters and will be discussed in
section 4.1.1. Unless otherwise stated, all reactions were performed using standard
Schlenk techniques, with nitrogen used to provide an inert atmosphere, in oven-dried

Schlenk glassware.

4.1.1 Factors influencing transesterification reaction

As shown in section 4.1, [Emim][Ac] is revealed as a good candidate for
catalyzing the transesterification reaction. Moreover, it is non-toxic, non-corrosive,
biodegradable (Mé&ki-Arvela et al., 2010) and from the environmental point of view,
[Emim][Ac] turned out as a potential catalyst for further organic synthesis as it is free of
halogen. Therefore, in this section, the conditions optimization such as reaction
temperature, reaction time, substrates ratio of diethyl carbonate/glycerol and solvent as

well as catalyst loading with respect to the glycerol conversion and glycerol carbonate
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yield and selectivity were evaluated towards the transesterification reaction. Note that,

glycidol selectivity is also reported along the study.

4.1.1.1 Effect of reaction temperature

In general, temperature increment during transesterification reaction should
showed to a dramatic effect towards the glycerol conversion and glycerol carbonate yield
and selectivity. This is mainly due to the fact that higher temperature can improve the
miscibility between hydrophobic diethyl carbonate and hydrophilic glycerol (Yadav &
Chandran, 2014). According to Arrhenius equation, an increase in reaction temperature
can increase the collision rate between the reactants and thus change the reaction
equilibrium towards the product yield. Nevertheless, the optimum reaction temperature
in transesterification is closely dependent on the heat sensitive carbonates and catalysts
used. Hence, the effect of temperature on conversion of glycerol to glycerol carbonate

catalyzed by [Emim][Ac] was investigated at selected temperature of 35 °C and from 90

to 140 °C.

As depicted in Figure 4.1, less than 15.0% of the glycerol conversion and glycerol

carbonate yield are measured at 35 °C and 90 °C. Meanwhile 18.6% of glycerol
conversion and 18.0% glycerol carbonate yield were obtained at 100 °C. As shown in
Figure 4.2, the reaction temperature less than 100 °C shows incomplete glycerol
conversion (low glycerol carbonate yield) as two phases of reaction solution still
remained after 2.0 hours as compared to its initial liquid—liquid biphasic solution. As the
reaction proceeds with the increase of temperature (more than 100 °C), the initial liquid—

liquid biphasic system transforms into a single-phase liquid, indicating that relatively
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complete glycerol conversion was achieved. This observation was in line with the
reported study by Esteban et al. (2014) where a rapid increase of glycerol conversion and
glycerol carbonate yield was observed when the temperature increases from 110 to 120

°C, possibly due to the increase of collision energy.
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Figure 4.1: Effect of reaction temperature on the transesterification of glycerol with
diethyl carbonate in the presence of [Emim][Ac] as catalyst. Reaction
conditions: Reaction time = 2.0 hours, Ratio of diethyl carbonate/glycerol =
2 and [Emim][Ac] loading= 0.50 mol% based on limiting reactant.
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Figure 4.2: Changes of the colour of reaction solution with respect to the reaction
temperature at 2.0 hours, Ratio of diethyl carbonate/glycerol of 2 and 0.50
mol% [Emim][Ac] loading.

As expected, the increase of reaction temperature from 100 to 110 °C has
significantly increased glycerol conversion (from 18.6% to 73.0%) and glycerol
carbonate yield (from 18.0% to 70.0%) while 93.5% glycerol conversion and 88.7%
glycerol carbonate yield were successfully obtained at 120 °C (Figure 4.2). Further
increase of reaction temperature at 130 °C gives 97.0% glycerol conversion and glycerol
carbonate yield was dropped to 60.2%. Even though the temperature plays a crucial role
in increasing the reaction rate, severe temperature (140 °C) has led to a rapid darkening
of the reaction mixture which similarly observed by Chiappe and Rajamani (2012), using
[Mor14][N(CN)2] as catalyst. At this stage, the dramatic decrease of glycerol carbonate
yield (21.1%) and glycerol carbonate selectivity (40.5%) were probably due to the
decarboxylation of glycerol carbonate to glycidol resulting from increasing the reactivity

of its hydroxyl moiety with temperature, thus increased the glycidol selectivity (59.5%).

In the previous findings, Yi et al. (2014) demonstrated that [Bmim][Im] (10.00
mol%) has catalyzed the transesterification of glycerol with dimethyl carbonate and gave
73.4% glycerol conversion and 100.0% glycerol carbonate selectivity at the lowest

temperature (70 °C) among other reported ionic liquids catalysts. Meanwhile, highest
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temperature of 130 °C has been reported by Zhou et al. (2015) using [N2222][Pipe] with

96.0% glycerol conversion and 18.0% glycerol carbonate selectivity.

Theoretically, at high temperature, the primary hydroxyl pendant group of
glycerol could react with the anion resulting in an hydroxide ion which could initiates the
glycerol carbonate ring opening polymerization leading to a polymer (Chiappe &
Rajamani, 2012; Ochoa-Gomez et al., 2011; Ochoa-Gémez et al., 2012b; Zhou et al.,
2015). Besides, Rokicki et al. (2005) also have described the K>COs-catalyzed ring
opening polymerization of glycerol carbonate at 170 °C which proceeds with carbon
dioxide evolution and yields of hyper-branched aliphatic polyethers. These results
suggest that, at a higher reaction temperature, the active catalysts could catalyze both
transesterification reaction of glycerol to glycerol carbonate, which is absolutely
dominant, and also glycerol carbonate decarboxylation to glycidol. Ochoa Gomez et al.
(2012b) reported that 6.0% to 10.0% glycidol yield was additionally obtained despite of
99.0% glycerol conversion and a 98.0% glycerol carbonate yield at refluxing temperature

of 68 to 88 °C, 2.5 hours of reaction time, dimethyl carbonate/glycerol ratio of 4 and 10.00

mol% of tetraethylamine loading.

It is agreeable that the formation of glycidol in one-pot reaction using [Emim][Ac]
has somehow given an advantage to the overall reaction as glycidol can also be converted
into value-added product. As an example, Gade et al. (2012) reported their pioneering
work on the one-pot synthesis of glycidol using tetramethylammonium hydroxide as
catalyst. However, this catalyst has some inherent drawbacks such as poor thermal ability
and difficult reusability. Additionally, previously reported synthesis route of glycidol uses

using non-environmentally friendly methods (Bolivar-Diaz et al., 2013).
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According to the findings from this outcome, the reaction temperature of 120 °C
was chosen taking into account the glycerol conversion, glycerol carbonate yield and
selectivity and glycidol selectivity. Even though this selected temperature was consistent
with other research carried out by Grey & Pa (1999) and Chiappe & Rajamani (2012)
(using ionic liquid as catalyst), however, in some extend the temperature was slightly
higher if compared to classical basic catalyst (35 to 100 °C) (Ochoa-Gomez et al., 2012b;

Hervert et al., 2014).

4.1.1.2 Effect of reaction time

Reaction time also correlates with temperature. Higher reaction time could be
advantageous as it allows more time for the glycerol to react in chemically catalyzed
reaction. Furthermore, the conversion rate of glycerol, glycerol carbonate yield and
selectivity are expected to increase with the reaction time. Figure 4.3 shows the influence
of reaction time on the transesterification reaction catalyzed by [Emim][Ac], with respect
to the glycerol conversion and glycerol carbonate yield and selectivity. It can be seen that
in the early stages of the reaction (less than 0.5 hours), the formation of glycerol carbonate
was negligible. However, the glycerol carbonate yield improved from 20.6% to 88.7%
when the reaction time increased from 0.5 hours to 2.0 hours and then decreased over an
extended time of reaction. It was also found that, one phase of solution was only obtained
after 1.5 hours of heating, thus enhance the reaction rate thereafter. Besides, the glycerol
conversion is enhanced with the reaction time prolonged from 1.0 to 4.0 hours, and it is

maximized to 95.0% in 4.0 hours.
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It is also seen from Figure 4.3 that glycerol carbonate selectivity decreased to
82.1% and glycidol selectivity improved substantially from 1.0% to 12.1% by prolonging
reaction time up to 4.0 hours. This implies that the newly-formed glycerol carbonate is
gradually converted to glycidol (Parameswaram et al., 2013). The results were consistent
with those reported by Kondawar et al. (2017) and Song et al. (2017) where
decarboxylation of glycerol carbonate to glycidol (glycidol formed less than 10.0%)
become dominant after glycerol carbonate reaches equilibrium. Concurrently, there was
also the formation of other unknown products including glycerol dicarbonate which was
confirmed by ATR-FTIR, GC-FID and GC-MS analyses (discussed in section 4.1.2). It
should be noted that, glycerol dicarbonate and other unknown products was not
quantitatively measured in this study, except for glycerol, glycerol carbonate and

glycidol.

From literature, the shortest reaction time of 0.5 hours using [Bmim][Im] (73.4%
glycerol conversion and 100.0% glycerol carbonate selectivity) (Yi et al., 2014) and
DBU-methanol (96.0% glycerol conversion and 82.0% glycerol carbonate selectivity)
(Munshi et al., 2014) were reported whilst, the longest reaction time for maximum
glycerol conversion (95.0%) was reported using [Mor14][N(CN)2] and
[HOComim][N(CN).] at 13.0 hours (Chiappe & Rajamani, 2012). Overall, the reaction

time of 2.0 hours was selected for further evaluation.
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Effect of reaction time on the transesterification of glycerol with diethyl
carbonate in the presence of [Emim][Ac] as catalyst. Reaction conditions:
Temperature 120 °C, Ratio of diethyl carbonate/glycerol = 2 and
[Emim][Ac] loading = 0.50 mol% based on limiting reactant.

4.1.1.3 Effect of substrate ratio and solvent

Since the rate of the reaction can be manipulated by varying the amount one of

the reactant, the substrates ratio is an important parameter affecting the course of reaction.

According to stoichiometric calculations, the ratio for transesterification reaction requires

only 1 mol of carbonates and 1 mol of glycerol to produce 1 mol of glycerol carbonate

and 2 mol of relevant by-product (methanol or ethanol). In the transesterification between

the hydrophilic glycerol and hydrophobic carbonate source, the reactants are not miscible

and the reaction is reversible which is in need of an excess carbonate source to give a

positive effect on the glycerol conversion and glycerol carbonate yield (Chiappe &

Rajamani, 2012).
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As tabulated in Figure 4.4, low glycerol conversion and glycerol carbonate yield
were observed when the equimolar of reactants were used in the transesterification giving
28.9% and 28.0%, respectively. This is expected since transesterification reaction is an
equilibrium controlled reaction. The glycerol carbonate yield was increased (88.7%)
when the diethyl carbonate/glycerol ratio is raised beyond 2 and kept slightly decreased
to 78.1% at a molar ratio of 3. Glycerol conversion has gradually increased with the
increase in diethyl carbonate/glycerol ratio from 1 to 3 indicating that the activity of
[Emim][Ac] was dependent on the excess of diethyl carbonate to shift the reaction
towards glycerol carbonate formation. However, glycerol conversion slightly decreased
to 92.9% and also glycerol carbonate yield decreased to 72.9% at the molar ratio diethyl
carbonate/glycerol of 4. This is expected due to the dilution of the reaction by diethyl
carbonate (too excess of diethyl carbonate) which lessens the activity of [Emim][Ac] to
initiate the reaction or glycerol carbonate was further reacted with the excess of diethyl

carbonate to form glycerol dicarbonate.

