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ABSTRACT

Carbon dioxide (CO») is most commonly discussed in negative terms as a greenhouse gas and
major contributor to anthropogenic climate change. Recently, the use of CO; as an abundant
carbon resource has received increased attention, with this field referred to as carbon dioxide
utilisation. Direct conversion of CO> to green chemicals is an attractive application, as it
incorporates a waste resource in the production of value-added, sustainable substances.
Carbon dioxide utilisation in the synthesis of dimethyl carbonate (DMC) is attractive due to
the extensive application of DMC in a variety of processes. In particular, DMC has lower
toxicity and is a more environmentally friendly chemical compared to traditional alternatives,
many of which have unfavourable properties such as high toxicity, e.g. phosgene. Previously,
high selectivity to DMC has been correlate with high pressure operating environments
employing supercritical CO2. Applying high-operating pressure (8 Mpa~16.5 MPa, see Table
4-1) in chemical plants is, however, cost and energy intensive and introduces significant
safety concerns. Optimisation of reaction conditions with the aim of minimizing the operating
pressure while increasing reaction rate, selectivity and catalyst lifetime should be a key goal
of process development. Herein, one-pot synthesis of DMC from propylene oxide, methanol
and CO> using alkali halide catalysts under low-operating pressure (2 MPa at room
temperature) was studied. This study has evaluated the catalytic activity of alkali halide-based
catalysts via the one-pot route of DMC synthesis and the results showed that a DMC
selectivity of 15.9% can be obtained when KoCO3-NaBr-ZnO is used as the catalyst. However,
selectivity to DMC is limited by the relatively high yield of PG through the hydrolysis of PO.
Therefore, both a physical drying agent (3A molecular sieve) and a chemical dehydrating
agent (acetonitrile) are applied in DMC synthesis. The production of PC increases
significantly (from 1.04 mmol/ml to 1.48 mmol/ml and 1.59 mmol/ml for 3A molecular sieve
and acetonitrile, respectively, see Figure 6-5 and Figure 6-10) owing to the inhabitation of the
PO hydrolysis, however, the influence of adding dehydrating agents on improving the yield of
DMC is not obvious (from 0.53 mmol/ml to 0.51 mmol/ml and 0.49 mmol/ml for 3A
molecular sieve and acetonitrile, respectively). The catalyst applied in the DMC synthesis

reactions are characterised using TGA, XRD, SEM, SEM/EDS, AAS and ICP-OES.

Additionally, Zn powder shows great possibility of achievement to remove water through the
reaction with steam water under reaction condition. Results indicate that the addition of Zn

powder to the KoCOs3-NaBr-ZnO catalyst system increases the DMC selectivity from 15.9%
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to 36.1% at 2 MPa and 160 °C for 5 h. Catalyst characterisation showed that Zn powder
increases the stability of the catalyst by preventing the active ingredients on the catalyst
surface from leaching. The results also show an increase in propylene oxide conversion to
DMC attributed to the increase of Zn** ions in the reaction solution. Zn both promotes DMC
formation through the new reaction route (Route 1) and transesterification of propylene
carbonate and methanol (Route 2). More specifically, crucial intermediate products, zinc
methoxide and carbonate zinc methoxide, are formed during reaction and promote the
migration of carbonate species on the catalyst surface yielding more DMC via Route 1. Route
2 reaction pathway involves the formation of additional methoxy groups, which can attack the

carbon atom of C=0 in the transesterification reaction.
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Proposed new mechanism for DMC synthesis with the addition of Zn powder

Furthermore, high pressure is not a prerequisite for the transesterification reaction and COz is
found to inhibit the reverse cycloaddition reaction to form PO (see Figure 7-8). This study
shows that increased selectivity to DMC can be achieved at low pressure with the addition of

Zn powder.
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Chapter 1: Introduction

1.1 Motivation

Carbon dioxide is one of the major greenhouse gases and is generated from coal-fired power
plants, chemistry industries, transportations etc. The global average atmospheric CO2 has
increased from 367 parts per million (ppm) in 1992 to approximately 410 ppm in 2019
(NOAA/NCEI 2019). Without innovative and more ambitious policies and techniques,
carbon dioxide emission is projected to reach almost 685 ppm by 2050 (Marchal and Dellink,
2011). Increasing carbon dioxide concentration in the air will accelerate global warming,

which is the most significant environmental challenge that society needs to face today.

CO; is non-toxic, tasteless, and relatively cheap. However, it is also equipped with some
properties (such as high stability and low reactivity) which makes it difficult to be widely
used as a chemical feedstock in industry. In recent years, many studies have indicated that the
synthesis of useful chemicals from CO: could be a promising field for future sustainable
development. CO> is a C1 block for the production of fundamental and one of the highly in-
demand chemicals. These chemicals may include methanol, epoxides, cyclic carbonates,
formats and dimethyl carbonate (DMC) efc. (Liu et al., 2016). During synthesis processes,
homogeneous and heterogeneous catalysts are essential to promote the reaction towards the
objective direction. Typically, the selectivity and activity of homogeneous catalysts are higher
than that of heterogeneous. However, the complicated and costly separation process of
homogeneous reactions increases the production cost. Therefore, it is necessary to explore and
develop the novel heterogeneous catalysts for CO; utilisation equipped with enhanced activity

and selectivity.

In this research, dimethyl carbonate (DMC) is chosen as the target product owing to its
extensive application in a variety of processes, such as replacing phosgene as a
methoxycarbonylating agent (F. Arico & P. Tundo, 2010), application as a methylating agent
(Selva, Marques & Tundo, 1994), replacing methyl tert-butyl ether (MTBE) as a gasoline
additive efc.(Pacheco & Marshall, 1997). A modified heterogeneous catalyst is applied in the

synthesis of DMC under low CO> pressure condition.
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1.1.1 Source of carbon dioxide emissions

The primary human sources for atmospheric CO; emissions are fossil fuel combustion,

industrial processes and land-use changes ef al. (Le Quéré et al., 2014).

2.21
Buildings Elec;rgicjltlyGarécéheat
2.72GtCO, A416tC0,
(8.4%) (63.0%)
Fossil fuel Transport
combustion 7.87GtCO, ..
21.28GtCO,
(65.8%)
Industrial
processes
6.11GtCO,
(18.9%)

Figure 1-1. The sources of global CO, emissions in 2016 (yearly total emission: 32.5 GtCO.) (Iea.org,
2019).

Figure 1-1 shows the primary sources of global CO; and their yearly emissions in 2016
(Iea.org, 2019). The combustion of fossil fuels produces a large amount of carbon dioxide

emission. A more detailed description of the main sources of CO; emissions is shown below:

(1) Electricity and heat generation. CO; emissions are increasing because of the higher
consumption of energy, which caused by the rapid development of the economy and the

improvement of weather conditions in some areas.

(2) Transportation. A large amount of CO; emissions accompanies the combustion of
diesel and gasoline. Transportation includes long-distance road transport, air transport,

marine transportation and rail.

(3) Industry. Fossil fuels are consumed in industrial production to provide energy. There
are some processes also producing carbon dioxide emissions by chemical reactions that
do not burn fuel, such as cement production, iron and steel manufacturing and chemicals

production.
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1.1.2 The hardest emissions to cut

The current environmental degradation problem has attracted more and more attention, which
leads to the increasing use of renewable and cleaner energy in industrial production and
transportation. However, fossil fuel combustion is still the primary source of energy
generation in rapidly developing economies. The contradiction between increasing energy

demand and reducing carbon dioxide emissions has become a vital problem for society.

Davis et al. reported that the hard-to-eliminate sources account for around 27% (~ 9.2 GtCO»)
of global CO2 emissions from fossil fuel and industrial processes in 2014 (Davis et al., 2018).
These sources relate to aviation, long-distance transportation and the production of cement

and steel (Figure 1-2 (B).

Long-distance
road transport Long-distance
1% 9 —| MOBENE"" 0ad transport
Aviation
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o ; [
14% . S
o 5 Iron & steel
g (0]
4 —|
2% 3
X
“\ea o Load-following
Electricity 2 — electricity
26%
Combined -~ 1 —
heat
& electricity
5% 0 |
A Global fossil fuel & B Difficult-to-eliminate
industry emissions, 2014 emissions, 2014
(33.9 Gt CO,) (9.2Gt CO,)

Figure 1-2. (A) shows the different sources of CO, emissions with the highlighted (by longer pie
pieces) hard-to-cut emissions sources in 2014. Figure 1-2 (B) illustrates the level of emissions related
to these hardest decarbonized energy services in 2014. (Source: Davis et al., Science)

It is reported that 60% of the carbon dioxide emitted from the cement industry is produced by
the calcination of limestone, and the remaining 40% of the carbon dioxide comes from the
burning of fossil fuels (Dean, Dugwell and Fennell, 2011). Scientists have tried to reduce the
carbon dioxide intensity of cement by the following methods: (1) using mineral admixtures
instead of clinker (2) improving energy efficiency (3) using CO:-neutral fuels (such as
biomass). However, these approaches can only be limited to reducing, not eliminating carbon
dioxide emissions because the calcination of limestone is the leading cause of carbon dioxide

generation which cannot be dealt with the above approaches. The development of carbon
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capture and storage technologies may be a potential solution for reducing net carbon dioxide

emissions of cement.

1.1.3 Managing carbon dioxide emissions

In general, CO» emissions can be controlled in three ways: (1) reducing CO; production from
the source, (2) using carbon capture and storage techniques, (3) increasing CO: utilisation.
Decreasing the production of COz can be achieved by reducing the use of fossil fuels,
modifying the processes to higher efficiency and using clean and renewable energy. However,
factors like population growth, higher agricultural and transportation demands, economic
benefits and technical problems make it difficult to reach a reduction in CO; emission from

the source.

Carbon capture and storage provides an alternative way to reduce CO; emissions. This
method includes three steps: capturing CO: from sources (such as a power station),
compressing and transporting the gas, and finally injecting the gas into the ground under high
pressure for storage. This method can effectively reduce CO2 emissions into the atmosphere,
but it is associated with a high cost for construction, maintenance and operation. Moreover,
there are many technical problems waiting to be overcame. For example, gas separation,
compression and transportation consume a large amount of energy, advanced technology for
CO; adsorption and desorption is needed. And there is a high risk of long-term preservation of
CO; below ground. Therefore, the use of CO, becomes a much promising alternative, not only

reducing the CO: intensity of air but also producing valuable products.

1.2 Carbon dioxide conversion and utilisation

1.2.1 The present and future usage of CO;

The utilisation of CO> is a possible way to control the carbon level in the atmosphere.
Currently, the actual utilisation of CO» as a feedstock for chemicals production is around 230
MtCO; per year. Most of CO; is consumed in the fertiliser industry, where 130 MtCOs is used
in urea manufacturing, followed by oil and gas, with a consumption of 70 to 80 MtCO; for
enhanced oil recovery (Putting CO; to Use: Creating Value from Emissions, 2019). CO»
conversion to chemicals will not use a large percentage of CO> generated but will contribute
to making capture more economically viable by producing valuable products and reduce our
reliance on fossil sources for chemicals production. With the development of new techniques

and processes, the proportion of CO; utilised will increase. There are lots of future estimates
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about the potential of carbon dioxide. About 200 Mt of CO; per year will be used to produce
chemical products and polymers, and approximately 2 GtCO: per year will be applied in the
manufacture of fuels (Naims, 2016). There is a long-term estimate suggesting that nearly 15%
of global CO; emissions will be utilized per year by 2030 (The Global CO; Initiative & CO>
Sciences, 2016).