From this study, the glycerol carbonate selectivity pattern was slightly affected by
a change in the ratio of diethyl carbonate/glycerol. This finding was contradicted with the
results reported by Munshi et al. (2014b) where glycerol carbonate selectivity pattern was
not affected (in a range of 92.0% to 96.0%) by a change in molar ratio of dimethyl
carbonate/glycerol of 0.3 to 3.0. From Ochoa-Gomez et al. (2012b) study, the formation
of glycerol dicarbonate (8.0%) could not be prevented when catalyst/glycerol and
dimethyl carbonate/glycerol molar ratios were increased. Hence, in subsequent reactions,

the diethyl carbonate/glycerol ratio of 2 was fixed for further experiments.
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Figure 4.4: Effect of diethyl carbonate/glycerol ratio on conversion of glycerol and
glycerol carbonate yield and selectivity. Reaction conditions: Temperature

= 120 °C, Reaction time = 2.0 hours and [Emim][Ac] loading = 0.50 mol%
based on limiting reactant.

Most ionic liquids are known to be hygroscopic to varying degrees, and that can
be detrimental or useful depending upon the application in question. For instance, the
effect of water content seems necessary to be conducted to affirm the reactivity of
[Emim][Ac] towards catalyzing the transesterification reaction. At low water contents,
94.5% of glycerol conversion and 90.2% glycerol carbonate yield was achieved when
water content was <1.0 wt.%, while 94.0% glycerol conversion and 89.2% glycerol
carbonate yield was achieved with 2.0 wt.% of water content (Entry 1-2, Table 4.3). These
findings show that low amount of water content traced in [Emim][Ac] (<1.0 wt.% to 2.0
wt.%) does not give negative effect towards [Emim][Ac] performance. It was expected
that the traces amount of water content had helped to improve the solubility between
hydrophilic glycerol and hydrophobic diethyl carbonate (Seong et al., 2011; Zhou et al.,

2015).

83



However, the glycerol conversion and glycerol carbonate yield decreased with a
water content more than 4.0 wt.% which has also been supported by Gade et al. (2012)
findings (Entry 3-4, Table 4.3). When there was more than an optimum level of water,
presumably it might lead to hydrolytic reactions, thus will significantly decreased the
glycerol carbonate yield. Previously, Hammond et al. (2011) have found that for reaction

of glycerol and urea with solid base catalysts, water has negative effect on the reaction.

Overall, it was found that, the transesterification reaction using [Emim][Ac]
catalyst required no addition of solvents for the reaction to be initiated. Comparably, the
transesterification reactions using heterogeneous catalyst were carried out with addition
of organic solvent such as polar aprotic solvents such as dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), acetonitrile and hydrophilic solvents such as
tetrahydrofuran (THF), tert-butanol, ethanol or methanol in order to compensate the low
ratio of carbonate/glycerol (Alvarez et al., 2012; Kumar et al., 2012; Pan et al., 2012;
Takagaki et al., 2010). Due to insignificant difference of glycerol conversion and glycerol
carbonate yield between water content of [Emim][Ac] (Entry 1 and Entry 2), the optimum
level of water content of [Emim][Ac] was fixed to 2.0 wt.%, considering the time
consuming of drying [Emim][Ac] ionic liquid using Schlenk line, thus lead to inefficient

use of energy.
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Table 4.3: Effect of water contents in [Emim][Ac] on the glycerol conversion and
glycerol carbonate yield.

Entry Water content Glycerol conversion  Glycerol carbonate yield
(wt.%) (%) (%)
1 <1.0 94.5 90.2
2 2.0 94.0 89.2
3 4.0 87.9 84.4
4 >8.0 83.4 76.1

Reaction conditions: Temperature = 120 °C, Reaction time = 2.0 hours, Ratio of diethyl carbonate/glycerol = 2 and [Emim][Ac]
loading= 0.50 mol% based on limiting reactant.? Dried using vacuum schlenk line for more than 72 hours. ® Dried overnight in vacuum
oven at 70 °C.

4.1.1.4 Effect of catalyst loading

An increase of catalyst loading led to a gradual increase in the glycerol carbonate
yield because more glycerol molecules would be catalyzed in the desired reaction. Figure
4.5 displays the dependency of glycerol transesterification with diethyl carbonate to
glycerol carbonate yield and selectivity on [Emim][Ac] loading ranging from 0.10 mol%
to 10.00 mol%. At 0.10 mol%, [Emim][Ac] loading leads to a very slow reaction with
65.0% glycerol conversion and 59.6% glycerol carbonate yield, thus giving 90.3%
glycerol carbonate selectivity. Maximum glycerol carbonate yield of 88.7% is
accomplished with 0.50 mol% [Emim][Ac] loading, with 93.5% glycerol conversion. The
increase of [Emim][Ac] loading up to 10.00 mol% has slightly increased the glycerol
conversion while glycerol carbonate yield has decreased to 31.4%. The increased of
catalyst concentration is believed to promote glycerol decarboxylation to glycidol due to
the presence of strong bases catalyst (Gade et al., 2012) or glycerol dicarbonate formation
(Ochoa-Gomez et al., 2012b) as described in ATR-FTIR and NMR studies (section
4.1.2.1 and 4.1.2.2). It has been reported that glycerol carbonate selectivity decreased as
low as 15.0% when the concentration of [Tma][OH] catalyst increased to 6.00 mol%

(Gade et al., 2012).
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Monitoring on the glycerol carbonate selectivity pattern showed that selectivity
was not much affected after 2.0 hours reaction time at lower [Emim][Ac] loading ranging
from 0.10 mol% to 1.00 mol% (Figure 4.6). However, the increasing of [Emim][Ac]
loading more than 1.00 mol% showed rapid decrease in glycerol carbonate selectivity.
This observation was in agreement with findings reported by Gade et al. (2012), where
decarboxylation of glycerol carbonate increased with the increase in the concentration of
the [Tma][OH] ionic liquid catalyst in the reaction mixture. The lowest catalyst loading
of 0.01 mol% has successfully converted 100.0% of glycerol using N,N-
dimethylpyrrolidinium methylcarbonate (Chiappe & Rajamani, 2012). However, glycerol

carbonate yield and selectivity have not been reported in their finding.
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Figure 4.5: Effect of catalyst loading on the transesterification of glycerol with diethyl
carbonate in the presence of [Emim][Ac] as catalyst. Reaction conditions:

Temperature = 120 °C, Reaction time = 2.0 hours and Ratio of diethyl
carbonate/glycerol = 2.
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Figure 4.6: Effect of catalyst loading on glycerol carbonate selectivity with respect to
time on transesterification of glycerol with diethyl carbonate. Reaction
conditions: Temperature = 120 °C, Ratio of diethyl carbonate/glycerol = 2
and [Emim][Ac] loading = 0.50 mol% based on limiting reactant.

These results indicate that for maximization of glycerol carbonate yield and
selectivity, the amount of the catalyst should be appropriate in order to minimize the
formation of glycidol and other unknown compounds including glycerol dicarbonate.

Therefore, 0.50 mol% of the [Emim][Ac] was selected as reference for further study.
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4.1.2 Characterization of transesterification reaction of glycerol products

4.1.2.1 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

spectroscopy

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy
was carried out as a preliminary examination and confirmation of the presence of different
functional groups of glycerol, glycerol carbonate as desired product and other possible
products formed during transesterification reaction of glycerol and diethyl carbonate.
Besides, ATR-FTIR analysis was conducted to corroborate with GC-FID analysis to
clearly understand the interaction of ionic liquid catalysts with glycerol or glycerol
carbonate. Table 4.4 tabulated the band assignments of glycerol, glycerol carbonate,

glycidol and glycerol dicarbonate.

Hypothesesly, the degree of interaction between hydroxyl group of glycerol and
anion of an ionic liquid is of pivotal importance in determining activity of the ionic liquids
toward glycerol conversion and glycerol carbonate yield. This degree of interaction can
be correlated in a form of hydrogen bond basicity of anion described by the B value (Table
4.1). Anion plays a major role in activating the hydroxyl group of glycerol through
hydrogen-bonding interaction. The strength of nucleophile of the anion must be high

enough to pull the proton from the hydroxyl group of glycerol, thus initiate the reaction.
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Table 4.4: FTIR of absorption bands of functional groups of glycerol and possible
products formed from transesterification reaction of glycerol and diethyl

carbonate.
Band position Functional groups References
(cm™)
Glycerol peaks?
3350-3368 O-H stretching Ochoa-Gomez et al., 2012b;
Kongjao et al., 2010
2880 and 2930 C-H stretching Kongjao et al., 2010
2100 C-O stretching
1400-1460 C-O-H bending
1450-1100 C-O stretching (primary and
secondary alcohol)
920 O-H bending
Glycerol carbonate peaks?
3410-3435 O-H Kim et al., 2014; Ochoa-
1785-1790 C=0 Gomez et al., 2012b
Glycerol dicarbonate peaks
1797 C=0 cyclic Ochoa-Gomez et al., 2012b
1755 C=0 linear
1445 OCHs
1397 CH2
1277 C(0)-O-C linear
1171 C(0)-0O-C cyclic
Glycidol peaks?
3790 O-H stretching Analysis using ATR-FTIR of
3000-3250 C-H stretching glycidol standard
1300 O-H bend
850-900 C-O bending

# see APPENDIX A

The effect on the activity of screened ionic liquids specifically anions toward the

transesterification reaction of glycerol was demonstrated in Figure 4.7. As shown in the

spectra, it was clearly observed that when glycerol interacted with [Emim][Ac] which has

a p values 1.201, the absorption band centered at 3287 cm™ corresponding to the hydroxyl

group of glycerol shifted to the lower frequency of 3195 cm™ (Figure 4.7 (i)). Meanwhile,

the O-H stretching frequency shifts to a slightly lower frequency when glycerol interacted

with [Emim][Dmp], [Bmim][Dca] and [Hea][Fmt] of 3272 cm™, 3272 cm™and 3278 cm’
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! respectively (Figure 4.7 (f-h)). Upon the contact of glycerol with [Ma][NOs3],

[Ea][NOs], [Bmim][BF4], [Bmim][ClI], the absorption band moved to a higher frequency
of 3411 cm™, 3399 cm™, 3332 cm™ and 3348 cm?, respectively (Figure 4.7 (b-g)). The
higher O-H stretching frequency shift of glycerol upon interacting with [Ma][NOs],
[Ea][NOs], [Bmim][BF4] and [Bmim][CI] indicates that there is no interaction between
the hydroxyl group of glycerol and [NOs]", [BF4] and [CI] anion. This can be ascribed to
the straightening of intramolecular hydrogen-bonding interaction between glycerol
molecules as the ionic liquids ([Bmim][BF4] or [Bmim][CI]) have weak ability to form
hydrogen bonds during initiation step, thus only oriented between themselves (Omar,

2013).
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Figure 4.7: ATR-FTIR spectra showing the interactions of glycerol with ionic liquids:
(@) glycerol, (b) glycerol-[Ma][NOz3], (c) glycerol-[Ea][NOs], (d) glycerol-
[Bmim][CI], (e) glycerol-[Bmim][BF4], (f) glycerol-[Emim][Dmp], (9)
glycerol-[Bmim][Dca], (h) glycerol-[Hea][Fmt] and (i) glycerol-
[Emim][Ac]. The ratio of glycerol to ionic liquid was set at 1.

90



Further study was conducted using [Emim][Ac] as it shows a good correlation
between the hydroxyl group of glycerol and acetate ([Ac]) anion together with high
glycerol conversion and glycerol carbonate yield and selectivity. [Ac]™ anion tends to
undergo a stronger interaction with the hydroxyl group of glycerol. The three hydroxyl
groups of glycerol are active in the transesterification reaction. As the glycerol has a
symmetrical structure, it is believed that [Ac] anion can freely form hydrogen bonding
between the primary hydroxyl group (carbon 1) and secondary alcohol (carbon 2) of
glycerol (Figure 4.8). However, the primary hydroxyl group (carbon 1) is presumably
more reactive than secondary hydroxyl group (carbon 2). Once the transesterification
reaction of primary alcohol occurs, this will be resulting in the facile formation of the
corresponding glyceroxide anion, and secondary alcohol that will further react with

nearby carbonate group, which glycerol carbonate is formed.

Figure 4.8: Hydrogen-bonding interaction between [Emim][Ac] and glycerol.

ATR-FTIR study was proceeded to investigate the formation of glycerol carbonate
within selected time interval on the basis of peak intensity under reaction using
[Emim][Ac] (Figure 4.9). Throughout the reaction, peaks intensity corresponds O-H
bending in glycerol at 1262 cm™ and 923 cm™ (Indran et al., 2014) reduced significantly
after 2 hours. The O—H bending is further supported by the —O-H stretching centered at
3387 cm™ (Hazimah et al., 2003) that show a reduction in peak intensity, presumably due

to glycerol being converted into glycerol carbonate. The peak at 1750 cm™ corresponds
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to C=0 of glycerol carbonate which increased in intensity when reaction time is
prolonged up to 2 hours. The peaks at the range between 1200 cm™ to 1000 cm™ also
support the presence of glycerol carbonate where these peaks indicate C-C and C-O
stretching of 2-hydroxyethyl chain (Calvino-Casilda et al., 2011). All peaks correspond
to glycerol carbonate showing an increase in the trend up to 2.0 hours of the reaction time
and slightly decreased thereafter, indicated that the selectivity of glycerol carbonate was
reduced. Apart of that, it was found that there was the formation of glycerol dicarbonate
at peak 1264 cm™ as the reaction time increases to 2.0 hours, however, this peak was not
seen thereafter (Ochoa-Gomez et al., 2009). The formation of glycerol dicarbonate was

confirmed by GC-FID spectra in Figure 4.13 (section 4.1.2.3).

It also can be seen from Figure 4.9 that the peak intensity at 923 cm™
corresponded to O-H bending and 908 cm™ were slightly broadened when the reaction
proceeded (more than 3 hours). This peak was expected to be corresponded to C-O-C
bond of glycidol or/and polyglycidol (Fischer & Ritter, 2013; Ochoa-Gomez et al., 2009).
The formation of glycerol dicarbonate and glycidol were also reported in other studies
indicated that it was difficult to stop the reaction at targeted molecule (Ochoa-Gomez et
al., 2012b; Zhou et al., 2015). Further evaluation using GC-MS (further discussed in
section 4.1.2.3) is necessary to confirm the formation of targeted product (glycerol

carbonate) and other unknown compounds.
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Figure 4.9: ATR-FTIR spectra of transesterification of glycerol using [Emim][Ac] as
catalyst: (a) 30 minutes, (b) 1.0 hour, (c) 1.5 hours, (d) 2.0 hours, (e) 2.5
hours, (f) 3.0 hours, (g) 3.5 hours and (h) 4.0 hours. Reaction conditions:
Temperature = 120 °C, Ratio of diethyl carbonate/glycerol = 2 and
[Emim][Ac] loading= 0.50 mol% based on limiting reactant.

It would be reasonable to expect that the strength of [Emim][Ac] as nucleophile
to initiate the formation of glyceroxide anion can somehow further react with glycerol
carbonate, thus decreases its selectivity. Owing to this postulate, ATR-FTIR study on the
effect of [Emim][Ac] loading towards the glycerol carbonate selectivity was investigated.
As can be seen in Figure 4.10, a pronounced O-H stretching frequency shift of glycerol
carbonate (from 3450 cm™ to 3247 cm™) was observed to shift to a lower frequency when
[Emim][Ac] loading (with respect to glycerol carbonate, mol%) increased from 0.10
mol% to 10.00 mol%, due to strong hydrogen bonding interaction between [Ac]™ anion

with hydroxyl end of glycerol carbonate.

93



[Emim][Ac] loading of 0.50 mol% has sufficient capability to catalyze the
transesterification reaction with glycerol carbonate yield of 88.7% (Figure 4.10(c). The
increase in [Emim][Ac] loading more than 0.50 mol% has adverse effects on glycerol
carbonate selectivity, which helps to promote the formation of undesired products. It is
evident by the decrease of peak intensity at 1750 cm™ correspond to C=0 of glycerol
carbonate and the appearance of peak at 1264 cm™ which is expected to belong to glycerol
dicarbonate (discussed in Figure 4.9) (Figure 4.10(d-f)). This phenomenon is due to the
activation of hydroxyl end of glycerol carbonate by [Ac]™ anion which thus, leads to the
further carbonylation of glycerol carbonate to form glycerol dicarbonate or
decarboxylation of glycerol carbonate to form glycidol/polyglycidol. These results were
paralleled to the other studies (Ochoa-Gomez et al., 2012b; Choi et al., 2013; Ochoa-
Gobmez et al., 2009; Munshi et al., 2014a). Additionally, ATR-FTIR result is consistent

with the effect of [Emim][Ac] loading as discussed in section 4.1.2.1.
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Figure 4.10: ATR-FTIR spectra of transesterification of glycerol and diethyl carbonate
using [Emim][Ac] as catalyst: (a) glycerol carbonate and glycerol
carbonate-[Emim][Ac] of (b), 0.10 mol%, (c) 0.50 mol%, (d) 1.00 mol%,
(e) 5.00 mol% and (f) 10.00 mol%. Reaction conditions: Temperature = 120
°C, Reaction time = 2.0 hours and Ratio of diethyl carbonate/glycerol
carbonate = 2.
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From ATR-FTIR studies, it can be concluded that, the interaction of the anion of
the ionic liquid (in this case [Ac] anion) with glycerol should be strong enough and the
interaction of anion with glycerol carbonate must be sufficiently weak in order to obtain

high glycerol conversion, glycerol carbonate yield and selectivity.

4.1.2.2 Nuclear magnetic resonance (NMR) spectroscopy

13C NMR spectroscopy was conducted to generate a reaction profile by time-on-
time analysis for the transesterification reaction of glycerol. Deuterated methanol-ds was
used as solvent for NMR analysis. Figure 4.11(a-c) shows that, at the early stage of
reaction, only glycerol peaks appeared at 72.0 ppm and 62.5 ppm which are attributed to
the presence of -CH-O- and —CH>-O-. Glycerol carbonate peaks at 61.5 ppm, 67.0 ppm,
and 77.5 ppm correspond to —CH,-O-, -CH>—OH and —CH-, respectively gradually
increased when the reaction solution which initially liquid—liquid biphasic solution turned
into single phase at 1.5 hours (Figure 4.11(d)). On the other hand, the small peaks at 54.2
ppm (-C=0-), 60.5 ppm (-O-CH2), 69.0 ppm (-O-CH>-), 70.5 ppm (O-CH-) and 79.5 ppm
(-CH2-0) correspond to glycerol dicarbonate while peaks at 43.9 ppm (-CH»-0), 62.5
ppm (-CH-C) and 65.9 ppm (-CH2-OH) corresponding to glycidol were observed as the
reaction time is prolonged (Figure 4.11 (e-f)). These assumptions can be related well from
the ATR-FTIR peaks pattern discussed in section 4.1.2.1, whereby the intensity of the
respective peaks was influenced by reaction time. From Figure 4.11(f and g), it also
reveals that there is progressive improvement of peaks that were assumed as unknown
compounds observed when the reaction time was more than 2.0 hours. It should be noted
that, the presence of these unknown compounds and glycerol dicarbonate was not

quantitated in this study.
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Figure 4.11: 3C NMR of reaction mixture at selected time interval which is (a) 0

minute, (b) 30 minutes, (c) 1.0 hour, (d) 1.5 hours, (e) 2.0 hours, (f) 2.5
hours and (g) 3.0 hours (zooming at ~ 60 ppm to 85 ppm for (e), (f) and
(9)). Reaction conditions: Temperature = 120 °C, Ratio of diethyl
carbonate/glycerol = 2 and [Emim][Ac] loading = 0.50 mol% based on
limiting reactant. Deuterated methanol-ds (99.8%) was used as solvent
in NMR analysis. The symbol depicted for (@) = glycerol dicarbonate,
(e) = glycidol and (A) = unknown compounds.
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In order to partly support the prediction of the reaction mechanism (will be
discussed in section 4.4), the interaction between [Emim][Ac] and glycerol as substrate
was investigated using *H NMR. The *H NMR is a useful technique when it comes to
obtain the message for the hydrogen bonding interaction, same as what ATR-FTIR
spectra does (discussed in section 4.1.2.1). It is worth mentioning that, the effect of
deuterated methanol-ds used as NMR solvent is neglected and is mainly focused on
[Emim][Ac]/glycerol interaction. Based on the evidences from the *H NMR in Figure
4.12, the chemical shifts have slightly moved to downfield region attributed to the
formation of hydrogen bonding between hydroxyl group of glycerol and [Emim][Ac]
following the order; dH2 > 6H4 > 8H5 > 8H7 >6H6 > 6Hb > 6HS. The trend was
comparatively similar to the reported chemical shifts of [Emim][Ac] in common solvents
(D20 and CD30D) (Chen et al., 2014). The absolute change of *H NMR chemical shifts

(ad) for [Emim][Ac] and glycerol is tabulated in Table 4.5.
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Figure 4.12: 'H NMR spectra for [Emim][Ac] (indicates by blue spectrum) and
[Emim][Ac]/glycerol ~ mixture  (indicates by red  spectrum).
[Emim][Ac]/glycerol mixture was prepared with ratio of 0.5:5. Deuterated
methanol-ds (99.8%) was used as solvent in NMR analysis.
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Table 4.5: Assignment *H NMR peak of [Emim][Ac]/glycerol mixture.

Chemical shift,  (ppm) Absolute change
Assignments . . I i of chemical shift
Pure [Emim][Ac] [Emim][Ac]/glycero (86, ppm)
H2 8.9432 8.9492 0.0060
H4 7.6114 7.6452 0.0338
H5 7.5347 7.5680 0.0333
H7 4.2369 4.2844 0.0475
H6 3.8954 3.9251 0.0297
Hb 1.8495 1.8892 0.0397
H8 1.4962 1.5308 0.0346

4.1.2.3 Gas chromatography analysis

(a) Gas chromatography-flame ionization detector (GC-FID) spectroscopy

Identification and quantification of transesterification products were performed
using gas chromatography-flame ionization detector (GC-FID) as well as comparison
with mass spectroscopy spectra of the corresponding reference compounds which will be
discussed in section 4.1.2.3 (b). Figure 4.13 shows the identification of glycidol, glycerol
and glycerol carbonate standards which appeared at the retention time of 7.649 minutes,
16.640 minutes and 21.846 minutes, respectively. Retention time of glycerol dicarbonate

was observed at 20.697 minutes (Ochoa-Gomez et al., 2012b).