1.2.2 Potential applications of CO;

Carbon dioxide has been used in many industrial processes such as the production of plastics,
urea and cyclic carbonates. In addition to the physical or chemical transformation of CO,,
carbon dioxide can be used directly as a solvent or working fluid (Figure 1-3). Current
research on carbon dioxide applications has focused on exploring new transformation

processes to convert CO» into feedstocks for efficient manufacturing.
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Figure 1-3. The physical and chemical routes for CO; utilisation (Source: The potential and
limitations of using carbon dioxide, 2017).

1.2.3 The challenges for CO: application

Many studies have shown that CO> can potentially convert into value-added chemicals or
fuels through physical or chemical processes, whereas many obstacles and challenges still
remain in the development of CO; utilisation. As a result, the realisation of carbon dioxide
utilisation in actual industrial production is quite complicated, and the progress is relatively
slow. Specific challenges and barriers include the following three categories: technology,
markets, and policies (Ahmad, 2016). The main challenges and obstacles in the market and

technology fields are discussed here.
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(1) Market and economic challenges: Firstly, high economic input is requested during
CO; capture, separation, and transportation processes (Leung, Caramanna and Maroto-
Valer, 2014). Secondly, the potential economic benefit of CO: conversion is difficult to
estimate because the technology for utilisation is at an early stage of development
(Cuéllar-Franca and Azapagic, 2015). The manufacturing processes of the factory have
been well established, and the re-use of CO» requires updating existing systems. Based on
the above reasons and economic benefits, the lack of economical driving force is one of

the critical barriers to accelerate the development of CO» utilisation.

(2) Technical challenges: First, carbon dioxide is very stable, and it requires a large
amount of energy to convert it into other substances through chemical or catalytic
methods. The combustion of fossil fuels will generate new pollution. The development of
techniques which can transfer primary non-fossil sources (like solar energy) into more
usable kind of energy (like hydrogen and electricity) is needed to support the
transformation of a large amount of CO:> (Aresta, Dibenedetto and Angelini, 2013).
Second, it is necessary to find more efficient and renewable catalysts. The ideal catalyst
is expected to convert COz to the target product in a favourable environment, such as at
lower temperatures, under lower pressures, with more efficient performance (like

selectivity and reaction rates) and with lower economic input.

From the above analysis, it can be concluded that the development of novel technologies
cannot solve the obstacles of CO: utilisation fundamentally. However, innovative and
efficient technology is indeed a prerequisite for addressing economic and policy barriers.
Only by mastering the mature technologies can we enhance the driving force of social policies

and markets for the development of CO> utilisation.

1.3 Aims of the research

The initial goal of this study is to improve the selectivity of dimethyl carbonate (DMC) via
the one-pot synthesis route. The research aims of this thesis are summarised as follows:
e To evaluate the catalytic activity of alkali halide-based catalysts through the one-pot
synthesis of DMC;
e To improve the selectivity of DMC by adding dehydrating agents or co-catalyst;
e To study the relationship between physical properties and the catalytic performance of

the catalyst;
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e To develop the proposed mechanism of the DMC synthesis reactions.

1.4 Structure of the thesis

Chapter 1 Introduction. This chapter provides the motivation for carrying out this research
work. A brief introduction about the sources of CO, emissions, the potential application of
CO:; and the challenges in CO2 application is presented to give the background information
about this research. Additionally, it introduces the aims and objectives of this work and the

structure of this thesis.

Chapter 2 Literature review. Chapter 2 focuses on the introduction of heterogeneous
catalysts and catalytic transformations of CO;. Specifically, the types of heterogeneous
catalysts are discussed, and the different routes for the catalytic transformation of CO; to
chemicals and fuels are presented. Moreover, a detailed review of dimethyl carbonate (DMC),
the properties and applications of DMC in industry and the different approaches for DMC
synthesis are provided. The catalysts applied in the one-pot synthesis of DMC are discussed

in the subsequent section in greater detail.

Chapter 3 Experimental work and analytical techniques. In this chapter, the experimental
set-up employed and the analytical techniques used for studying the composition of liquid
products and the properties of catalysts are introduced. Moreover, the overall experiment plan
of research work is presented and then followed by the methods used to analyse experimental

CITOTS.

Chapter 4 One-pot synthesis of DMC using alkali halide-ZnO catalysts. This chapter
shows the activity of four types of alkali metal-ZnO catalysts (NaBr-ZnO, KBr-ZnO, NaCl-
Zn0O and KCl-ZnO) in the one-pot synthesis of DMC under mild reaction conditions (2.0 MPa
COg, 160 °C and 5 h reaction time). This is followed by discussion of the results of catalyst
characterisation. Thermogravimetric Analysis (TGA) is used to determine the thermal
stability of the catalyst. X-ray diffraction (XRD) are used to study the composition of active
ingredients on the catalyst surface. Furthermore, the catalytic principle of the alkali metal
catalyst on cycloaddition reaction and transesterification reaction is discussed, which provides

the theoretical basis for the catalyst improvement in Chapter 5.
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Chapter 5 Catalyst modification: Influence of alkali metals. According to discussion of
the catalyst mechanism in Chapter 4, this chapter studies the improvement of catalytic activity
by loading a strong base. During catalyst preparation, NaBr and a kind of alkali metal are
simultaneously supported on the catalyst support by using a wet impregnation method. The
three strong bases include sodium carbonate, sodium hydroxide, and potassium carbonate.
Additionally, the effect of the strong base loading on the selectivity of each product is studied
and six catalysts with different base loading are prepared (8 wt%, 10 wt%, 12 wt%, 15 wt%
and 18 wr%). The modified catalysts are characterised by using the following techniques:
TGA, SEM-EDX, XRD, AAS and ICP-OES. Scanning electron microscopy (SEM) gives the
detailed information on the morphology of catalyst. SEM-EDX is used to study the effect of
calcination on the distribution of active ingredients. ICP-OES and AAS analysis of both solid

and liquid samples is carried out to provide the information of elemental composition.

Chapter 6 Influence of dehydrating agents on DMC selectivity. The hydrolysis of PO to
PG is the main reason to limit the DMC production due to equilibrium. This chapter discusses
the effects of physical (3A molecular sieve) and chemical (acetonitrile) dehydrating agents on
the selectivity of DMC and PG. Moreover, the influence of the amounts of dehydrating agent
on DMC yield and the dehydration efficiency of these two dehydrating agents are specifically
studied. Furthermore, the advantages and disadvantages of these two dehydrating agents are

presented.

Chapter 7 One-pot synthesis of DMC using a Zn-promoted metal alkali catalyst.
According to the results in Chapter 6, the shortcomings of the two dehydrating agents limit
their application in DMC production. There are two reasons for using zinc powder as a
potential high-efficiency dehydrating agent in this chapter: (1) Zinc powder is solid, which is
easy to separate from the product after the reaction; (2) Zinc powder can react with water
under high temperature conditions. Therefore, zinc powder may have the advantages of both
physical and chemical dehydrating agents. In order to better study the role of zinc powder in
DMC synthesis, the effects of zinc powder on cycloaddition reaction and transesterification
reaction are studied separately. Fresh and used catalyst and the catalyst-zinc powder mixture
are characterised by using SEM, XRD, atomic absorption spectroscopy (AAS) and
inductively coupled plasma-optical emission spectroscopy (ICP-OES). Furthermore, the

reaction mechanism of Zn powder involved reaction is discussed.
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Chapter 8 Conclusions and suggestions for future work. The general conclusions from
Chapters 4 to 7 are summarized and the positive effects of zinc powder on improving DMC

selectivity are highlighted. Suggestions for further research work are illustrated in this chapter.
Reference This chapter lists the references to the literatures cited in this thesis.

Appendices This chapter includes calibration curves used in GC-MS quantitative analysis

and some supporting materials related to this research work.
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Chapter 2 Literature review

2.1 Introduction

The main components of greenhouse gases are methane (CH4), nitrous oxide (N>O) and
carbon dioxide (COz) and ozone (Brander, 2012). Carbon dioxide (CO2) is commonly
discussed as the most important greenhouse gas and a significant contributor to global
warming. The Kyoto Protocol is an international treaty controlling the release of greenhouse
gases from human activities. These greenhouse gases are often referred to as "Kyoto gases".
The "global warming potential" (GWP) of a greenhouse gas is an index, which represents the
amount of warming caused by the gas over a given period of time (typically 100 years). The
index value of COz is 1, and the GWP of other GHGs is a multiple of the number of warming
they cause than CO; (25 for CH4 and 298 for N>O, respectively).

Recently, the use of CO; as a raw material for the synthesis of valuable chemicals using active
catalysts has received increased attention. Heterogeneous catalysts have been widely studied
and applied in the industry because they are easy to separate and recycle in the flow reaction
system. This chapter gives a comprehensive overview of the types and applications of
heterogeneous catalysts, the conversion of CO: into value-added chemicals and different
routes for DMC synthesis using various heterogeneous catalysts. The problems and
challenges in each DMC synthesis route and the evaluation of catalysts applied will also be

presented.
2.2 Heterogeneous catalysts

Heterogeneous catalysis describes a reaction where the catalyst and the reactants are in
different phases. The catalyst is usually in the solid-state, and the reactant is a gas or liquid
phase. In this section, the dynamic reaction theories of heterogeneous catalysts are discussed.
Moreover, the application of heterogeneous catalysts in carbon dioxide utilisation is also
discussed, especially for DMC synthesis. Generally, heterogeneous catalysts can be sorted

into unsupported catalysts and supported catalysts.

2.2.1 Reaction theories of heterogeneous catalysts

Regarding the process of heterogeneously catalysed reaction, the transient adsorption of one

or more reactants to the catalyst surface, the physical and chemical adsorption and desorption
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of the products from the surface are of equal significance as the actual chemical process. To
better understand the catalytic mechanism and to improve catalytic activity through catalyst
modification, three groups of catalytic theories have been applied to describe the dynamics of

the catalytic process.

(1) The geometrical theory emphasizes that it is crucial to describe the correspondence
between the geometrical configuration of active atom on the catalyst surface (especially
for coarser particles) and structure of the reacting molecules adsorbed on the catalyst
(Strizhak et al., 2011). There are two effective geometric methods. Firstly, the reaction
rates on various crystal surfaces of metal are altered in line with geometry. It can be used
to control the reaction rate (Boudart, 1969). Secondly, the specific catalytic activity may
be significantly changed by modifying the properties of catalyst surface such as the
dispersion of active sites and the degree of crystallinity. In other words, the selectivity of
a catalyst is primarily influenced by its particle size, structure and other related variables

(Boreskov, 1986).

(2) The electronic structure theory explains the relationship between catalytic and
electronic properties of heterogeneous catalysts (especially transition metal catalyst).
Correctly, the catalytic activity of transition metal-based catalysts is mostly decided by its
ability to form covalent bonds with surrounding atoms (Nilsson et al., 2005). Figure 2-1
shows the definition of electron shells and the electron distribution of each shell.
Unpaired electrons, formed on the outer d-shells or generated by the transition of
electrons from s-shell to d-shell, pair up with adsorbate to form valence bonds. Generally,
more free valence electrons presented on catalyst surface facilitate the formation of
reaction intermediate. In other words, the catalytic activity of the catalyst is primarily
determined by the availability of charge carriers (electrons or holes) on the catalyst

surface.
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Subshell | Subshell max | Shell max
name electrons electrons
K 1s 2

2
L 2s 2 8
2p 6
M 3s 2 18
3p 6
3d 10
A B

Figure 2-1. The definition of electron shells of metal atoms and the electron distribution of each shell.