It is best to notify that, through the observation of GC-FID chromatogram,
glycidol standard shows several peaks, instead of single peak of glycidol at 7.649 minutes
as depicted in Figure 4.14. As shown in Figure 4.15, glycidol molecule contains two
reactive groups, namely epoxide and hydroxyl groups. The epoxide group is involved in
propagation during anionic polymerization whereas the hydroxyl one is responsible for
chain transfer reactions. Therefore, the polymerization of glycidol always leads to the

formation of branched polymers (Gosecki et al., 2016). Presumably, the appearance of
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unknown peaks in glycidol standard from 16.625 minutes to 21.475 minutes could be

assigned to the unavoidable formation of polyglycidols during synthesis reaction by the

manufacturer. The analysis of GC-MS was conducted to further support this assumption.
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Figure 4.13: Gas chromatography of standard A = glycidol, B = glycerol, C = glycerol

dicarbonate and D= glycerol carbonate. A solution of glycerol, glycerol
carbonate and glycidol standard was prepared in equivalent ratio. Column
FFAP (30 m x 0.25 mm). Injection volume: 1 ul. Oven: 60 °C held 5
minutes, temperature ramp at 5 °C/minutes from 60 °C to 80 °C, 1 minute
hold at 80 °C, a 10 °C/minutes ramp from 80 °C to 230 °C and a 10 minutes
hold at 230 °C.
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Figure 4.14: Gas chromatography of glycidol standard (97.0% purity). A = glycidol.
Column FFAP (30 m x 0.25 mm). Injection volume: 1 pl. Oven: 60 °C held
5 minutes, temperature ramp at 5 °C/minutes from 60 °C to 80 °C, 1 minute
hold at 80 °C, a 10 °C /minutes ramp from 80 °C to 230 °C and a 10 minutes
hold at 230 °C.

Epoxide group — /O\

OH <« Hydroxyl group
Figure 4.15: Glycidol functionalities.

The formation of the products as the transesterification reaction progress was
evaluated as shown in Figure 4.16. Obviously, the formation of glycerol carbonate
(88.7%) was observed as the reaction time increased at 2.0 hours, with 93.5% glycerol
conversion. Moreover, the formation of glycidol and glycerol dicarbonate were slightly
increased especially when initially biphasic transesterification reaction turned into one-
phase mixture at 1.5 hours. Rapid decarboxylation of glycerol carbonate to glycidol and
polyglycidols took place thereafter (more than 2.0 hours). This has led to the reduction of

glycerol carbonate yield from 88.7% to 82.1% and the selectivity from 96.7% to 86.5%.
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Figure 4.16: Gas chromatography-flame ionization detector spectra of transesterification
reaction of glycerol and diethyl carbonate with respect to the reaction time:
(@) 0 minute (b) 1.5 hours (c) 2.0 hours and (d) 3.0 hours. A = glycidol, B
= glycerol, C = glycerol dicarbonate and D = glycerol carbonate. Reaction
conditions: Temperature = 120 °C, Ratio of diethyl carbonate/glycerol = 2
and [Emim][Ac] loading = 0.50 mol% based on limiting reactant. Column
FFAP (30 m x 0.25 mm). Injection volume: 1 ul. Oven: 60 °C held 5
minutes, temperature ramp at 5 °C/minutes from 60 °C to 80 °C, 1 minute
hold at 80 °C, a 10 °C/minutes ramp from 80 °C to 230 °C and a 10 minutes
hold at 230 °C.

(b) Gas chromatography-mass detector (GC-MS) spectroscopy

Gas chromatography-mass detector (GC-MS) was conducted to further confirm
the formation of glycerol carbonate as a desired product for the transesterification of
glycerol and diethyl carbonate using [Emim][Ac] as catalyst. Table 4.6 shows the GC-
MS fragmentation patterns of transesterification products including glycerol as reactant.
From Table 4.6, the formation of glycerol carbonate was confirmed with the abundant

fragmentations ion of m/z = 31 attributed to the loss of -OCHjs, followed by the loss of -
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OH and -O3C3Hs with m/z = 18 and m/z = 87, respectively from glycerol carbonate

molecule (Entry 2, APPENDIX B).

It is apparent from *3C NMR (Figure 4.11) and GC-FID (Figure 4.16) spectra that
there are more peaks present during the transesterification reaction than those which were
anticipated (glycerol (reactant) and glycerol carbonate (desired product)). This suggests
that, the side-products are formed in the reaction as well as glycerol carbonate. However,
analysing and quantifying these side-products is difficult since the side-products are
believed to contain similar functional groups to those of both the starting materials and
glycerol carbonate. Therefore, they cannot be identified by ATR-FTIR. Furthermore, the
compounds are not fluorescent, thus they cannot be analysed by ultraviolet-visible
spectroscopy. This only leaves analysis by mass spectroscopy with the intention of
identifying the unknown compounds that have been formed. However, as the side-
products are likely to have the similar structure (cyclic carbonate containing structure),
one should bear in mind those different compounds could produce similar mass
fragments, especially since the compounds are quite bulky (polymer) and therefore likely

to be broken up when ionized.

Generally, glycerol conversion and glycerol carbonate yield and selectivity will
increase linearly upon time. However, as reaction time increased to more than 2.0 hours,
the glycidol selectivity has increased which significantly decreased glycerol carbonate
selectivity. The abundant fragmentations ion of m/z = 44 is attributed to the loss of -OCH3
from glycidol molecule, followed by the loss of -OC2H4 and -OH, giving m/z = 31 and
m/z = 18, respectively (Entry 3, APPENDIX B). From GC-FID analysis (Figure 4.14 ),
the existence of polyglycidols in glycidol standard was further confirmed by GC-MS. It

was revealed that, the mass spectrometry fragmentation patents were more likely

102



attributed to aliphatic polyglycidols structure (Entry 4-7, APPENDIX B). From mass
spectrometry pattern of 2-(propoxymethyl) oxirane, the abundant ion of m/z = 43 is
attributed to cleavage of -C3H>. The ion species at m/z = 73 and m/z = 59 can derive from
the cleavage of -O>C3H7 and -OCsHy, respectively. While mass spectrometry pattern of
2-(ethoxymethyl) oxirane shows the highest abundant ion of m/z = 45 which corresponds
to -OCHs, followed by m/z = 43 and m/z =73 attributing to -OCzHs and -O2C3Hs,
respectively. Similar fragmentation pattern at m/z = 43 indicated to epoxide (-OC2H3)
was observed for all glycidol’s monomer and polymer. This can significantly explain how
the collision between compounds will break the compound into smaller pieces or
fragment which have similar m/z value, regardless to the bulkiness of the compound

(Figure 4.17).

Epoxide ring

Figure 4.17: Possible aliphatic polyglycidol structures form during transesterification of
glycerol and diethyl carbonate using [Emim][Ac] catalyst.

Furthermore, the abundant fragment ion of m/z = 73 which attributed to -CsHsO>
(glycidol as monomer) has been predicted in several fragmentation patterns of mass
spectrometry. It is best to note that, the formation of polyglycidols with higher molecular
weight, supported by the spectrum shown in Figure 4.14 seems possible with the fact that,
asymmetric glycidol (monomer) can undergo chain growth via an active chain end or via
an activated monomer. This will yield different polymer structure as shown in Figure

4.18. Anionic ring-opening polymerization of the obtained glycerol carbonate has been
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well explained by Rokicki et al. (2005), which the polymerization proceeds with carbon

dioxide liberation leading to a branched polyether/polyglycidol.
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Figure 4.18: The structure of polyglycidol (a) Growth via an active chain end and (b) via
an activated monomer mechanism (Nuyken & Pask, 2013).

It is notable to find out that the reaction intermediate present in GC-MS results, is
indicated by ion species of m/z = 163 (Entry 8, APPENDIX B). Cleavage of -CHz and -
C2Hs is attributed to ion species of m/z = 149 and m/z = 135, respectively. The ion species
of m/z = 190 were observed due to fast cyclization of intermediate to form glycerol
dicarbonate (Entry 10, APPENDIX B). This has suggested that glycerol dicarbonate
could be formed during the transesterification reaction when there are longer reaction
time and the presence of excess carbonate source (Ochoa-Gémez et al., 2012b). However,
cyclization of intermediate to glycerol dicarbonate was not prominent as compared to

glycerol carbonate.
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Table 4.6:

Synoptic table of major mass spectroscopy signals of transesterification
reaction product.

Entry Compound name and Molecular ~ GC-MS fragmentation
structure weight pattern
(g/mol)
1 Glycerol (C3HgOs) 92 m/z: 92, [M-OH]* = 17,
[M-OCHs]* = 31, [M-
OH 02CsHz]" =61
HO\/K/OH
2 Glycerol carbonate 118 m/z: 118, [M-OH]" = 17,
(C4HeO4) [M-OCHs]* = 31, [M-
OsCsH3]" = 87, [M-
e O3C4Hs]" = 101
P o
T
OH
3 Glycidol (CsHsO2) 74 m/z: 74, [M-OH]* = 17,
[M-OC2H4]" = 31, [M-
0 OCHs]* =44
[N on
4 2-(propoxymethyl)oxirane 116 m/z: 116, [M-
(CsH1202) CH2CH2CHs]* = 43, [M-
OCoHs]" = 43, [M-
0 OC3H7]" =59, [M-CH>-
AVO OCH.CHCH3]* = 73
~ N
5 2-(etoxymethyl)oxirane 102 m/z: 102, [M-OCzHs]* =
(CsH1002) 43, [M-OC2Hs]* = 45,
[M-02C3Hs]" =73
O
[N o
6 2,2'- 130 m/z: 130, [M-C2H30]* =
oxybis(methylene)dioxirane 43, [M-OC3Hs]" = 57,
(CsH1003) [M-02C3Hs]* = 74
o o
Aoﬁ
7 Ethoxy ethyl glycidyl ether 146 m/z: 146, [M-O2CsHs] =

T

73, [M-OC4Hq]*= 73
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4.2 Modelling and optimization by Response Surface Methodology (RSM)

The attempts to use ionic liquid as catalyst on transesterification of glycerol
seemed to be reliable in this work. In principle, the formation of side products can be
suppressed to a great extent through a suitable combination of cations and anions of ionic
liquid. However, the optimal combination of reaction parameters seems hard to find.
Understanding the interactive effects between reaction parameters will help to improve
glycerol conversion and glycerol carbonate yield and selectivity. To date, neither specific
interaction effect on reaction parameters nor detailed optimal conditions have been
reported especially for homogeneous catalytic transesterification reaction of glycerol to
glycerol carbonate using ionic liquid by statistical method, except in one study conducted
by Ochoa-Gomez et al. (2009) using heterogeneous calcium oxide catalyst. Thus, it is
necessary to conduct an optimization and evaluation on the interactive effects of selected
critical parameters (reaction temperature, reaction time, substrates ratio and catalyst

loading) using Response Surface Methodology (RSM) software.

4.2.1 Design of experiment (DOE)

4.2.1.1 Model fitting and analysis of variance (ANOVA)

The important characteristics of ionic liquids as catalyst are its reactivity toward
high conversion and product yield and selectivity. The parameters and reaction conditions
also seemed to influence the experimental result. As a result, the modelization technique
from RSM was used to evaluate the relationship between experimental and observed
results. Generally, a model is excessively complex, for instance having too many
parameters relative to the number of observations, therefore overfitting occurs. In order

to avoid overfitting, four main parameters that are assumed to be the critical parameters

107



were selected to optimize the transesterification reaction of glycerol to glycerol carbonate.
Before proceeding to RSM technique, experiment trials on the basis of studying one-to-
one parameter at a time was conducted to at least acquire a knowledge about
transesterification reaction pathway using selected ionic liquid. From the preliminary
study as discussed in section 4.1.1, a range of corresponding parameter was selected;
reaction temperature (110 °C to 130 °C), reaction time (1.50 hours to 2.50 hours),
substrate ratio (1.50 to 2.50 equivalent molar) and catalyst loading (0.30 mol% to 0.70
mol%) as presented in Table 4.7. It should be noted that, the water content of [Emim][Ac]
used as catalyst was fixed to 2.0 wt.%. The mean value was coded as zero while high and

low levels of each variable were coded as 1 and -1.

Table 4.7: Range of variables for the central composite design (CCD).

Variable Level
-1 0 +1
Temperature (°C), A 110 120 130
Time (hour), B 1.50 2.00 2.50
Substrate ratio (equivalent 150 200 250
molar), C
Catalyst loading (mol%), D 0.30 0.50 0.70

The experimental design for both corresponding responses in conversion and yield
for glycerol and glycerol carbonate, respectively is presented in Table 4.8. The predicted
responses values were obtained by a model fitting technique correlated with the observed
values using the software Design-Expert version 7.1. The best-fitting model was
determined by regression analysis in second-order polynomial model using the equation
4.1.

K K
y= Bo+ Z pi X + Z BiiX? + Z Z BiXiX; + ¢ Equation 4.1
i=1 i=1

i<j
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where y is the dependent variable (percentage of response) to be modeled, x; and x; are
the independent variables (factors), bo, bi, bii and bjj are the regression coefficients of the
model, and ¢ is the residual associated to the experiments. An analysis of variance
(ANOVA) was used to determine the significance of the constructed model to describe
the observed data. The R? (coefficient of determination) statistic was used to check the

adequacy of the developed model.

By fitting the data to various model (linear, two factorial, quadratic and cubic),
the ANOVA showed that both the glycerol conversion and glycerol carbonate yield of
transesterification reaction was fit to be described with a quadratic polynomial model.
The final equation of the model (basically based on the coded values) is given by equation

4.2 and equation 4.3.

Conversion (%) = +93.19 + 6.44A + 5.36B + 3.70C + 4.90D — 2.67AB + 0.25AC +
1.76AD — 3.13BC — 0.79BD — 0.64CD — 14.45A% — 0.28B? — 1.45C? — 0.073D?

......................................................................................... Equation 4.2

Yield (%) = +90.04 + 11.05A + 2.67B + 0.19C — 5.02D + 1.72AB — 0.065AC + 7.82AD
— 176BC - 4.03BD + 146CD - 12.71A? — 434B? -2.87C*> -9.71D?

......................................................................................... Equation 4.3

Where A is the reaction temperature, B is the reaction time, C is the substrate ratio of

diethyl carbonate/glycerol and D is the catalyst loading ([Emim][Ac]).
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The ANOVA for the RSM is shown in Table 4.9 and Table 4.10. The computed
F-value on the conversion is 13.31 and 24.23 on the yield of the model implying that the
model is significant at the 95.0% confident level. The very small P-value of <0.0001 for
both responses indicated that the obtained equations were appropriate and suitable after
model reduction. According to the ANOVA, the lack-of-fit for conversion (0.2724) and
yield (0.6664) implies that it is not significantly relative to the pure error. The significant
and non-significant lack-of-fit indicate that the model for both responses is a good fit.
The good quality of the equation was expressed by the determination coefficient, R
which normally has to be at least 80.0% in the model study (Muhamad et al., 2010). The
R? of the quadratic model for conversion is 0.93 and the yield is 0.96 indicating that the
model explains more than 80.0% of the variability and therefore sufficient to represent
the actual relationship between the response and the significant variables. The quadratic
polynomial model for conversion and the yield is also highly significant as compared to
other suggested model by the Design Expert software which is linear (R?> = 0.4861 (for
conversion), R?=0.3005 (for yield)) and two factorial interaction (2 FI) (R?= 0.5241 (for

conversion), R? = 0.4237 (for yield)) model that have low in coefficient values.
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Table 4.8: Composition of the various runs of the central composite design (CCD),
actual and predicted responses.

° Independent variables Responses

S Temperature Time  Substrate  Catalyst Conversion  Yield
S (°0) (hour) (equivalent loading (%) (%)
) ratio) (mMol%)

1 115 1.75 1.75 0.40 53.74 51.60
2 125 1.75 1.75 0.40 59.21 56.04
3 115 2.25 1.75 0.40 74.62 69.89
4 125 2.25 1.75 0.40 78.82 82.48
5 115 1.75 2.25 0.40 59.57 54.69
6 125 1.75 2.25 0.40 80.89 60.90
7 115 2.25 2.25 0.40 75.65 63.80
8 125 2.25 2.25 0.40 81.58 67.88
9 115 1.75 1.75 0.60 54.34 39.29
10 125 1.75 1.75 0.60 89.08 68.54
11 115 2.25 1.75 0.60 87.20 30.81
12 125 2.25 1.75 0.60 91.75 74.93
13 115 1.75 2.25 0.60 78.17 38.32
14 125 1.75 2.25 0.60 88.94 74.52
15 115 2.25 2.25 0.60 48.90 34.22
16 125 2.25 2.25 0.60 95.61 77.09
17 110 2.00 2.00 0.50 23.00 20.51
18 130 2.00 2.00 0.50 93.06 63.22
19 120 1.50 2.00 0.50 85.52 73.62
20 120 2.50 2.00 0.50 98.87 77.06
21 120 2.00 1.50 0.50 78.42 79.57
22 120 2.00 2.50 0.50 96.65 82.92
23 120 2.00 2.00 0.30 89.07 66.57
24 120 2.00 2.00 0.70 97.00 46.03
25 120 2.00 2.00 0.50 95.96 97.96
26 120 2.00 2.00 0.50 99.54 94.49
27 120 2.00 2.00 0.50 91.62 89.33
28 120 2.00 2.00 0.50 88.83 88.08
29 120 2.00 2.00 0.50 97.32 90.34
30 120 2.00 2.00 0.50 85.86 80.03

111



Table 4.9: Analysis of variance (ANOVA) and model coefficients on conversion.

Source Sumof Degreeof Mean F-Value P-value
squares  freedom square

Model 7731.83 14 552.27 13.31  <0.0001
Temperature (A) 623.45 1 623.45 15.02 0.0019
Time (B) 626.26 1 626.26 15.09 0.0019
Substrate ratio (C) 298.15 1 298.15 7.18 0.0189
Catalyst loading (D)  522.67 1 522.67 12.59 0.0036
AB 98.78 1 98.78 2.38 0.1469
AC 0.88 1 0.88 0.02 0.8867
AD 42.86 1 42.86 1.03 0.3281
BC 136.23 1 136.23 3.28 0.0932
BD 8.59 1 8.59 0.21 0.6567
CD 5.76 1 5.76 0.14 0.7156
A2 3340.45 1 3340.45 80.48 <0.0001
B? 2.12 1 2.12 0.05 0.8247
C? 55.38 1 55.38 1.33 0.2688
D? 0.14 1 0.14 0.00 0.9542
Residual 539.57 13 41.51 - -
Lack of fit 399.32 8 49.91 1.78 0.2724
Pure error 140.26 5 28.05 -
Corrected total 8271.41 27 -
R? 0.93 - - - -

# significant at “Prob>F” less than 0.05

® not significant at “Prob>F” more than 0.05
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Table 4.10: Analysis of variance (ANOVA) and model coefficients on yield.

Source Sumof  Degreeof Mean F-Value P-value
squares freedom  square

Model 10665.90 14 761.85 24.23 <0.0001
Temperature (A) 2930.02 1 2930.02  93.17 <0.0001
Time (B) 171.09 1 171.09 5.44 0.0351
Substrate ratio (C) 0.86 1 0.86 0.03 0.8711
Catalyst loading (D) 431.43 1 431.43 13.72 0.0024
AB 47.47 1 47.47 151 0.2395
AC 0.07 1 0.07 0.00 0.9637
AD 978.44 1 978.44 31.11 < 0.0001
BC 49.28 1 49.28 1.57 0.2312
BD 259.53 1 259.53 8.25 0.0123
CD 33.99 1 33.99 1.08 0.3161
A2 4309.54 1 4309.54 137.03 < 0.0001
B? 503.15 1 503.15 16.00 0.0013
C? 219.27 1 219.27 6.97 0.0194
D? 1509.71 1 1509.71 48.01 < 0.0001
Residual 440.28 14 31.45 - -
Lack of fit 253.11 9 28.12 0.75 0.6664
Pure error 187.16 5 37.43 - -
Corrected total 11106.18 28 - - -

R? 0.96 - - - -

# significant at “Prob>F” less than 0.05

® not significant at “Prob>F” more than 0.05

Figure 4.19 shows the correlation of actual experimental versus predicted
conversion and yield and the normal probability plot that are obtained from equation 4.2
and equation 4.3. A linear distribution for both responses is indicative of a well-fitting
model. The normal probability plot forms an approximately straight line and follows the
linear distribution (Figure 4.19) (a1) and (b1)). The plot confirmed the assumption of
ANOVA where the residuals are measured by the number of standard deviations between
the actual and predicted value that satisfies the model very well. An adequate precision
shows signal to noise ratio. Those ratios greater than four are suitable indicators to show

that the model can be used to navigate the design space.
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P-values less than 0.05 indicate that the model terms are significant. For the

conversion, the parameters A, B, C, D, A?, and C? are significant whereby the parameters

A, B, D, AD, BD, A?, B2, C2?, and D? are significant for the yield. The other terms are not

significant and so can be eliminated. Equation 4.2 and equation 4.3 were used then to

study the effect of various parameters and their interactions on the conversion and yield

of transesterification reaction.
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Figure 4.19: Plots showing correlation of actual and predicted values of conversion (a)
and yield (b) by the model and normal probability of residuals conversion

(a1) and yield (b1).

114




4.2.2 Interactive effects of variables on conversion

Conversion and yield reported in this optimization study are indicated to glycerol
as limiting reactant and glycerol carbonate, respectively. Three-dimensional (3D)
response surface plots were constructed by plotting one of the responses (conversion, %)
on the Z-axis against other dependent variables while maintaining the other one at their
optimum levels. This interaction involved between the effects of two parameters on

percentage glycerol conversion as shown in Figure 4.20 to Figure 4.25.

Generally, an increase of reaction temperature and substrate molar ratio resulted
in an increase of glycerol conversion. Increasing the reaction temperature had promoted
more collisions between catalyst’s and substrate’s molecules. Moreover, the solubility
between hydrophilic glycerol and hydrophobic diethyl carbonate can be improved by
reducing mass transfer limitations. Apart from that, increasing the substrate ratio will shift

the chemical equilibrium towards the formation of glycerol carbonate yield.

Figure 4.20 depicts the effect of temperature and substrate equivalent ratio on
transesterification reaction at 2.00 hours and 0.50 mol% catalyst loading. The 3D
response plot shows that the effect of temperature is more significant at higher substrate
molar ratio. The glycerol conversion was observed to steadily increase as substrate ratio
increased. This behaviour could be explained by the dependency of the reaction rate on
temperature (Khayoon & Hameed, 2013). In such a case, the reaction can perform faster
as the temperature increased. The percentage of conversion slightly decreased when the
temperature increased from 122.5 to 125 °C at substrate ratio of 1.75. This shows that the
transesterification reaction does need an excess of diethyl carbonate prior to shift the

reaction towards glycerol carbonate even though high temperature is applied.
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Conversion, %
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o
Substrate ratio, equivalent molar Temperature,”C

Figure 4.20: Response surface plot showing the interaction between two parameters,
temperature and substrate ratio for transesterification reaction. Other
variables are constant at their centre points. The numbers inside the contour
plots indicate the conversion (%) of glycerol in transesterification reaction.

Figure 4.21 shows the effect of varying reaction temperature and time on
transesterification reaction at substrate ratio 2.00 and 0.50 mol% catalyst loading. It can
be clearly seen that, there were linear increment of percentage glycerol conversion with
increasing of reaction time at 115 °C. However, increasing reaction temperature to 122
°C, resulted in the increase of the glycerol conversion up to 83.0%. Increasing of reaction
temperature thereafter significantly decreased the glycerol conversion. The use of high
temperature exceeding the boiling point of the diethyl carbonate was not practical, as it
might cause excessive evaporation thus led to the loss of substrate, even though reaction

was run under closed system (Teng et al., 2015).
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Figure 4.21: Response surface plot showing the interaction between two parameters,
temperature and time for transesterification reaction. Other variables are
constant at their centre points. The numbers inside the contour plots indicate
the conversion (%) of glycerol in transesterification reaction.