(3) The chemical theories insist that catalyst can be regarded as a chemical intermediate,
which generates an unstable, surface, transitory complex with reactants. The specific

adsorption process is as follows (Scheme 2-1):

a. Diffusion- substrates move toward the catalyst surface;
b. Physisorption- reactants adhere to the surface through weak interaction (such

as van der Waals force);

c. Chemisorption- there are chemical bonds formed between the reactants and the
surface;
d. Surface diffusion- bound substrates migrate to active sites on the surface of

catalyst, which is also known as Migration;

€. Reaction;
f. Desorption-the desorption of products from catalyst surface;
g. Diffusion- products released from the surface.

14
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Reactants
Products @—@

1. Diffusion to surface
2. Physisorption

6. Desorption

4. Surface diffusion
7. Diffusion out of pore

5. Reaction

porous support

Scheme 2-1. The adsorption of metal or metal oxide on porous support (Marianna Cross, 2016).

It is difficult to use one theory to explain all dynamic changes in the catalytic activity, and all
these theories should be taken into account when analysing the structure and properties of
catalysts and discussing the chemisorbed species and bonding behaviours during catalytic
progress. For instance, the ‘reaction’ step in the 3™ theory can be explained by the other
theories in more detail when describing the mechanism of specific catalytic reaction. An
active heterogeneous catalyst accelerates reaction close to equilibrium but does not change the
equilibrium. The catalyst selectivity may be related to its capacity to direct one reaction to its
equilibrium but has little or no influence on alternate its pathway so that the stable
intermediate is not necessarily generated. Selectivity is mainly determined by selective
chemical adsorption of the catalyst. Consideration of modifying the surface properties of the

catalyst may be a promising method to find a better-performed catalyst.

2.2.2 Un-supported (bulk) catalysts

In large scale processes, most solid catalysts applied in industry are prepared by supporting
active ingredients on metal oxides or porous carriers, only a few catalysts are composed of a
single component, like pure metals (platinum-rhodium grids used to oxidise ammonia)
(Harbord, 1974) or simple binary oxides (e.g. VOx-TiO; used in NOy reduction catalysis)
(Kwon, Park and Hong, 2015). This section gives a brief introduction about the species and

applications of bulk catalysts. The following two types of bulk catalysts are discussed.

2.2.2.1 Metal oxides

Metal oxides are one of the major and essential components of catalytic materials with high
activity. The catalytic properties of metal oxide catalysts are decided mainly by the bonding

character between metal and oxygen atom, the composition and structure and the coordination
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of surface atoms and the hydroxyl groups (-OH) in exposed faces of terminating crystal
(Deutschmann et al., 2009). Some metal oxide catalysts consisting of simple composition

(like binary oxide) and multicomponent materials are illustrated below.

¢ Simple Binary oxides

Pure binary oxides may act as solid acids or bases or amphoteric catalysts or catalyst
supports. The dissolution behaviour in aqueous solution most importantly decides their
catalytic properties. For example, acidic oxides (like SiO;) form acids or anions during
dissolution process. Basic oxides (e.g. MgO) form hydroxides or dissolve with the
formation of base or cations. And amphoteric oxides (e.g. ZnO and Al;O3) generate

cations and anions in acidic and basic solutions respectively (Deutschmann ef al., 2009).

e Complex multi-component oxides

Complex multi-component oxide is another type of major metal oxide catalytic material.
Zeolite is one of the most critical metal oxide catalysts in the petrochemical industry in
regard to the uniform and complex microporous structure, high stability and excellent
catalytic performance. The three-dimensional framework structure of the zeolite consists
of a SiO4 and AlO4 tetrahedron, each of which includes a silicon or aluminium atom in

the centre. The empirical formula of zeolite is M5 /,-Al;03-xSi0,-yH, 0.

Zeolites are also applied in the practical manufacturing industry, such as catalysis, gas
separation and ion exchange. The main reason is that the fine pore structure allows the
adsorption separation to be performed based on the molecular size and shape, so that
zeolite catalysts can be regarded as molecular sieves (Kletnieks et al., 2007). The basic
properties of zeolites can be optimized by ion exchange, such as the synthesis of
adsorbents with excellent selectivity. lon exchange performance can also improve the
flexibility of catalyst synthesis. For example, the formation of highly dispersed metal
catalysts (Nezamzadeh-Ejhiech and Moeinirad, 2011). In addition, zeolite performs
exceptionally high activity in different acid-catalysed reactions like cracking

(Anbazhagan, Kumaran and Sasidharan, 2010).

2.2.2.2 Metals and metal alloys

Un-supported metal and metal alloys catalysts are applied in only a few cases, in which

hydrogen is involved in the reaction, e.g. hydrogenolysis, hydrogenation and catalytic
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reforming. The catalysts applied in these reactions have been discussed in many studies and
include iron for ammonia synthesis and Fischer-Tropsch reaction (Ma et al., 2015), and nickel
for steam reforming and methanation (Radfarnia and Iliuta, 2014). Metal catalysts are useful
for oxidation reactions as well. For instance, platinum-rhodium wire gauze for the partial
conversion of ammonia to nitric oxide or the oxidation of a mixture of methane, ammonia,
and the air to hydrogen cyanide (Busby and Trimm, 1979). Mostly, the metal surface area is
one of the most critical factors affecting the catalytic efficiency because the rate of the
catalytic reaction is determined by the number of exposed metal atoms which is known as

percentage exposed (Adamska et al., 2012).

2.2.3 Supported catalysts

Supported catalysts have been applied in many industrial processes on account of their
relatively higher activity and efficiency compared with bulk catalysts. In an active
component-support interaction, the role of support is to give high surface area and stabilize
the dispersion of the active phase. The support is sometimes actively involved in the reaction
process. A typical example is bifunctional catalysts in which the support and active
component interact with each other. In this section, four types of supported catalysts are

discussed below.

2.2.3.1 Supported metal oxide catalysts

A typical supported metal oxide catalyst is composed of at least one active metal oxide phase
immobilised on the surface of an oxide carrier. The active components could be transition
metal oxides, and the carrier oxides usually include transitional Al,O3, Si02, TiO2, ZrO; etc.

Example applications of supported metal oxide catalysts are shown in Table 2-1.

Table 2-1. The applications of supported metal oxide catalysts in the industrial process.

Catalysts Applications References

V:05-TiO2 Selective oxidation of o-xylene to phthalic anhydride; (Vedrine, 1994)
Ammoxidation of alkyl aromatics to aromatic nitriles  (Piumetti et al., 2012)

V205-Al203 Ammoxidation of alkyl aromatics to aromatic nitriles  (Piumetti et al., 2012)

V205-Mo00;3-TiO» Reduction of NOx emissions with NH3 (stationary (Prins, 1997)

V205-WO3-TiO2 power plants)

Cr203-Al0s Dehydrogenation of alkane; Dehydrocyclization of n- (Buonomo, Sanfilippo

Cr203-ZrO; heptane to toluene and Trifiro, 1997)
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The advantage of using the transition metal oxides as mentioned above as carriers is that they
have lower surface free energies than a typical carrier, thereby facilitating the dispersion of
the active component onto the surface of the support to form a highly dispersed active oxide

overlayer.

2.2.3.2 Surface-modified oxides

The dispersion of modifiers can modify the acidity or basicity of the surface of oxides. For
example, the incorporation of CI" on or into the surface of alumina can strongly enhance its
acid strength. The modification of catalyst surface is performed by impregnating with
chloride-containing solutions (Che, Clause and Marcilly, 1997) or depositing AICl3. The
modification of catalyst surface by deposition of chlorine has been widely applied in the
catalytic reforming with Pt-Al,O3 catalysts (Sinfelt, 1997). The alkaline strength of oxide
support (like alumina) can be strongly enhanced by immobilising alkali metal active
component on its surface (Ono and Baba, 2000). Possible alkali metals modifiers include

KNO3;, KHCO3, K2CO3 and the hydroxides of the alkali metals.

2.2.3.3 Supported metal catalysts

Metal particles have a significant tendency to aggregate to reduce their surface area because
metals generally have a high surface free energy (Overbury, Bertrand and Somorjai, 1975).
Therefore, for the utilisation of metal catalysts, in order to stabilise nanosized particles under
reaction conditions, they are generally dispersed on the oxides supports with high surface area,
such as transition aluminas (Che, Clause and Marcilly, 1997). In a typical procedure, metal
catalysts with uniform particle structure and size distribution can be obtained by anchoring
molecular carbonyl cluster on the surface of support materials, followed by decarbonylation
(Deutschmann et al., 2009). Aggregation of nanoparticles should be avoided because this may

result in catalyst deactivation.

Supported metal catalysts have been applied in hydrogenation and dehydrogenation reactions.
These catalysts consist of metal nanoparticles (e.g. noble metal (Pt, Rh) and non-noble metal
(Fe, Ni, Co)) and the supported porous catalysts (such as Al,O3, SiO, and active carbon). In
particular, silver (Ag) on Al2Os3 is applied in the transformation of ethylene to ethylene oxide
(Yong, Kennedy and Cant, 1999). Supported Au catalysts are used for CO oxidation under
low temperature (Kung and Costello, 2003).
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2.3 Catalytic transformation of CO;

Nearly 5% of global CO, emissions will be applied in the CO; utilisation by 2030 and various
reasons drive the growing interest in the development of the utilisation of CO;. One of the
main concerns is its potential to contribute to alleviating the greenhouse effect. CO> used as a
feedstock or raw material has been widely applied in many fields. The applications include
direct use (non-conversion) and the transformation of CO: to chemicals and fuels (section

1.2.2).

Ethylene
(128.3 Mt/a)

Propylene
(97.8 Mt/a)

Benzene
Carbon atoms contained in (42.2 Mt/a)

commodity chemicals (314.8 Mt/a)

Urea
(35.8 Mt/a)

Total carbon from CO2
emissions (9870 Mt/a)

N Medium distillates (1310 Mt/a)
(diesel, jet fuel)
{ Carbon atoms contained in H

Butadiene
(10.5 Mt/a)

fuels (2344 Mt/a) Loght distillates (1034 Mt/a)
(petrol, LPG)

‘ Remaining total carbon from
‘ CO2 emissions (7221 Mt/a)

Figure 2-2. Theoretical amount of carbon consumed by CDU for production of chemicals and fuels in
2015 (Dowson and Styring, 2017).

Figure 2-2 shows that the quantity of CO; converted to chemicals (around 3%) is low
compared to total carbon emissions. Additionally, it should be noticed that it is possible to
reduce 23.7% COz emissions by converting CO; to liquid fuels (Dowson and Styring, 2017).
This section describes the application of CO. through catalytic transformation routes,
including the hydrogenation of COz, the conversion of CO> to carboxylic acids and organic

carbonates.
2.3.1 Hydrogenation of CO:

2.3.1.1 Reaction mechanism

CO: hydrogenation is analogous to Fischer-Tropsch synthesis, which transfers CO and
hydrogen mixtures into liquid hydrocarbons. CO; is more inert than CO. The first step of CO;
hydrogenation is to convert COz to CO by reverse water gas shift (RWGS) (Equation 2-1),
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followed by Fischer-Tropsch synthesis to convert CO into valuable industrial feedstocks such

as lower olefins and liquid hydrocarbons (Hu ef al., 2014).

CO,(g) + H, « CO(g) + H,0(g) (2-1)

The catalysts used in CO; hydrogenation should be active for both RWGS reaction and FT

reaction because these steps carry out simultaneously.

2.4.1.2 Products of CO; hydrogenation

e Methanol

Methanol (MeOH) can be produced via hydrogenation from CO and is widely proposed
as an alternative chemical energy carrier. Moreover, it is an excellent fuel and essential
raw material in many industrial reactions. Methanol can be used directly or indirectly as a
hydrogen source for the reforming reaction in fuel cells (Bansode and Urakawa, 2014).
The two-step process which removes the water during the reaction can sharply increase
the productivity of methanol (three times higher than that of the single-step process) by
reason of the shift of equilibrium (Joo, Jung and Jung, 2004). Rodriguez et al. have
shown that the catalysts of Au, Cu, and Ni deposited on TiC (001) perform high activity
for the RWGS reaction and can convert CO to methanol effectively (Rodriguez et al.,
2013). Furthermore, Pb-ZnO on carbon nanotubes is a promising alternative because
carbon nanotubes can reversibly adsorb a greater amount of hydrogen on a per mass basis

(Liang et al., 2009).

¢ Dimethyl ether (DME)

A promising COz conversion route is the formation of dimethyl ether (DME), which is a
potential diesel pool additive. Nowadays, there are two methods to produce DME: one-
step and two-step method. One-step method refers to synthesizing DME from the raw
gases directly, and the two-step method consists of the synthesis of methanol from raw
gases and the dehydration of methanol to DME. For the one-step route, dual-function
catalysts are utilized in reaction processes. Usually, dual-function catalysts should keep
active to both methanol synthesis reaction (which can be catalysed by Cu-ZnO-AlO3)
(Lei et al., 2012) and methanol dehydration reaction (in which alumina, porous SiO»-
ALO; and Y-molecular sieve are applied). Many researchers focused on the modification

of reaction conditions and catalyst properties to obtain higher CO> transformation rates.
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For example, Atul Bansode et al. have pointed out that one-pass CO; transformation with
remarkable selectivity (89%) is achieved under high-pressure conditions (up to 36 MPa)
over co-precipitated Cu-ZnO-Al,O3; and H-ZSM-5 catalysts (Bansode & Urakawa,
2014b).

e Short-chain olefins

Light olefins include ethylene (C2Ha), propylene (CsHs), butylenes (C4Hsg), cyclopentane
(CsHio), and cyclohexane (C¢Hi2). C2H4 and C3Hg are mainly used for the synthesis of
polyethene and polypropene. CsHs, CsHio, and CsHi2 are used as monomers for the
production of copolymers (Hu et al., 2014). Light olefins can be formed through the
conversion of methanol or dimethyl ether (DME) over multifunctional catalysts (such as
zeolite) (Khadzhiev et al., 2014). Moreover, Light olefins can be produced by CO»
hydrogenation in the presence of manganese oxide-supported iron catalysts (Hu et al,
2013). Iron, which immobilized on the manganese oxide carrier, exists in the form of
Fe304, FesC,, and FesC. In these catalysts, FesO4 functions as an active catalyst for the
RWGS reaction, and FesC> and FesC are very active and selective Fischer-Tropsch

catalysts.

e Fuels

Synthetic fuel is a kind of "green" liquid fuel produced from natural gas, coal, biomass,
or oil shale, and the routes for synthetic fuels manufacture include the Fischer-Tropsch
conversion, methanol to gasoline conversion or direct coal liquefaction (Hu et al., 2014).
Fischer-Tropsch synthesis (FTS) is industrially used to produce straight-chain
hydrocarbons with a wide range of carbon numbers by converting syngas. One of the
major advantages of this route is that FTS products are of great environmental value
because they are almost free of sulfur, nitrogen and aromatic compounds (Centi &
Perathoner, 2014). The FTS method is an alternative to the production of liquid fuels
from COsz. In the FTS process, the hydrogenation of CO: is divided into two categories: (1)
conversion of CO> to CO by RWGS reaction (Equation 2-2) followed by CO
hydrogenation (Equations 2-3) and (ii) direct hydrogenation (DH) of CO: to
hydrocarbons by a mechanism different from that of CO hydrogenation (Equation 2-4),

as shown below:

(1) RWGS: CO, + H, & CO + H,0 (2-2)
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FT: CO + 2H, » (- CH, —) + H,0 (2-3)

(2)  DH: CO, + 3H, » (—CH, ) + 2H,0 (2-4)

Iron-based catalysts, generally used in FTS, are regarded as the most suitable catalysts for
CO> hydrogenation because of intrinsic WGS and reverse WGS activity (Kumaran et al.,

2013).

2.3.2 Conversion of CO: to carboxylic acids

The hydrogenation of CO: to formic acid (FA) or formates is also an attractive alternative for
the utilisation of CO». Formic acid is a greener renewable fuel which can be treated as a liquid
form of hydrogen. Compared with hydrogen, it is more convenient to store and transport. In
addition, formic acid or formate can be used as the alkaline materials in various industries,
such as controlling pH value in the leather manufacturing and dyeing industry, as a coagulant
in rubber synthesis, as a preservative and antibacterial agent in livestock feed and as a de-
icing agent efc. (Reutemann & Kieczka, 2012). Currently, there are two methods for FA
synthesis: the first one is the conventional approaches which consist of two steps; the second

one is the direct hydrogenation of CO2 (Scheme 2-2).

Stepwise conventional synthesis

40 bar CO o H,0

MeOH ——» _—

NaOMe, 80°C H~ >0~  -MeOH

- \
HJLOH

\ A

E

Base/HCOQH adducts

40 bar
70°C, Base

CO, + H,

Direct CO, hydrogenation

Scheme 2-2. Two routes used for FA synthesis (Peng et al., 2012).

For a two-step process, methanol is carbonylated to methyl formate (HCOOCH3) and then
hydrolyzed to FA and methanol. Another process is the direct reduction of CO, which is
much simpler and abides by the principles of sustainable chemistry (Peng et al., 2012).
However, Gibbs free energy of FA synthesis by direct CO> hydrogenation is positive
(4G°98 = +33 kJ mol!), which means the reaction will not spontaneously take place.
Therefore, the addition of base is required to shift the reaction equilibrium. Nitrogen-

containing based catalysts such as triethylamine (NEt3) have been employed in the synthesis
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of formate salts from CO; hydrogenation. As a result, purified FA can be obtained through a
high boiling base catalyst (like imidazoles) (Schaub & Paciello, 2011). Metal-based
homogeneous catalysts exhibit a high catalytic activity in the synthesis process. However, the
use of homogeneous catalysts has inevitable limitations in industrial applications by their
properties. For example, homogeneous catalysts are soluble in the reaction medium and
require complicated and costly separation steps for recycling when the operating pressures are
decreased. Therefore, a heterogeneous catalyst for CO; hydrogenation is highly desired. Two

types of heterogeneous catalysts (Au and Ir™ based catalysts) are discussed.

e Au based catalysts

Fachinetti et al. published the first conventional supported catalyst for FA synthesis from
CO21n 2011 (Preti et al., 2011). In their study, Au-TiO> with a low metal loading (1 wz.%)
is applied in the hydrogenation of supercritical CO; in neat NEt; base. The catalytic
reaction formed the FA - NEt; adduct at 40 °C with an acid to amine ratio of 1.72, and
waterless FA could be obtained by distillation. Recently, Filonenko et al. (Filonenko et
al., 2015) have evaluated a series of gold-nanoparticle catalysts for the liquid phase CO»
hydrogenation, and they pointed out that Au-Al>Os3 is found to be the most active catalyst,
even better than Au-TiO,. According to previous research, Au-TiO: is one of the most
active catalysts providing a turnover number (TON) of 110 at 70 °C. However, Au-Al,O3
catalyst shows better catalytic performance and allows reaching a two-fold higher
formate yield (TON=215) than the TiO:-supported catalyst under identical conditions
(Filonenko ef al., 2015). Au particle sizes for the two catalysts is not the only reason for
high catalytic performance and high formate yield. The properties of the support have a
more significant effect on catalytic activity. Data showed that the Au dispersions of two
catalysts are similar (0.43 and 0.40, respectively). In addition, the average particle sizes
for Au-AlO; and Au-TiO; are 1.9 nm and 2.6 nm respectively, which means the sizes of
support particle may lead to the marked difference on catalytic performance (Filonenko et

al., 2015).

o Ir" based catalysts

Some studies have reported that homogeneous Ir complexes performed an excellent
catalytic activity in the hydrogenation of CO; to formats (Tanaka et al., 2009). However,
Ir-based homogeneous catalysts need to be immobilized on a suitable catalysts support to

overcome high-cost separation problems. Recently, more attentions have been attracted
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by covalent organic frameworks (COFs) which can be used as a catalyst carrier to
immobilize homogenous catalysts via coordination bonds between the frameworks and
the metal ions (Bavykina et al., 2015). Moreover, COFs are suggested as an “ideal”
catalyst support thanks to their high stabilities, pore volumes, and high surface area.
Bavykina et al. have tested the novel catalyst ([IrCp*(HBF-2)Clz]), which is an iridium
catalyst immobilized with a heptazine-based framework and a biphenyl linker (HBF-2)
(Bavykina et al., 2015). Under mild conditions (80 °C, 4 MPa, 2 h), the catalyst still has a
relatively high activity with a TON value of 150. The heterogeneous catalyst can be
easily separated by pump filtration. In terms of the reusability of catalyst, the slight loss
of Ir content probably because of the leaching of the Ir species, possibly because of the
formation of a weak complexation between Ir and heptazide nitrogen (Bavykina et al.

2015).

2.3.3 Conversion of CO: to organic carbonates

Organic carbonates are essential compounds in the chemistry industry. In this part, two kinds
of synthesized products, which include propylene carbonate (PC) and dimethyl carbonate
(DMC), are discussed. Specifically, the properties of applied heterogeneous catalysts, reaction
mechanisms and influence factors of the reactions (like CO» pressure, reaction temperature,

and so forth) are illustrated.

2.3.3.1 Propylene carbonate

CO> undergoes cycloaddition with epoxides or propylene glycol (PG) to produce cyclic
carbonates, which have utility in various applications. Propylene carbonate (PC) is a
commercially critical chemical material which can be used as an aprotic solvent or
intermediate in fine chemistry. For example, PC as the feedstock for the synthesis of dimethyl

carbonate (DMC) via transesterification reaction.

¢ Synthesis of propylene carbonate from CO- and propylene oxide (PO)

Currently, one of the most valuable routes for PC synthesis is to insert carbon dioxide
into propylene oxide (PO) (Ramin et al., 2006). The use of easy-separable, high-
efficiency and high-selectivity heterogeneous catalysts are desirable. According to prior
studies, there are two types of novel heterogeneous catalysts which applied in the PC
formation from PO and CO.. The following three kinds of catalyst are discussed in this
part: zirconia-based catalysts, zinc-based complexes (Ramin et al., 2006) and supported

ionic liquid catalysts (Zhao ef al., 2007).
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(1) Zirconia-based catalysts

Several zirconia-based catalysts have been studied for synthesis of propylene carbonate
from propylene oxide and carbon dioxide without using any solvent, such as ceria and
lanthana doped zirconia (Ce-La-Zr-O) catalyst, ceria doped zirconia (Ce-Zr-O), lanthana
doped zirconia (La-Zr-O), lanthanum oxide (La-O) and zirconium oxide (Zr-O) (Adeleye,
Adegboyega Isaac et al., 2014). The activity and selectivity of the solid catalysts for PC
synthesis is largely decided by the structural characteristics, particle size, texture, and
active sites present on the surface area of the catalyst, which are measured and discussed
in Adeleye’s paper. The conversion of PO and the yield and selectivity of PC are

summarised in Figure 2-3.
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Figure 2-3. Effect of different catalysts on conversion of propylene oxide and the selectivity, and
yield of propylene carbonate. Experimental conditions: 10 wt.% catalyst loading; 170 °C; CO>
pressure, 7.0 MPa; reaction time, 20 h. (Source: Adeleye, Adegboyega Isaac et al., 2014).