Figure 4.22 represents the effect of varying temperature and catalyst loading on
the glycerol conversion for transesterification reaction. The reaction time and substrate
molar ratio was fixed at 2.00 hours and 2.00, respectively. The 3D response surface plot
indicates that as the reaction temperature increased, the percentage of glycerol conversion
increased. While there is a linear increase of glycerol conversion at 115 °C with the
increase of catalyst loading. Meanwhile, the glycerol conversion increased as the reaction
temperature increased only up to an extent, which decreases thereafter. This indicates
that a critical temperature is involved up to which percentage conversion is favoured and
it is not so after that critical temperature. The percentage conversion was lower at
temperature more than 120 °C. In this case, our first hypothesis was due to decomposition
of catalyst at higher temperature. However, TGA analysis of [Emim][Ac] showed it

stabled up to 245 °C (Darji, 2015). Regardless of it is well acclaimed of catalytic activity
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of [Emim][Ac], it is agreed to run the reaction under workable temperature to avoid
exceeding the substrate’s boiling point temperature. The finding was in line with Ochoa-
Gomez et al. (2009) where reaction temperature was selected based on the boiling point
temperature of dimethyl carbonate, the maximum temperature achievable at atmospheric

atmosphere.

Conversion, %

Catalyst loading, mol% Temperature, °C

040 115.00

Figure 4.22: Response surface plot showing the interaction between two parameters,
temperature and catalyst loading for transesterification reaction. Other
variables are constant at their centre points. The numbers inside the contour
plots indicate the conversion (%) of glycerol in transesterification reaction.

Figure 4.23 depicts the effect of reaction time and catalyst loading, at temperature
of 120 °C and substrate molar ratio of 2.00. It was observed that percentage conversion
increased when the reaction time and catalyst loading increased. The optimization of
reaction time is crucial to the transesterification process. When the reaction time is too
short, the conversion will not come to completion, thus maintaining the two-phase
reaction. Whereby, prolonging the reaction time provides enough time for reactants and
catalysts to react. On the other hand, the increase of catalyst loading will increase the

conversion rate of glycerol. When reaction time increased, rapid reaction with no
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induction period was observed, thus leads to complete conversion (Liu et al., 2013).
Glycerol conversion attained maximum value of 100.0% at 2.25 hours and 0.60 mol%

catalyst loading.

Conversion, %

Time, hour

Catalyst loading, mol%

Figure 4.23: Response surface plot showing the interaction between two parameters, time
and catalyst loading for transesterification reaction. Other variables are
constant at their centre points. The numbers inside the contour plots indicate
the conversion (%) of glycerol in transesterification reaction.

Figure 4.24 represents the interactive effect of reaction time and substrate ratio for
transesterification reaction at 120 °C and 0.50 mol% catalyst loading. It is shown that, as
the increase of reaction time and substrate ratio, has led to increasing the percentage
conversion more than 90.0%. At low reaction time and substrate ratio, the conversion was
79.0%, indicating that the transesterification reaction needs slightly longer reaction time
upon the completion of conversion and sufficient substrate ratio of diethyl carbonate and
glycerol in shifting to the forward reaction. Glycerol conversion of 98.0% was obtained

at 2.25 hours and 2.25 substrate ratio.

119



Conversion, %

Time, hour

175 175

Substrate ratio, equivalent molar

Figure 4.24: Response surface plot showing the interaction between two parameters, time
and substrate ratio for transesterification reaction. Other variables are
constant at their centre points. The numbers inside the contour plots indicate
the conversion (%) of glycerol in transesterification reaction.

Figure 4.25 depicts the effect of substrate ratio and catalyst loading on glycerol
conversion of transesterification reaction at 120 °C and 2.00 hours. It was observed that
glycerol conversion consistently increased with the increase in catalyst loading from 0.40
mol% to 0.60 mol%. Similarly, the same observation was also obtained as the substrate
ratio of diethyl carbonate/glycerol increased. However, the effect of substrate ratio was
less pronounced as compared to catalyst loading which can be clearly explained by
ANOVA in Table 4.9, where the P-value (p>0.05) indicates that the substrate ratio
(0.0189) was less significant compared to catalyst loading (0.0036). The reaction with
substrate ratio 2.25 mol% and 0.60 mol% catalyst loading has led to the maximum

percentage of conversion of nearly 100.0%.
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Figure 4.25: Response surface plot showing the interaction between two parameters,
substrate ratio and catalyst loading for transesterification reaction. Other
variables are constant at their centre points. The numbers inside the contour
plots indicate the conversion (%) of glycerol in transesterification reaction.

4.2.3 Interactive effects of variables on yield

The quadratic polynomial equation of response surface methodology (Equation
4.3) was used to facilitate plotting on another response which is percentage yield (%) of
glycerol carbonate. As similar to the percentage conversion, the yield plotting also was
drawn on the Z-axis against two independent variables while other variables were on the
same centre point values (coded level: 0). The response surface contours on the yield are

shown in Figure 4.26 to Figure 4.30.

Figure 4.26 shows the combined effect reaction temperature and time and their
interaction on glycerol carbonate yield at substrate ratio of 2.00 and 0.50 mol% catalyst

loading. Reaction at low temperature and reaction time showed the lowest yield. As the
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temperature and time increased up to 122 °C and 2.13 hours, respectively, the percentage
yield increased. It was observed that, when temperature increased more than 122.5 °C,
percentage yield decreased, due to decarboxylation of glycerol carbonate to glycidol.
Moderate temperature between 118 to 125 °C is necessary to provide enough energy for
substrates and catalyst molecule to collide. Furthermore, positive interactive relationship

between temperature and time shows good correlation with percentage yield.

Yield, %

188 117.50

Time, hour Temperature, °C

175 115.00

Figure 4.26: Response surface plot showing the interaction between two parameters,
temperature and time for transesterification reaction. Other variables are
constant at their centre points. The numbers inside the contour plots indicate
the yield (%) of glycerol carbonate as product in transesterification reaction.

Generally, an increase in reaction temperature and substrate molar ratio resulted
in an increase of glycerol carbonate yield (Figure 4.27). At 115 °C, slight increase of
glycerol carbonate yield was observed even though substrate ratio increased. Increasing
the reaction temperature promoted more collisions between catalyst’s and substrate’s

molecules. Moreover, solubility between hydrophilic glycerol and hydrophobic diethyl
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carbonate can be improved by reducing mass transfer limitations. Reaction temperature

between 118.5 to 125 °C and substrate ratio between 1.88 to 2.13 gave higher glycerol
carbonate yield. However, the increase of reaction temperature more than 125 °C has

slightly decreased glycerol carbonate yield, with respect to low and high substrate ratio
of 1.75 and 2.25, respectively. High substrate ratio would incur additional cost for the
reactants, thus are not preferable for industrial scale. Previously reported studies showed

that substrate ratio in the range of 1.00 to 3.20 has given satisfied glycerol carbonate yield.
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Figure 4.27: Response surface plot showing the interaction between two parameters,
temperature and substrate ratio for transesterification reaction. Other
variables are constant at their centre points. The numbers inside the contour
plots indicate the yield (%) of glycerol carbonate as product in
transesterification reaction.

The interactive effect between reaction time and substrate ratio was depicted in
Figure 4.28 at 120 °C and 0.50 mol% catalyst loading. The glycerol carbonate yield
increased with the increase of reaction time and substrate ratio. The positive interaction

between reaction time and substrate ratio shows good correlation between these effects
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towards glycerol carbonate formation. The overall selectivity of [Emim][Ac] with time is
high suggesting that the [Emim][Ac] is selective in the formation of glycerol carbonate.
However, prolonging reaction time together with high substrate ratio has subsequently
decreased glycerol carbonate yield. This was expected since high substrate ratio will lead
to the formation of glycerol dicarbonate at long reaction time. Ochoa-Gomez et al.
(2012b) reported uncontrollable formation of glycerol dicarbonate (8.0%) due to high

ratio of dimethyl carbonate/glycerol.

Yield, %

Time, hour

2.00
Substrate ratio, equivalent molar
Figure 4.28: Response surface plot showing the interaction between two parameters, time
and substrate ratio for transesterification reaction. Other variables are

constant at their centre points. The numbers inside the contour plots indicate
the yield (%) of glycerol carbonate as product in transesterification reaction.

Figure 4.29 depicts the effect of reaction temperature and catalyst loading on
percentage yield at 2.00 hours and substrate ratio of 2.00. The 3D response plot shows
that the percentage yield has gradually increased upon increasing temperature until

reached optimum at 122 °C. However, the effect of temperature was observed as
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compared to catalyst loading. This result was consistent with ANOVA (Table 4.10) which
indicated that by P-value of catalyst loading is 0.0024, which was slightly higher as
compared to temperature of <0.0001. The increase of temperature and catalyst loading
more than 122 °C and 0.48 mol% respectively, show the decrease of percentage yield
thereafter. This can be attributed to the decarboxylation of glycerol carbonate to glycidol
or polyglycidols. High temperature was reported to promote the formation of glycidol or
polyglycidols, where the anion of ionic liquid helps to activate the hydroxyl group

containing glycerol carbonate.

Yield, %

Temperature,°C

Catalyst loading, mol%

Figure 4.29: Response surface plot showing the interaction between two parameters,
temperature and catalyst loading for transesterification reaction. Other
variables are constant at their centre points. The numbers inside the contour
plots indicate the vyield (%) of glycerol carbonate as product in
transesterification reaction.

The effect of varying time and catalyst loading at 120 °C and substrate ratio of

2.00 is shown in Figure 4.30. The 3D plot shows that at low catalyst loading and reaction
time, percentage yield is low. As the reaction time increases up to 2.00 hours and catalyst

loading reached optimum at 0.45 mol%, percentage yield increases. However, over 0.45
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mol% catalyst loading has led to the decrease of percentage yield which would be best
explained by the activity of [Emim][Ac] ionic liquid that influenced the decarboxylation
of glycerol carbonate. This result can be corroborated with the result discussed on ATR-

FTIR with respect to the increase of catalyst loading as shown in Figure 4.10.

Yield, %

Catalyst loading, mol% c\‘\ o Time, hour

Figure 4.30: Response surface plot showing the interaction between two parameters, time
and catalyst loading for transesterification reaction. Other variables are
constant at their centre points. The numbers inside the contour plots indicate
the yield (%) of glycerol carbonate as product in transesterification reaction.

From an economic viewpoint, it is desirable to use low catalyst loading to achieve
a maximum conversion and yield. This report has successfully conveyed that,
[Emim][Ac] has given good reactivity with least catalyst loading (0.42 mol%) in order to
catalyse the transesterification of glycerol and diethyl carbonate. Comparably, 0.01 mol%
of amidines basic ionic liquid; 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) has been
reported giving 98.0% glycerol conversion and 96.0% glycerol carbonate selectivity for

transesterification of glycerol and dimethyl carbonate (Munshi et al., 2014b).
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4.2.4 Optimization of transesterification reaction and model verification

In order to verify the prediction of the model, the optimal reaction conditions were
applied to three independent replicates for transesterification of glycerol and diethyl
carbonate. Table 4.11 represents three solutions with different desirability values which
were used to predict the optimal condition for glycerol carbonate synthesis via catalytic
transesterification of glycerol. From the software, catalyst loading should be minimized
in order to tackle the industry needs, considering the price of ionic liquid while the
conversion and yield were set to be maximized. In this case, the small number of
significant responses value was given by the Design-Expert software. The experiments

were then carried out and the resulting responses were compared to the predicted values.