It is shown that the reaction using Ce-La-Zr-O catalyst gives the highest PO conversion
(92%) and highest PC yield (66%) and selectivity (72%). The effect of reaction time
(from 0 h to 24 h), catalyst loading (from 2.5 wt% to 15 wt%), reaction temperature
(from 120 °C to 200°C) and CO; pressure (from 4 MPa to 8 MPa) are discussed as well.
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(2) Zinc-based catalysts
The cycloaddition reaction of epoxides and CO» via zinc-based catalysts has shown in

Scheme 2-3.

o)

Q Zn-catalyst 5 /
+ CO, e \3

Scheme 2-3. Reaction scheme of CO> conversion to propylene carbonate through Zn-based

catalyst (Ramin et al., 2006).

In this process, CO: replaces toxic carbon monoxide or phosgene as a C; structural block
participated in the reaction. A series of bifunctional catalysts (including NH3A-Zn-SBA-
15, where A" is I, Br, Cl" or CH3COO") were prepared by immobilising Zn-based
ammonium salts on SBA-15 support and were applied in the synthesis of PC from PO
and CO; (Liu et al., 2016). According to the nature of anionic species, the catalytic
activity should increase in the order of I > Br > Cl- > CH3COO". The results show that
NH;I-Zn-SBA-15 catalyst led to the highest PC yield (99%) with a TOF number of 326
h™! under mild condition (150 °C, 3 MPa, 12 hours).

(3) Supported ionic liquid catalysts

Another alternative for PC formation is quaternary ammonium salt-functionalized
chitosan catalyst. Quaternary ammonium salts (such as BusNBr, Et4NBr, efc.) are
currently used as cheap and effective homogeneous catalysts for the industrial
preparation of cyclic carbonates (Baj et al., 2014). However, it is difficult to separate the
catalyst from the products by a purification process during reaction progress. As a result,
the decomposition of the catalyst and the formation of by-products decreases the yield of
PC. Immobilizing quaternary ammonium salt catalysts on the suitable supports may lead
to a better product purification and facile catalyst recovery. Chitosan (CS) is a linear
polysaccharide and is made by treating the chitin shell of crustaceans (like shrimp) with a
basic compound (like sodium hydroxide) (Bobadilla, L. et al, 2015). A chitosan-
supported zinc chloride, in conjunction with I1-butyl-3-methylimidazole halides, was
demonstrated to be active for the chemical fixation of CO; (Xiao et al., 2005). Moreover,
another study has shown that very high PC yield could be achieved by the cycloaddition

of epoxides and CO> with quaternary ammonium salt-functionalized chitosan catalyst
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(abbreviated as CS-N'R3X") (Scheme 2-4), and this catalyst showed high selectivity,
recyclability and stability during reaction process (Zhao et al., 2007).
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Scheme 2-4. The synthesis of PC over chitosan-supported quaternary ammonium salt catalysts (Zhao
et al., 2007).

¢ Synthesis of propylene carbonate from CO> and propylene glycol (PG)

Propylene glycol is a by-product formed with DMC synthesis via transesterification
reaction. Therefore, if the reaction of PG and CO; can generate propylene carbonate, not
only PG but also CO» can be recycled in the reaction system, which would be a greener

reaction route with higher CO; conversion rate and higher DMC selectivity.

Ce0:2-ZrO; is reported as a possible catalyst by Tomishige et al. for the synthesis of
propylene carbonate from propylene glycol and CO, (Tomishige et al., 2000). 2%
conversion of PG can be obtained without the formation of dipropylene glycol. The
catalytic activity is decided by the calcination temperature and the composition of
catalyst. According to the catalyst characterisation, the weak acid-base sites formed on
the surface of catalyst obtained by high-temperature calcination are the active sites for PC
formation. However, high calcination temperature may limit the activity of catalyst
because of the very low surface area, which is one of the main reasons for low PC yield.
Another possible reason for low PG conversion is water, which is concluded to limit the
equilibrium but that this limitation could be overcome if water was removed. Currently,
higher PG conversion and PC yield are achieved by adding dehydrating agents (such as

acetonitrile) in the reaction system (Zhao et al., 2008).

2.3.3.2 Dimethyl carbonate (DMC)

DMC can be widely applied as a greener organic synthetic material to replace more hazardous
materials such as phosgene or dimethyl sulfate. Synthesis of DMC from methanol and CO;
not only for the formation of value-added products but also for the reduction of CO2
emissions. DMC is the main target product in this research, and more detailed information

about the introduction of DMC, DMC synthesis methods and catalyst used will be provided in
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the next sections (Section 2.4-2.6). In this section, two main challenges encountered in the

direct synthesis of DMC are introduced.

e High reaction pressure (supercritical state of CO»)

The yield and selectivity of DMC increase with the rise of CO; pressure and reach the
maximum at the reaction pressure of 7.5 MPa, which is the supercritical CO; state (Cui et
al., 2003). High operating pressure may lead to the decomposition of catalyst and,

moreover, is energy-intensive and brings significant safety issues.

e Low DMC yield and selectivity due to side-product water

The side-product water is formed during DMC synthesis process, which leads to low
DMC selectivity considering the deactivation of catalyst and the equilibrium limitation.
Ideal dehydrating agents are required to shift the reaction equilibrium toward higher
DMC vyield. Generally, solid drying agents (such as 3A molecular sieves, zeolites and
CaCly) are widely used in the chemical industry because they are easy to separate.
However, these solid drying agents are not suitable at high temperatures or pressures, for
example, 3A zeolite is effective for dehydration only under 100 °C as the adsorption
capacity decreases with increasing temperature (Simo et al., 2009). Therefore, using
chemical reaction method to remove water formed during DMC synthesis process might
be a more effective method. In practice, higher DMC yield (around 70%) is obtained by
adding some organic dehydrating agents such as dimethyl acetal and trimethyl orthoester

in the direct synthesis of DMC (Sakakura et al., 1999).

2.4 Introduction to dimethyl carbonate (DMC)

DMC is an eco-friendly organic synthetic intermediate for its properties compared with
traditional alternatives (e.g. phosgene, dimethyl sulfate (DMS) and methyl halide). This
section gives a brief discussion about the physical and chemical properties of DMC and the

applications of DMC based on its properties.

2.4.1 Properties of DMC

DMC is a colourless transparent and slightly sweet liquid with slight odour at room
temperature, which is insoluble in water but miscible with almost all organic solvents such as

alcohol, ether and ketone. The formula of DMC is C3HsOs3, and its molecular structure is
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shown in Figure 2-4. DMC has a molecular structure (CH3O-CO-OCH3) and an extensive

range of applications.

H H

Figure 2-4. The molecular structure of DMC (1, 2 represent chemically different C and O atoms).

2.4.2 Applications of DMC

2.4.2.1 DMC as a green chemical

DMC has relatively high reactivity because the molecular structure of dimethyl carbonate
consists of various active groups (Xu et al., 2013), namely methoxyl, carbonyl and methyl
groups. Therefore, DMC can be used to replace the highly toxic or carcinogenic substances
(e.g. phosgene, methyl chloroformate, dimethyl sulfate and methyl chloride) in many
reactions as an environmentally friendly intermediate or raw material. Table 2-2 summaries

the applications of DMC as a green chemical in industry.

Table 2-2. The applications of DMC as a green chemical.

Application Chemicals replaced by Advantage of using Reference
DMC DMC
Methoxycarbonylating Phosgene (COCly) Selective reaction (Arico and
agent towards non-toxic Tundo, 2010)

products. Less hazardous

reagent.
Methylating agent Dimethyl sulfate (DMS) or  Higher selectivity to (Selva, Marques
methyl halide (CH3X, X = mono-methylated and Tundo,
I, Br, Cl) derivatives and less 1994)
harmful to environment.
Synthesis of Phosgene (COCL) The most promising Grego, Aricoi
carbamates and phosgene-free route to and Tundo,
isocyanates carbamates with high 2013)
selectivity (97%).
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e Polycarbonate synthesis

Currently, the synthesis of polycarbonate is one of the most promising applications of
DMC as an intermediate, which accounts for more than half of DMC consumption
(Coker, 2012). DMC can be used as a methoxycarbonylating agent to replace phosgene
because DMC (CH30O-CO-OCH3) has a similar nucleophilic reaction centre with
phosgene (CIl-CO-Cl). When the carbonyl of DMC is under nucleophilic attack, the acyl-
oxygen bond will be broken, resulting in the formation of carbonyl compounds and the
by-production of methanol. The novel catalyst (TiO2-SiO2-poly(vinylpyrrolidone)-based
catalyst) has been applied in the polycondensation of DMC and aliphatic diols (Zhu ef al.,
2011).

e DMC as a methylating agent

DMC can be used to replace dimethyl sulfate (DMS) as a methylating agent. DMS
(CH30-SO-OCH3) is a very polluting material for the environment due to the similar
feature as phosgene. When DMC is used to replace DMS, the methyl carbon of DMC
undergoes a nucleophilic attack, and then the alkyl-oxygen bond breaks down to produce
the methylated product. Moreover, when using DMC, higher selectivity to mono-
methylated compounds can be achieved, and the reaction process is simpler (Tundo ef al.,
2002). Regularly, the alkaline catalyst (such as K>COs3), provides nucleophile activation,
is required for the methylation of amines, indoles and amides with DMC (Memoli, Selva

and Tundo, 2001).

2.4.2.2 DMC as a solvent and fuel additive

DMC has extensive applications as a well-behaved solvent in organic synthesis. Specifically,
DMC can be used in the upgrading of renewable unsaturated fatty esters (Fiorani, Perosa and
Selva, 2018). For example, linear alpha olefins (LAO, C9 and C10) can be obtained with a
yield of 21% from oleic acid using DMC as a medium. This conversion gives a possibility in
oleo industry to transfer natural oils into functional intermediates. DMC has recently reported
as a well-performing solvent in the electronic industry. The demand for lithium-ion battery
(LIB) is expected to increase for the application in notebook PCs and mobile phones. Well-
performing electrolytes of LIB should equip with the following properties: good solubility of
salt, good fluidity for Li* ion transport and excellent stability during battery operation. With
the addition of DMC, both the solubility of salt and the mobility of Li* are enhanced (Han,
2019).
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In recent years the United States has proposed to use DMC to gradually replace methyl tert-
butyl ether (MTBE) as a gasoline additive to improve the octane value and decrease the
emission of particulate matters (Pacheco & Marshall 1997; Wei et al., 2003). The following
properties make DMC became a promising gasoline additive: high oxygen content (up to 53%
oxygen in the molecule), excellent function to improve the octane number ((R + M)/2 = 105),
no phase separation, low toxicity and fast biodegradability (Pacheco & Marshall, 1997). To
achieve the same oxygen content of gasoline, the amount of DMC added is 4.5 times less than
that of MTBE (Pacheco & Marshall, 1997), thereby reducing the total emissions of

hydrocarbons, carbon monoxide and formaldehyde from the vehicle exhaust.
2.5 Synthesis of DMC

Demand for DMC in the global market is increasing, and forecasts indicate that the
production for DMC is expected to reach 599 kilotons by 2023 (Samani, 2018). The mass
production of DMC is developed alongside the non-phosgene synthesis of polycarbonates.
The traditional production route of DMC is the phosgene method, but this method has been
gradually eliminated because of the high toxicity and corrosivity of phosgene and the
environmental problems caused by sodium chloride emissions. There are now five routes to
the synthesis of dimethyl carbonate (Honda et al., 2014): oxidative carbonylation of methanol,
two-stage route with CO and NO, transesterification from cyclic carbonate and methanol,
direct synthesis from CO> and methanol and one-pot route with epoxide, methanol and CO;

(see Scheme 2-5 and Scheme 2-6).
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Scheme 2-5. Reaction routes for DMC synthesis: (I)phosgene route, (II) oxidative carbonylation route,
(IIT) two-stage route with CO and NO, (IV) transesterification of cyclic carbonate from methanol and
(V) direct synthesis from CO; and methanol (Honda et al., 2014).
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Scheme 2-6. One-step synthesis of DMC (Li ef al., 2015).

2.5.1 Oxidative carbonylation

DMC can be produced from the reaction of carbon monoxide, methanol and oxygen under
moderate CO pressure (around 1.4 Mpa). CuCl is the best-performing catalyst for this
conversion in view of the excellent selectivity and reaction rates. However, this reaction

system has some problems as follows:

e The formation of DMC from methanol is highly exothermic (about 318.2 kJ mol! of
DMC). In order to operate the reaction under the optimum reaction temperature (100 -
130 °C), the newly generated energy must be removed from the reactor, which may

lead to high utility costs (Pacheco and Marshall, 1997).

e The formation of HCI is unavoidable, which is highly corrosive to the reactor section.

e It is challenging to separate DMC from the DMC/methanol/water mixture.

e The yield of DMC is mostly depended on the water formed during the reaction
process. It is difficult and highly cost to keep an optimum water amount in the reactor

by removing the excess water.

2.5.2 Transesterification of cyclic carbonate

The transesterification of cyclic carbonates (such as ethylene carbonate and propylene
carbonate) is a more promising alternative route for DMC synthesis because of its high
conversion of cyclic carbonate, the high selectivity of DMC and the co-generation of
propylene glycol. For example, active novel heterogeneous catalysts (Tin doped zirconia (Zr—
Sn—0) and tin doped zirconia/graphene nanocomposite (Zr—Sn/GO)) prepared via continuous
hydrothermal flow synthesis (CHFS) route have been employed to the synthesis of DMC
from propylene carbonate and methanol (Saada, Rim et al., 2018). In Saada’s study, high
DMC yield (81%) and PC conversion (85.1%) is obtained at optimum conditions (173.3 °C,
12.33:1 MeOH:PC molar ratio, 4.08 h and 2.9 wt.% Zr—Sn/GO nanocomposite). Table 2-3
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summaries the operating conditions, DMC yield and selectivity obtained by using different

heterogeneous catalysts in former studies.

Table 2-3. The catalysts used for the transesterification of cyclic carbonate to form DMC.

Reaction conditions

Yield Selectivity
Catalyst EC Catalyst Temp. Time References
nMeOH/ Nnec (%) (0/0)
(mmol) (g (GO )

(Bhanage et al.,
MgO 8/1 25 0.50 150 4 66 100
2003)
(Bhanage et al.,
Si-Mg-Na-K 8/1 25 0.25 150 4 73 90
2002)
(Sankar et al.,
Na;WOs ¢ H2O 10/1 50 1.0 20 5 80 100
2006)
10 (Stoica, Abelld
Na-dawsonite 4/1 - wt%of 70 4 65 100 and Pérez-
EC Ramirez, 2009)
PEL-CMC- (Liu et al.,
16/1 - 2.2 60 48 94 99
PVA polymer 2013)

The main problems of these routes are the equilibrium and thermodynamic limitations, high
cost of cyclic carbonates and the toxic raw materials (such as ethylene oxide and propylene

oxide) for producing cyclic carbonates.
2.5.3 Direct transformation of CO;

2.5.3.1 Direct synthesis of DMC from methanol and CO;

The direct synthesis of DMC from methanol and CO:; is a promising alternative with many
advantages such as high atom efficiency, low toxicity, cheap reactants, and simplicity of the
operations (Sakakura & Kohno, 2009). A problem in the reaction is the low translation due to
equilibrium limitation. Moreover, a possible side reaction is the production of ethers like
dimethyl ether (DME) during DMC synthesis. The formation of ether not only expends
reactant but also generates water, which can result in the hydrolysis of carbonate. Hence, the

formation of ethers should be strictly inhibited.
Some studies reported that appropriate catalysts could be used to promote the reaction, such

as organometallic complexes, inorganic bases and modified ZrO; et al. Specifically, these

catalysts include Co1.sPW12040 (Aouissi ef al., 2010), KoCOs (Cai et al. 2009), KOH (Cai et al.
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2009), ZrO> (Eta & Leino, 2010) and CeO; (Wang, et al., 2014, Yoshida et al., 2006, Aresta

et al., 2010). Graphene-inorganic nanocomposite catalysts has studied for the direct synthesis
of DMC from methanol and carbon dioxide using 1,1,1,trimethoxymethane (TMM) as a
dehydrating agent in a high pressure reactor (Saada, Rim ef al., 2015). In Rim*s study, a novel
ceria—zirconia oxide/graphene nanocomposite catalyst (Ce-Zr oxide/graphene, where nominal
atomic ratio of Ce:Zr=1:1) with high stability and activity has been produced via a green,
rapid and continuous hydrothermal flow synthesis (CHFS) route. The reaction is performed at
optimum reaction condition (27.5 MPa, 110 °C, 16 h, 1:1(w/w) TMM:MeOH and 10wt%
catalyst loading) and the highest methanol conversion of 58 % with a DMC yield of 33 %.
Besides, the Ce-Zr oxide/graphene nanocomposite catalyst can be easily recycled and reused
several times without any obvious reduction in the catalytic activity. As an excellent catalyst
carrier equipped with the properties of both Lewis acid and base sites, cerium dioxide has
been generally studied in the presence of Al2Os (Aresta et al., 2010), ZrO2, Gax03, Ni203,
Fe;Os3 and other lanthanides. Unfortunately, the yield from the direct synthesis of DMC
illustrated in the literature is still low (up to 7.2% (Eta & Leino, 2010)) at the temperature of
80-200 °C (Cai et al. 2009; Aouissi et al., 2010) and long reaction times which ranged from 3
h to 10 h (Cai et al., 2009) because the reaction is limited by the thermodynamic stability of
CO; and the formation of water (Aouissi ef al., 2010; Eta ef al., 2011). Although the higher
yield of DMC is achieved when using orthoesters and acetals as dehydrating agents, there are
several drawbacks in this route. For example, the high cost of raw materials and the difficulty
in separating catalyst from product resulted from the homogeneous property of catalyst. In
these cases, it is critical to find alternative ways for the formation of DMC with superior

catalysts.

2.5.3.2 One-pot synthesis of DMC from epoxide, methanol and CO;

One-pot synthesis of DMC from the epoxides, methanol and CO2 with a bifunctional catalyst
(Scheme 2-7) has gained much interest in consideration of higher DMC selectivity compared

with the direct synthesis of DMC.

o) Cat 0] HO OH
Cog + CHSOH + A - H3C-..OJ'I\O,CH3 + >
HsC HsC
3
(PO) (DMC) (PG)

Scheme 2-7. The route of one-step synthesis of DMC (Li et al., 2015).
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According to the previous research, strong basic catalysts are beneficial to the
transesterification of propylene carbonate to form DMC. The immobilized heterogeneous
catalysts have been acknowledged to be prepared through carrying inorganic bases (e.g.,
KOH and K>CO3) (Wang et al., 2011), organic bases (e.g., choline hydroxide) or alkali
halides (e.g., KI) (Jiang and Yang, 2004) on the MgO (De ef al., 2008; Bhanage et al., 2001),
ZnO (Chang et al., 2004), rare earth oxide (REO, RE = La, Ce, Y, Nd) (Jiang and Hua, 2007),
smectite (Bhanage et al., 2002) or 4A molecular sieve (Li, Zhao and Wang, 2005) and so on
as support. Higher pressure is favourable for the formation of cyclic carbonate and DMC. For
example, in Cui et al.’s study, ethylene oxide (EO) with supercritical CO2 (7.5 MPa) is
coupled, at the same time the reaction of ethylene carbonate (EC) with methanol is performed
with high DMC selectivity (75%) under the same reaction conditions (Cui et al., 2003). More
detailed information about the catalysts used in the one-pot synthesis of DMC will be
provided in Section 2.6.1.

During the reaction process, the formation of by-products such as 1-methoxy-2-propanol and
2-methoxy-1-propanol is unavoidable. Additionally, there are various disadvantages to these
catalysts. For example, some of them are easily decomposed catalysts (Li ef al., 2010; De et
al., 2008; Jiang and Yang, 2004) with low efficiency (Li, Zhao and Wang, 2005), un-
recycling property (Li et al., 2010; Tian et al., 2006) and the requirements of reaction
conditions is strict (e.g., supercritical CO,) (Chang et al., 2004; Cui et al., 2004; Tian et al.,
2006). Hence, the main challenge of this route is to find a suitable catalyst which can lead to a

higher yield of DMC under a mild reaction condition.

2.5.3.3 Synthesis of DMC from acetals and CO:

Using a dehydrated MeOH derivative (like trimethyl orthoacetate or acetals) instead of
methanol in the direct synthesis of DMC route can achieve enhanced catalytic efficiency,
because some of the following challenges can be eliminated: the equilibrium limitation,
catalyst decomposition and DMC hydrolysis due to the generation of water (Choi ef al., 2002).
Compared with ortho ester, acetal is a more promising alternative because they are much
cheaper and more easily regenerated from final by-product (carbonyl compounds) (see

Scheme 2-8).
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Scheme 2-8. The route of DMC synthesis from acetals and CO- (Sakakura et al., 1998).

The yield of DMC can reach 58% in 72 h at 180 °C under 30 MPa using Bu.Sn(OMe); as a
catalyst (Sakakura ef al., 1998). However, the drawbacks of this route include the requirement

for high CO» pressure (over 30 MPa) and the separation of catalyst from the product mixture.
2.6 Catalysts and dehydrating agents used for DMC synthesis

As discussed above, conventional methods of DMC synthesis (such as methanolysis of
phosgene and oxidative carbonylation of methanol) require the use of hazardous gases such as
carbon monoxide (CO) or phosgene (COCl,). Alternatively, the direct synthesis of DMC from
methanol (CH30H) and CO: is a promising alternative with high atom efficiency, low toxicity,
and the use of readily-available feedstocks (Sakakura and Kohno, 2009). However, this
process is limited by low conversion due to its endothermic nature (AG= +26 kJ mol!) (Eta
and Leino, 2010). Therefore, high conversion via a one-pot synthesis of DMC remains a
highly desirable objective. Herein this research aims to find a suitable catalyst which can
synthesize DMC via a one-pot route with high DMC selectivity under mild condition. This
section discusses the types of heterogeneous catalysts used in published papers, as well as the
corresponding DMC selectivity and reaction pressure. Moreover, the dehydrating agents used

to increase DMC yield are also discussed.

2.6.1 Heterogeneous catalysts used for the one-pot synthesis of DMC

Here, only supported catalysts are discussed concerning its relatively higher activity and
efficiency compared with bulk catalysts. The one-pot synthesis of DMC consists of two
reversible steps (Scheme 2-9): cycloaddition and transesterification. In the cycloaddition
reaction, propylene oxide reacts with CO; to form propylene carbonate (PC). In the
transesterification step, methanol and PC are converted to DMC and propylene glycol (PG).
1-methoxy-2-propanol and 2-methoxy-1-propanol are produced as by-products through the

reaction between PO and methanol.
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Scheme 2-9. Reaction pathway of one-pot synthesis of DMC.