The greatest glycerol conversion and glycerol carbonate yield were obtained in
experiment 1 giving 92.41% and 91.80%, respectively. This demonstrated the validation
of the RSM model. The good correlation between these results confirmed that the

response models were adequate for reflecting the expected optimization.

Table 4.11: Optimum conditions for transesterification reaction of glycerol and diethyl
carbonate generate from response surface model.

Exp Temperature Time Substrate Catalyst Conversion (%) Yield (%)
(°C) (hour) ratio loading _ _
(equivalent (mol%o) Predicted  Actual Predicted Actual
molar)
1 118 1.8 2.20 0.42 92.59 92.41 91.33 91.80
2 116 2.2 1.85 0.44 93.66 91.90 90.12 90.10
3 122 2.3 2.00 0.50 98.26 96.47 83.36 84.17
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4.3 Recyclability of ionic liquid catalyst

At optimum reaction conditions (discussed in section 4.2); 118 °C, 1.8 hours,
substrate ratio of 2.2 and 0.42 mol% catalyst loading, [Emim][Ac] shows a good potential
candidate as catalyst, at least comparable to the other reported homogeneous catalysts for
the transesterification reaction with 92.4% glycerol conversion and 91.8% glycerol
carbonate yield. However, the use of ionic liquid as either solvent or catalyst has created
a big issue and has been an ongoing subject discussed in academic and industry and that
is its relatively high cost. Therefore, recyclability study was critically essential for the

economic feasibility of reaction and there is a need to reuse the catalyst after every cycle.

It is worth to mention that, recyclability of ionic liquid in transesterification
reaction can be difficult to achieve in practice owing to the fact that [Emim][Ac] and
glycerol are highly polar compounds. Only a few studies have reported on recycling of
ionic liquid for example, through liquid-liquid extraction method using diethyl ether (Yi
et al., 2014), deionized water (Zhou et al., 2015) and flash chromatography column with
ethyl acetate and methanol as eluents (Chiappe & Rajamani, 2012). However, these
studies failed to characterize the recovered ionic liquids or at least justify their findings.
On the other studies, Darji (2015) and Zakaria et al. (2017) have successfully recycled

[Emim][Ac] up to 4" recycles for dissolution of biomass.

The recovery and [Emim][Ac] performance profiles for every cycle were
measured and supported by proton nuclear magnetic resonance (*H NMR) in order to
track the changes of [Emim][Ac] properties before (fresh) and after recycled for several
times. As shown in Figure 4.31, the insignificant reduction of glycerol conversion from

recovered [Emim][Ac] indicates that [Emim][Ac] could be recycled for approximately
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three times. The glycerol conversion using fresh [Emim][Ac] shows 92.4% (fresh), 92.6%
(1% recycle), 89.1% (2" recycle), 80.4% (3™ recycle) and slightly dropped to 69.1% after
the 4" recycle. Meanwhile, the glycerol carbonate selectivity was slightly reduced after
the 1% recycle (from 99.4% (fresh) to 91.8%) and slightly increased to 95.5%, 96.4% and
96.9% at 2", 3 and 4™ recycle, respectively. The increase of glycerol carbonate
selectivity presumably due to a gradual loss of [Emim][Ac] through separation and
decantation and accumulated amount of glycerol, thus [Ac]™ anion has less tendency to
activate the hydroxyl end of glycerol carbonate for further reaction (formation of either
glycerol dicarbonate or glycidol). Zhou et al. (2015) reported that the recyclability of
[N2222][Pipe] was examined in five consecutive batch runs with glycerol conversion that
was maintained 96.0%.

Glycerol conversion mmm Glycerol carbonate yield

=3 Glycerol carbonate selectivity = Recovery
100 —

o

‘:
e

=

a
o

Ty

o
o

e
S

I

]

5
o5

80

“,
e
i5

o
%
5
S5

e
S

I
I

T
S5

i3
I

e
i5

e

=

L
S

e
]

!

i
o
5

e
o

5
S5

60

o

PN

7
S
o
i

T
o

o

R,
s

I
I

Percentage, %

5
5

55
S5

i
I

T
S
ek
o
RO
e

=

A
o

40

5
S5

o
5
o

=

o
%
o
-
3

i

e
55
o
S
e
o

o

=
i3

e
S

I

T
S5

i3
I

‘I‘,

A
e
o

e
o5

{\
Z

L

!

‘:«

5
S5

20

e
o

5
S5

=

PN

%
S
o
i

T
o

o

D
S

I
I

5
S

o

I

S e
o

o
i

R gt gt

[

Fresh 1st 2nd 3rd 4th
Cycle

Figure 4.31: Recyclability study of [Emim][Ac] for transesterification reaction. Reaction
conditions: Temperature = 118 °C, Reaction time = 1.8 hours, Ratio of
diethyl carbonate/glycerol = 2.2 and [Emim][Ac] loading = 0.42 mol%
based on limiting reactant (1%t = first recycle, 2" = second recycle, 3" = third
recycle and 4™ = fourth recycle).
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'H spectra shown in Figure 4.32 revealed that there was insignificant peak shifting
of the recovered [Emim][Ac] (after 3" recycle, (Figure 4.32 (c)) as compared to the fresh
[Emim][Ac] (Figure 4.32 (a)), despite the traces amount of glycerol which remained in
the recovered [Emim][Ac]. All respective peaks of [Emim][Ac] are comparably resolved
with little variation in chemical shift for each cycle despite the water peak at 3.35 ppm,
indicated that [Emim][Ac] are successfully recovered with no degradation on its structure.
Sun et al. (2009) reported that peaks at 62.7 ppm, 83.6 ppm and 86.2 ppm (observed by
13C NMR) arise from minor degradation of [Emim][Ac] with increase in intensity due to
longer heating time (16.0 hours) applied during the reaction. It should be noted that
chemical shifts at 4.79 ppm represent the methanol-ds solvent. Table 4.12 tabulates the

band assignment peaks of [Emim][Ac].

Overall, the recyclability study indicated that the 1% and the 2" recycle of
[Emim][Ac] were highly active to catalyze the transesterification reaction of glycerol
with diethyl carbonate. The percentage of [Emim][Ac] recovered gradually decreased
from 94.0% (fresh) to 66.2% (4™ recycle) through separation and decantation processes

thus lead to poor glycerol conversion and glycerol carbonate yield after the 3™ recycle.
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Figure 4.32: 'H NMR analysis of (a) fresh [Emim][Ac], (b) recovered [Emim][Ac]-2"
recycle and (c) recovered [Emim][Ac]-3" recycle. Reaction conditions:
Heated at 118 °C at 1.8 hours, ratio of diethyl carbonate/glycerol 2.2 and
0.42 mol% [Emim][Ac] loading. Deuterated methanol-d4 (99.8%) was used
as solvent in NMR analysis.

Table 4.12: Assignment *H NMR peak of [Emim][Ac].

Chemical shift, 6 (ppm)
Assignments Fresh 3“‘_recycle Previous studies Multiplicity
(This study)  (This study) (Darji, 20152,
Zakaria et al., 2017°)

3H, CHs 1.50 1.49 1.39, 1.45 Triplet
3H, CH3CO 1.85 1.85 1.56, 1.70 Singlet
2H, CH: 3.90 3.92 3.87,3.89 Singlet
2H, NCH> 421 4.24 4.20,4.25 Triplet
1H, NCH 7.53 7.54 7.74,7.73 Multiplet
1H, NCH 7.61 7.62 7.83,7.83 Multiplet
1H, NCHN 8.94 8.97 9.72,9.60 Singlet

2 Assignment of [Emim][Ac] at 4" recycle. Deuterated DMSO-ds was used as solvent in NMR analysis.
® Assignment of [Emim][Ac] at 3" recycle. Deuterated DMSO-ds was used as solvent in NMR analysis.

131



4.4 Mechanism of transesterification reaction

4.4.1 Computational study

It is difficult to predict the performance of ionic liquid in a given set of reaction
conditions. Therefore, it is important to have a better understanding of synergistic
catalytic between glycerol and diethyl carbonate as reactants with [Emim][Ac] catalyst,
specifically on the role of [Emim]* cation and [Ac] anion towards the transesterification
reaction through computational study. Formation of intermolecular hydrogen bonding
between reactants-[Emim][Ac] molecules play an important role in the catalysis. The
computational study using a General Atomic and Molecular Electronic Structure System
(GAMESS) software was conducted to support the experimental and spectroscopic results

(ATR-FTIR and NMR) of the transesterification reaction.

Generally, the increasing of the hydrogen bond strength leads to a shorter bond
distance (Abbott et al., 2011). The activation of glycerol by [Emim][Ac] proceeds mainly
through the hydrogen bonding interaction with [Ac] as clearly shown at the initial state
of transesterification reaction (Figure 4.33). This is reasonable because [Ac] anion is
known as nucleophile, where its strength must be high enough to abstract the proton from
the hydroxyl group of glycerol. It is best to note that, the primary (H12giycero) and
secondary (H25iyceron) hydroxyl groups of glycerol have the ability to form hydrogen
bonding between [Ac] anion (O8) with hydrogen bond distances of 1.706 A (H12giycerol)-
--O8((aq]” anion) and 2.762 A (H25iycerol)---O8tac]” anion) respectively (Entry 1-2 (Figure
4.32)). However, the priority goes to primary (H12giycerol)---O8(fac] anion), hydroxyl group
presumably due to its reactivity more than the secondary (H25(giyceror---O8((ac]” anion)

hydroxyl group even though all three hydroxyl groups of glycerol are active for the
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transesterification reaction. This has suggested that [Emim][Ac] can actively catalyze the
transesterification reaction via two hydroxyl groups and was in line with Simanjuntak et
al. (2015) findings. It was also predicted that, there is hydrogen bonding between O1 from
diethyl carbonate and H1 from [Emim]* cation and O1 from diethyl carbonate and H29
from glycerol which is 2.254 A and 3.762 A, respectively (Entry 3-4 (Figure 4.33)) (Lan
et al., 2016). These have demonstrated that diethyl carbonate is capable of interacting
with imidazolium cation proton at carbon 2 position and hydroxyl group of glycerol in a
cooperative manner. The strength of intramolecular hydrogen bonding between glycerol
of H29glyceroly and O5giyceroly increase (1.842 A), while H25giyceroly and O4giyceroly decrease
(2.910 A) due to intermolecular hydrogen bonding formed between H12 giycero---O8(ac]”

anion and H25(g|ycero|)“'08([Ac]_ anion (Entry 5-6 (Figure 433))

From the optimized transition state (TS1) the structure shown in Figure 4.34,
hydrogen bond between O7 from [Ac]™ anion and H12 from intermediate was formed,
with the distance of 1.556 A (Entry 7, Figure 4.34). The [Ac] anion (O7) acts as proton
acceptor from the secondary hydroxyl group (O3) of glycerol, thereby enhancing the
nucleophilicity of the activated hydroxyl oxygen atom (O3). Meanwhile, there are
corporative interaction of imidazolium cation (H1) with carbonyl oxygen of diethyl
carbonate (02) (O-H distance = 2.369 A) by formation of hydrogen bonding and make
the carbonyl carbon (C7) greatly positive charged. This has enhanced the nucleophilic
attack of the activated hydroxyl oxygen atom (O3) on the carbonyl carbon (C7) of ethyl
glyceryl carbonate intermediate and an ethanol was produced. Coincidently, the hydrogen
bonding formed between the secondary oxygen (O5) and tertiary hydrogen of hydroxyl
group (H29) of glycerol in the optimized reactants structure with [Emim][Ac] at initial
state (Entry 5 (Figure 4.33)) is expected to brake, which is evidenced by the increased of

hydrogen bond distances (3.268 A) between oxygen atom (O3) with hydroxyl atom (H15)
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of ethyl glyceryl carbonate intermediate measured in the optimized transition state

structure (TS1) (Entry 10 (Figure 4.34)).