It is known that high catalytic efficiency can be achieved in the cycloaddition of CO; and
epoxide in the presence of nucleophiles (such as halide anion and quaternary ammonium salt)
and basic catalyst support (Lan ef al., 2015). The halide anion is involved in the ring-opening
of epoxide and the basic sited on catalyst surface is used for CO, adsorption and activation. In
transesterification, the catalyst with higher basicity (higher amount of strong basic sites) is

more active during the conversion of PC to form DMC (Kumar, Srivastava and Mishra, 2015).

Table 2-4. The catalysts used for the one-pot synthesis of DMC.

Catalyst CO;pressure (MPa) DMC selectivity Reference
KOH-KI-ZnO 16.5 58.0% (Chang et al., 2004a)
Mg-KCI-ZrO; 9.5 52.7% (Eta et al., 2010)
K>CO;5-KI-4A 7.5 75% (Cui et al., 2008)

KOH-4A 3.0 16.8% (Li, Zhao and Wang, 2005)

Na,CO3-KCI-Al,03 2.5 20.1% (Jiang and Yang, 2004)
KOH-fzeolite 2.0 23.3% (Xuetal., 2013)

Table 2-4 summarises the selectivity to DMC achieved over various catalysts at differing CO:
pressures. It is worth noting that most of these catalysts consist of a kind of alkali halide (e.g.
KI and KCl), a strong base (such as KOH, KoCO3 and NaxCOs) and a carrier. Moreover,
promoters may be added to improve the yield of DMC. For example, Mg turnings have been
employed as a co-catalyst alongside KCl-promoted ZrO,. Mg produces Mg(OCHs;)2 as an
intermediate product which can react with CO; to form carbonated magnesium methoxide
(CMM) (Eta et al., 2010). The exchange of oxygen atoms between methoxy groups of CMM
adsorbed on the catalyst surface, and the bulk oxygen of catalyst enhances the production of
DMC, increasing its yield. Higher operating pressure is more conductive to increase DMC
selectivity. However, in chemical plants, this may consume more money and energy and

introduce significant safety concerns. Optimisation of reaction conditions with the aim of
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minimizing the operating pressure while increasing reaction rate, selectivity and catalyst

lifetime should be a key goal of process development (The Royal Society, 2017).

2.6.2 Dehydrating agents

The formation of by-product PG via hydrolysis of PO by water limits the overall selectivity to
DMC. Selectivity to DMC can therefore be increased by reducing the rate of production of
PG through removing water from the system. Liquid dehydrating agents have a positive effect
on increasing DMC selectivity. These agents include 2-cyanopyridine (Bansode and Urakawa,
2014), acetonitrile (Honda et al., 2009) and benzonitrile (Honda et al., 2011) et al. One of the
main challenges is that the hydrolysate of a dehydrating agent may react with reactants or
DMC in the reaction system. For example, acetamide (CH3(CO)NH>) is generated from the
reaction of acetonitrile (CH3CN) and water, which can react with methanol to produce
ammonia (NH3) and methyl acetate (CH;:COOCH3). However, NH3 may react with DMC to
form methyl nitrite (CH3O(CO)NHz) (Honda et al., 2009). Solid dying agents (like CaCl,
MgO and molecular sieves) can be used to absorb water from the process, but most such
agents, e.g. 3A molecular sieve, are not active at high temperatures or pressures. 3A
molecular sieve is suitable for dehydration only under 100 °C as the adsorption capacity
decreases with increasing temperature (Simo et al., 2009). Therefore, it is necessary to find

alternative agents to increase DMC selectivity by removing water from the system.
2.7 Conclusions

Currently, large-scale emissions of carbon dioxide and global warming phenomenon have
contributed to the exploration and development of process for the conversion of CO: to
valuable chemical products. The use of CO. in the production of DMC is particularly
attractive as DMC that can be widely applied as a greener alternative to more hazardous
materials such as phosgene or dimethyl sulfate. Various routes for DMC synthesis catalysed
by heterogeneous catalysts have been extensively studied. Catalysts containing alkali halides
and strong base show high catalytic efficiency under supercritical CO; pressure condition.
However, the selectivity of DMC is relatively low and unsatisfactory when operating at the
low-pressure condition. More effort is needed to develop a more effective catalytic system to
enhance the selectivity of DMC under mild operating conditions. It can be realized from these
two aspects: (1) the development of novel catalyst which can promote both cycloaddition and
transesterification reactions; (2) the development of solid dying agent which can overcome

thermodynamic limitation and lead to a higher DMC selectivity. It is also necessary to
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investigate the role of catalyst and dehydrating agent in the reaction system and fully

understand the reaction mechanism.
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Chapter 3 Experimental work and analytical techniques

3.1 Introduction

This chapter consists of two parts: the introduction of the methodology and the set-up of the
experiment. There are three phases involved in the reaction: Liquid product, solid catalyst and
carbon dioxide gas. The analytical techniques for studying the composition and properties of
these phases are introduced in the second part. More specifically, the qualitative and
quantitative analysis of the liquid product is performed by gas chromatography-mass
spectrometry (GC-MS) and is described in section 3.3. The techniques used to characterise
the chemical and physical properties of catalysts are detailed in section 3.4. In the end, the
overall experiment plan is discussed in section 3.5 followed by the analysis of experimental

errors (section 3.6).
3.2 Apparatus and procedure

Two different experimental set-ups are employed throughout this research. One for catalyst
preparation and another one for the one-pot synthesis of DMC from carbon dioxide, methanol

and propylene oxide.

3.2.1 Catalyst preparation method

All catalysts are prepared by the wet impregnation method using a reflux apparatus (Figure 3-
1). The essential components of a reflux system include a reaction flask, a reflux condenser, a
heating source and a coolant source. The reaction flask is heated in the silicon oil and placed

on a heating plate with magnetic stirrers.
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Figure 3-1. The reflux apparatus used for catalyst preparation.

Before catalysts preparation, metal oxide carrier needs to be activated through calcining at
700 °C for 5 h. According to the modified composition of the catalyst (KF/Y-Al>O3)
discussed in the previous study, higher DMC selectivity could be achieved with a KF loading
of 17.5 wt.% (Xu et al., 2013). And the amount of alkali immobilised on carrier is decided by
the result of experimental reactions which test a series of catalysts with various alkali loadings
(range from 0 wt.% to 12 wt.%)(see Figure 5-2), the result shows that catalyst with a 12 wt.%
K>COs loading shows better catalytic activity because both higher DMC selectivity (15.9%)
and lower by-products selectivity (16.7%) is obtained when the catalyst involved in the
reaction. Therefore, all the catalysts are synthesised by immobilising 17.5 wt.% alkali halide
and 12 wt.% potassium carbonate on the calcined ZnO support in this study. Specifically, 3 g
of each catalyst is prepared in work, thus 0.525 g NaBr and 0.36 g K»,COs is dissolved into 20
ml distilled water, and 2.115 g of ZnO is added into a 50ml round-bottomed flask equipped
with a stirrer bar and a condenser. The mixture is refluxing at 60 °C for 24 h, followed by
vacuum filtration. Research by Chang ef al. demonstrated that calcination could result in a
higher activity of the catalyst compared with non-calcined one (Chang et al. 2004). Therefore,
the filtered solids are dried at 100 °C for 12 h and then calcined at 700 °C for 3 h. Atomic
absorption spectroscopy (AAS) was be employed to obtain the loading amount of NaBr and
K>COs3 on support by measuring the digested catalyst and the corresponding filtrate.
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3.2.2 The stainless-steel reactor

The synthesis of DMC is carried out in a stainless-steel reactor equipped with an external
centigrade thermometer and a heating block (Figure 3-2). The reactor is fitted in the heating
jacket and placed on an electric heater equipped with a mechanical stirrer. Both the heating
temperature and stirring speed can be adjusted according to reaction requirements. Carbon
dioxide is injected into the reactor through a gas line which connects with a CO; gas cylinder.
After the air in the autoclave is removed by purging three times with pure CO., the reactor is
pressurized to certain pressure (< 4.5 MPa) at room temperature and then heated to the
reaction temperature (reaction pressure < 6.0 MPa) under stirring. The stainless-steel reactor
is put into the ice-water mixture when the catalytic reaction is finished, and then the gas outlet
valve is slowly opened to depressurize the reactor. For safety considerations, all operations of
the reaction are carried out in a fume cupboard. The pressure of the reactor is measured by a

pressure gauge, and the equipment is protected by a pressure relief valve from excessive

pressure.

- Gas release|
Feeding valve
valve
Pressure
relieve valve

Heating
jacket

-
\ |

Figure 3-2. The stainless-steel batch reactor applied for the one-pot synthesis of DMC.

3.2.3 The procedure of reaction

All catalytic reactions are performed in a 45 ml stainless steel batch reactor at the desired
temperature for 6 hours under stirring. Many experimental variables affect the selectivity of
dimethyl carbonate, such as reaction temperature, pressure, time, methanol/PO molar ratio,

the usage of catalyst, and so on. According to the modified experiment parameters given by
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Chang et al. (Chang et al. 2004) and Xu et al. (Xu et al., 2013), The parameters applied in the

present work are presented in Table 3-1.

Table 3-1. The reaction parameters applied in previous studies and this work.

Parameters Chang et al. (2004) Xu et al. (2013) This work
Catalysts KI/ZnO, KI/MgO, KE/ Y-ALOs Metal halide loaded
KI/CaO catalyst
Temperature (°C) 160 180 160
CO; pressure (MPa) 16.5 2.0 2.0
Methanol/PO mole ratio 4:1 2:1 3:1
Loading amount (wt.%) 324 17.5 17.5
Mass of catalysts (g) 0.25g * 0.30g
Time (h) 4h 3h Sh

The reactor is tested for gas leakage before use. In a typical reaction sequence, 0.3 g catalyst,
100mmol methanol (4.040 ml) and 33.33 mmol propylene oxide (2.330 ml) are measured and
introduced into the reactor. The reactor is purged and then pressurized to 2.0 MPa with CO; at
room temperature. The heating plate is set to a temperature of 160 °C, and the heating block is
preheated to 160 °C + 2 °C before the reactor is placed in it. When the pressure in the reactor
was constant, the reaction time started to be recorded. After the reaction is carried out for 5
hours, the reactor is cooled in an ice-water mixture to quench the reaction. The pressure inside
the autoclave is recorded before and after the reaction. The vacuum filtration separates the
solid catalyst and liquid product, then the catalyst is dried overnight at approximately 100 °C

and activated at 700 °C for the next use.
3.3 Analysis of liquid product

The liquid product is analysed by using GC-MS. The liquid sample is extracted and then
filtered by using a 0.2 um pore size Captiva syringe layered filter (Agilent). And the fine solid
particles are removed by filtration. A 20 ml sample as diluted with 2000 ml of acetone (1:100)
and the internal-standard substance (2-propanol) is added. GC-MS qualitatively and
quantitatively analyses the diluted sample. Centrifugation is an efficient method for separating
liquids and solids, but it is not suitable for this experiment because propylene oxide has a low
boiling point (30 °C). Therefore, in this experiment, the sample is left to stand in ice water
until the solid is settled (about 10 min), and then the supernatant is aspirated and filtered. The

solid sample is washed three times with deionized water and then dried at around 100 °C. In
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order to study the intermediates that may form during the reaction, ATR-FTIR is used to

analyse liquid samples to obtain information about functional groups.