)

diethyl carbonate —

[emim]* cation

[Ac] anion

glycerol

Figure 4.33: Optimized reactants structure with [Emim][Ac] at initial state of
transesterification reaction using GAMESS software and visualized using
Avogadro. Hydrogen bonds are represented by red dash line.
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Figure 4.34: Optimized transition state (TS1) structure showing the interaction of
[Emim][Ac] with ethyl glyceryl carbonate intermediate during
transesterification reaction using GAMESS software and visualized using
Avogadro. Hydrogen bonds are represented by red dash line.

Subsequently, as the intermediate losing a proton (H20) to [Ac] anion (O6), the
ethyl glyceryl carbonate intermediate species will undergo a fast-intramolecular
cyclization between O4 and C7 of intermediate and the subsequent formation of glycerol
carbonate might proceed together with the liberation of a second ethanol molecule (Figure
4.35). It is best to note that, at TS2, [Emim][Ac] catalyst regenerated evidence by the
increase of hydrogen bonding between O6 ([Ac] anion)---H20 (intermediate, TS2) (Entry
11,Figure 4.35) as compared to O7([Ac] anion)---H12 (intermediate, TS1) (Entry 7,

Figure 4.34) with 1.653 A and 1.556 A, respectively. This finding supports the results
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from recyclability study (discussed in section 4.3), where [Emim][Ac] can be recovered

and recycled for at least three recycle.

Overall, the transesterification reaction of glycerol and diethyl carbonate could
proceed in a cooperative manner, in which interaction between cation will activate the
carbonyl group of the diethyl carbonate and anion will activate the glycerol, thus could
be best explained that the high catalytic performance observed for [Emim][Ac] as the
catalyst. Our finding was in agreement with Simanjuntak et al. (2015), taking into account
the possibility of cation and anion to interact with glycerol and diethyl carbonate in a
corporative manner. Table 4.13 summarizes the hydrogen bond interactions between

reactants (glycerol and diethyl carbonate), transition state of TS1 and TS2.
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Table 4.13: Quantum mechanics calculation of reactants and transition states of
intermediate and [Emim][Ac] catalyst with hybrid Becke 3-Lee-Yang-Parr
(B3LYP) exchange-correlation functional with the 6-31G basis sets
approach for the transesterification reaction of glycerol carbonate synthesis.

Interaction Distance [A]
Entry Structure from reactants at initial Before After

state optimization? optimization
1 le(glycerol)“'08([Ac]- anion) 2.377 1.706
2 H25(g|ycero|)“'08([Ac]- anion) 3.517 2.762
3 Ol(diethyl carbonate)“‘H:|-([Emim]+ cation) 3.89 2.254
4 Ol(diethyl carbonate)‘“H29(g|ycerol) 4.051 3.762
5 H29(gcherol)“-OS(glycerm) 3.294 1.842
6 H25(glycerol)---O4(glycerol) 2.682 2.910

Structure from intermediate of

transition state (TS1)
7 O7(1Ac] anion)-—-H12(intermediate) 2.874 1.556
8 Oz(intermediate)'“H:|-([Emim]+ cation) 3.197 2.369
9 05‘H29(glycerol)“'03‘H15(intermediate) 1.842 3.268

Structure from intermediate of
transition state (TS2)

10 06([AC]_ anion)---H 20(intermediate) 3.748 1.653

2 The structure of reactants at initial state and transition states (TS1 and TS2) before optimization can be found in APPENDIX D

4.4.2 Proposed mechanism

The computational results discussed in section 4.4.1 agreed well with the proposed
mechanism of transesterification reaction of glycerol and diethyl carbonate catalyzed by
[Emim][Ac] as illustrated in Scheme 4.1. The proposed mechanism gives the advantage
of that [Emim][Ac] can work in cooperative manner by formation of hydrogen bonding
to activate the transesterification reaction, thus leading towards the glycerol carbonate
formation. There are also few reports on the use of ionic liquids as catalysts where both

anion and cation help in activation of reactants (Selva et al., 2010).
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Scheme 4.1: The proposed mechanism for glycerol carbonate synthesis through catalytic transesterification of glycerol with diethyl carbonate by
[Emim][Ac].



The superior catalytic activity exhibited by [Emim][Ac] coincides with higher
glycerol conversion and glycerol carbonate yield demonstrates in this study somehow has
led to an unavoidable formation of glycerol dicarbonate and glycidol/polyglycidol. The
glycerol dicarbonate and glycidol selectivity measured were 0.4% and 3.0%, respectively
at reaction temperature of 118 °C, 1.8 hours, substrate ratio of diethyl carbonate/glycerol
2.2 and 0.42 mol% [Emim][Ac] loading. Theoretically, as the concentration of glycerol
carbonate is high enough, the tertiary free hydroxyl group of glycerol can further react to
initiate a new transesterification between glycerol carbonate and the diethyl carbonate
leading to the formation of glycerol dicarbonate. Despite this, the probable reason for
increase in glycidol selectivity could be mainly because of increase in basicity of the
reaction mixture when there is an increase of [Emim][Ac] loading, favoring the

decarboxylation of glycerol carbonate (Gade et al., 2012).

Thus, it is necessary to consummate the reaction mechanism of glycerol
dicarbonate and glycidol formation as in Scheme 4.2. The mechanism of decarboxylation
of glycerol to glycidol is somehow similar to the reaction of the carbon dioxide fixation
reaction with alkylene oxides to produce cyclic carbonates (Takahashi et al., 2016).
Moreover, there are some findings reported on the other potential by-products obtained
throughout the transesterification reaction as discussed in section 4.1.2.3 (b), which

significantly decreased the glycerol carbonate selectivity.
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Scheme 4.2: The proposed mechanism for synthesis of possible by-products from
glycerol carbonate, a) glycerol dicarbonate and b) glycidol, using
[Emim][Ac] as catalyst.
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CHAPTER 5 : GENERAL CONCLUSION AND FURTHER WORK

5.1 Conclusion

Among a number of homogeneous base catalysts such as potassium carbonate,
potassium hydroxide, sodium hydroxide and trimethylamine, ionic liquids have come in
a range of guises that have demonstrated facile glycerol conversion with dialkyl
carbonate. As the benchmark, this research was embarked to gain and resemble an overall
understanding in the catalytic transesterification reaction of glycerol and diethyl
carbonate using ionic liquid as catalyst. Implementing ionic liquid catalyst system that
avoid the use of metals as catalyst, solvents and harsh conditions are just the starting

points for greener and more sustainable future.

The performance of ionic liquid as catalyst towards transesterification of glycerol
was measured by screening the potential ionic liquids and evaluate the pertinent affecting
parameters towards satisfied glycerol conversion and glycerol carbonate yield and
selectivity. The results demonstrated 1-ethyl-3-methylimidazolium acetate ([Emim][Ac])
with the merits of 93.5% glycerol conversion and 88.7% glycerol carbonate yield at mild
reaction conditions (reaction temperature of 120 °C at 2.0 hours, diethyl
carbonate/glycerol ratio of 2 and 0.50 mol% [Emim][Ac] loading at the [Emim][Ac]
water content of 2.0 wt.%. Characterization using ATR-FTIR revealed that, the peaks of
O-H bending (1262 cm™ and 923 cm™) and O-H stretching (3387 cm™*) showed reduction
in peak intensity as glycerol being converted to glycerol carbonate. Meanwhile, the peak
at 1750 cm® corresponding to C=0 of glycerol carbonate increased in intensity when the
reaction time is prolonged up to 2.0 hours. This ATR-FTIR was also evidenced the

formation of glycidol and glycerol dicarbonate at 908 cm™ (C-O-C bond of glycidol) and
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1264 cm™, respectively. These results are consistent with NMR and GC-MS analyses
which affirmed that glycerol carbonate yield and selectivity decreased over the optimum
reaction conditions due to further decarboxylation of glycerol carbonate to glycidol,

polyglycidols or glycerol dicarbonate.

From the analysis of RSM, the optimum reaction conditions were predicted with
high percentage yield (>90.0%) and low [Emim][Ac] loading. Furthermore, the
interactive effects of the important parameters such as reaction temperature, reaction
time, substrates ratio and [Emim][Ac] loading also were evaluated at fixed [Emim][Ac]
water content of 2.0 wt.%. Glycerol conversion of 92.4% and glycerol carbonate yield of
91.8% were obtained under the optimum reaction conditions; reaction temperature of 118
°C, at 1.8 hours with 2.2 of diethyl carbonate/glycerol ratio and 0.42 mol% [Emim][Ac]
loading. The comparison of the predicted and experimental values revealed that the
models gave good correspondence between them, implying that empirical models derived
from RSM can be used to adequately describe the relationship between the factors and

responses (conversion and yield) in catalytic transesterification reaction of glycerol.

Recyclability study has revealed that [Emim][Ac] catalyst can be reused along
with the increased batch of recycle number. Satisfying glycerol conversion and glycerol
carbonate yield were successfully attained up to the 3" recycle, with 80.4% and 77.1%,
respectively, before it was dropped at 4™ recycle giving 69.1% glycerol conversion and
67.3% glycerol carbonate yield. [Emim][Ac] ionic liquid turns to be superior to the
traditional homogeneous catalyst with respect to the possibility of recovering. The
recovery of the [Emim][Ac] after the 3" recycle was maintained up to 78.9%, and showed

a slight drop to 66.2% at 4" recycle. *H NMR spectroscopy showed that there are no
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properties changes in recovered [Emim][Ac], except for the leftover traces amount of

glycerol.

The result in the computational study clearly demonstrates that, catalytic
performance of ionic liquid catalyst does not depend only on basicity, but also cooperative
role of imidazolium cation and anion appeared more suitable to predict the mechanism.
[Emim][Ac] has successfully catalyzed the transesterification of glycerol and diethyl
carbonate in cooperatives manner through the formation of hydrogen bonding. It is best
to note that, [Emim][Ac] catalyst can be regenerated evidence by the increase of hydrogen
bonding between the intermediate of TS2 as compared to intermediate of TS1. Therefore,
the proposed mechanism agreed well with the theoretical computational study, thus
provides an in-depth understanding of the overall transesterification reaction together
with the valuable insight into the mechanisms of transesterification reaction of glycerol

with dialkyl carbonate (in general).

In short, the overall findings of the research would be useful not only for
laboratory-scale but also for the researchers in industry to find a way of designing of new
and more efficient ionic liquid catalysts and optimal process development for the
synthesis of cyclic carbonates (in general), thus attracts increasing attention in the future
for ionic liquid-based industrial process development. Perhaps, this research can be as a
reference in improving the needs and demands of transforming the surplus of glycerol to

high value-added glycerol carbonate that grows in the fine chemicals industry.
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5.2 Recommendation for further studies

The findings of the present research work are directive towards several areas which merit

further studies, some of which are listed below: -

I. Investigation on the possibilities of using ionic liquid to catalyze the crude
glycerol without any pretreatment deserved to be explored in detail.

ii. A further research effort needs to be devoted on the reaction kinetic of
transesterification of glycerol catalyze by ionic liquid.

iii. Further investigation using other optimization and simulation studies such as
Artificial Neural Network (ANN) would be necessary to predict the amount of
desired product and by-product for transesterification of glycerol.

iv. The effect of cation could be experimentally and theoretically investigated for a
deeper understanding of the whole catalytic transesterification reaction.

V. To prove the proposed mechanism experimentally by means of understanding the

reaction process.
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