3.3.1 Gas chromatography/mass spectrometry (GC-MS)

Gas chromatograph-mass spectrometer is the most common analytical equipment for the
separation, qualitative and quantitative analysis of vaporized organic compounds. Normally,
GC is used to separate organic compounds which eluted from the column as pure gas-phase
analytes. Hydrogen or helium is usually used as the carrier gas (mobile phase) which transfer
the sample from the injector, through the specially prepared column, and into a detector or
mass spectrometer (Sparkman, O., P et al., 2011). The main components of GC-MS are
shown in Figure3-3.
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Figure 3-3. The main components of GC-MS: The GC and the inlets of GC, required detectors, the
ion source, the ions’ mass-to-charge (m/z) analyser, the ion detector and the computer.

The diluted liquid sample is analysed by a gas chromatograph equipped with a mass
spectrometer detector (QP2010SE), which is made by Shimadzu. HP-INNOWax capillary

column (Agilent) is used, and the detailed characteristics are shown in Table 3-2.

Table 3-2. The parameters of HP-INNOWax column applied for GC-MS analysis.

Column model HP-INNOWax
Length (m) 30
Internal diameter (um) 2.5
Film thickness (um) 2.5

Temperature limits (°C) 260
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The method developed to analyse propylene oxide (PO), 2-propanol, dimethyl carbonate
(DMC), propylene glycol (PG), 1-methyl-2-propanol (1m2p), 2-methyl-1-propanol (2mlp)
and propylene carbonate (PC) is shown in Table 3-3. Helium is employed as the carrier gas
with a liner velocity of 64 ¢cm sec™!. The injection temperature for GC is 250 °C to make sure
all the compound in the sample is completely volatilised. The injection amount of the diluted
sample is 1 pl, and all the liquid products obtained from reactions are dilute 10-fold with

acetone.

Table 3-3. The setup parameters of GC-MS and the temperature program for analysis.

Oven program for analysis

Setup parameters for GC-MS Rate (°C min~ Final temp. (°C) Hold time (min)
D)
Split ratio 30.0 - 40 2.0
Column flow (ml min!) 3.0 10.0 180.0 1.0
m/z ratios 33-500 10.0 230.0 2.0

All calculations in this work are based on the amount of PO added (Li et al., 2015), since PO
is a limiting reactant and 1 mol of PO could be converted to 1 mol of DMC. The calculation

formulas are defined as follows:

The yield of product:

moles of product (i)

1 1) 04 — 0 -
Yield of pI‘OdLICt (1) % = moles of propylene oxide added x 100% (3 ])
The conversion of PO:
ConverSion Of PO % — Copropylene oxide_cpropylene oxide X 100% (3_2)
Copropylene oxide
The selectivity of products:
Selectivity of product (i) % = moles of product (i) x 100% (3-3)

moles of propylene oxide consumed

The calibration curves of dimethyl carbonate (DMC), propylene oxide (PO), propylene
carbonate (PC), propylene glycol (PG) and 1-methoxy-2-propanol are shown in the Appendix
A (refer Figure A-1 to A-5). Therefore, the yield and selectivity of each product, the epoxide
conversion ratio can be calculated based on the amount of each product and the amount of PO

added.
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3.3.2 Fourier transform-infrared spectroscopy (FT-IR)

FT-IR is a widely applied technique, especially in isolating and characterising organic
components or some inorganics. The application of FT-IR is based on the fact that most
molecules absorb the infrared region light in the electromagnetic spectrum. This absorption
will, in particular, correspond to characteristic bond vibrations within the molecule. In the
measurement process, the background emission spectrum of the IR source is first determined,
followed by the emission spectrum of the IR source of the sample at the appropriate location
(Zhang and Cresswell, 2015). The absorption spectrum of samples directly shows the
relationship between the ratio of the sample spectrum to the background spectrum and the
characters of the sample. Every molecule or functional group requires different frequency for
absorption. Hence the absorption spectra obtained from the natural vibration frequency of the
bonds indicates that there are various chemical bonds and functional groups present in the
sample (Nicolet et al., 2001) . Further, according to the results, the bond length and bond
angle of the molecule can be measured to infer the stereo-structure of the molecule. In
conclusion, FT-IR is especially suitable for the determination of organic molecular groups
and compounds because of the functional groups, side chain and cross-linked involved, all of
which have corresponding characteristics vibration frequencies in the infrared region.
Moreover, FT-IR can be applied to determine the quality or consistency of a sample and

determine the number of components in a mixture (G.R. Chatwal, S.K. Anand, 2007).

The common characteristic groups regularly appear in the frequency range of 4000~ 670 cm’!.
In reality, this frequency range is divided into four parts, which are summarized in Table 3-4.
The bond structure represented by the absorbance (transmittance) peaks appearing on the

spectrum can be found in the table.
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Table 3-4. Characteristic groups in different frequency regions.

Frequency
Bonding types Representative bonds
regions
X-H stretching vibration
4000~2500 cm™! X can be O, N, C and S atoms

region

acetylenic bond (-C=C-), nitrile bond (-
Triple bond and cumulated C=N), allene bond (-C=C=C-), ketene
double bond region bond(-C=C=0), isocyanate  bond(-
N=C=0) et al.

2500~1900 cm'!

Double bond stretching Mainly include the stretching vibration
vibration region of C=C, C=0, C=N, -NO et al.

1900~1200 cm’!

Mainly include the deformation vibration

X-Y stretching vibration of C-H and N-H, the stretching vibration

<1650 cm! and deformation vibration of C-O and C-X(halogen), and the
region single-bond framework vibration of C-C,
etal.

In this work, the FT-IR spectra would be recorded on a Shimadzu FT-IR (IRAffinity-1S)
equipment with an ATR accessory. Measurements are performed using a resolution of 0.5
cm! and scanning times of 256 in the region of 4000-400 cm™!. When making measurements,
the background spectrum can be measured with an empty sample holder. Then a drop of the

liquid sample is put on the crystal, and the measurement can be processed.
3.4 Catalyst characterisation

In this part, a brief introduction to catalyst characterisation techniques is presented. Fresh and
used catalysts are analysed by thermogravimetric analysis (TGA), X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic absorption spectroscopy (AAS), temperature-
programmed desorption (TPD), N> adsorption isotherms, inductively coupled plasma-optical

emission spectroscopy (ICP-OES) and Fourier transform-infrared spectroscopy (FT-IR).

3.4.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is a technique which can characterize the sample by monitoring
the change of weight of it over time and temperature (Groenewoud, 2001). The results of the
analysis can reflect the properties of materials, including thermal stability, composition,

oxidative stability, decomposition kinetics, efc. Thermogravimetric analysis can also be
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applied in the field of catalysis to investigate the reaction between active component and

support during calcination (Chen and Marks, 2000).

The results measured using a thermogravimetric analyser can be expressed in two curves: a
thermogravimetric curve (TG) and a derivative thermogravimetric curve (DTG). The former
records the changes in sample mass as a function of temperature or time, the latter being a
curve obtained by the derivation of the TG curve versus temperature or time. The DTG curve
accurately reflects the initial reaction temperature: the temperature at which the maximum
reaction rate is reached, and the temperature at which the reaction is terminated (Abdullah,
Mohammad and Maik, 2016). Therefore, the samples can be qualitatively and quantitatively

analysed to some extent.

In this work, the catalysts are analysed by using a thermogravimetric analyser (PerkinElmer,
TGA 4000). The sample (around 7 mg) is dried at 100 ° C overnight before placed in a
ceramic pan. The sample is heated from 40 °C to 950 °C at a rate of 10 °C min’! and held at
this temperature for 10 min under a nitrogen purge (20.0 ml min'). Then the furnace cools

down from 950 °C to 40 °C with a rate of 80 °C min’.

3.4.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that is widely used to characterize the
structure and phase composition of crystalline materials. In particular, the measurement
results may reveal information about the structure, phase, crystal orientation (texture) and
other structural parameters of the material, like average grain size, strain, crystal defects and
crystallinity (Kohli and Mittal, 2011). When a monochromatic beam of X-rays is irradiated
onto the crystal, electrons around the atom are vibrated generated by the periodic change of
electric field of the X-ray, and scattered waves are generated. By measuring the angle and
intensity of the diffracted X-rays, a unique diffraction pattern for each compound can be
obtained, which is finally appeared in the form of X-ray diffraction peaks. Therefore, the X-
ray diffraction pattern can provide fingerprint information about the atomic distribution in the
crystalline materials. An online search for a standard database of X-ray powder diffraction

patterns allows for rapid qualitative analysis of various crystalline samples.

In this work, solid catalysts are analysed using a Bruker D2 Phaser powder XRD instrument

with Cu Ka (tube voltage: 30 keV, current: 10 mA, 26 range from 10 ° to 80 °) radiation at a
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scanning rate of 0.05 ° min!. By comparing the XRD pattern obtained with the database
(PDF-4" 2016), the crystalline phases are identified.

3.4.3 Scanning electron microscopy/ Energy Dispersive X-Ray Spectroscopy (SEM/EDS)

SEM analysis gives detailed information on the morphology of catalyst (like the speciation
structure of the catalyst, the size and shape of particles) (Amelinckx et al., 2008). A well-
focused electron beam is applied to scan the surface of a sample, and various signals (like
secondary electrons (SE), reflected or back-scattered electrons (BSE), efc.) are produced. The
yield of secondary or backscattered electrons can be detected as a function of the position of
the primary electron beam in a scanning electron microscope (SEM), and the contrast of the
signal can determine the surface morphology. Usually, secondary electrons are mostly applied
in showing morphology and topography of samples, and backscattered electrons are generally
used for demonstrating contrasts in composition in multiphase catalysts (Mohale, 2017).
Therefore, BSE images can determine the distribution of different elements in the sample but
cannot do the identical analysis. The qualitative and semi-quantitative determination can be
performed by doing an energy-dispersive analysis of the X-rays released from a specimen
(EDX) (Goldstein et al., 2018). The number and energy of the X-rays are recorded, and the
position of peaks in the EDX spectrum can provide information about the identification and

concentration of elements.

If the sample is non-conductive, it should be coated with a thin layer of electrically
conductive material, typically carbon, gold or some other metal or alloy. The information you
want to collect is an essential basis for determining conductive coating material: carbon is an
ideal choice if the elemental analysis is prioritized, while metal coatings are most desirable

for high-resolution electronic imaging applications.

In this work, JEOL JSM-6010LA Analytical Scanning Electron Microscopy is employed to
analyse the samples. Before measurement, samples are pre-coated with gold for 8 seconds in
an Agar Sputter Coater. The acceleration voltages are changed from 15 keV to 20 keV, and
the working distance (WD) is 11 mm throughout the measurement. The morphology of the
catalyst is determined using SEM and the qualitative and semi-quantitative analysis of

different elements on catalyst surface are performed using SEM-EDS.
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3.4.4 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy is an atomic spectrometric method for quantitative analysis
of elements based on the absorption of characteristic radiation by the free gaseous atoms at a
specific wavelength. For solid samples, it needs to be digested with concentrated acid (like
HNO; or HCI) to make a solution analysis. In this work, the concentration of Zn both in liquid
mixtures after reaction and in solid catalysts is analysed using an atomic absorption
spectrometer (PerkinElmer, Analyst 400). The samples are diluted with 1 % HNOs3 to ensure

that the concentration of Zn in the sample is under 10 ppm.

3.4.5 COz-Temperature-programmed desorption (CO:-TPD)

Temperature-programmed desorption is used to provide information about the strength and
distribution of specific sites on the catalyst surface. The most common molecule for probing
the basic sites of catalyst is CO,. The temperature of CO> desorption indicates the strength of
basic sites and the amount of gas desorbed upon increasing temperature shows the
concentration of basic sites. Before measurement, samples are pre-treated at 100 °C in
flowing gas to remove H2O molecular and then heated to high temperature (for example, the
temperature for ZnO is 500 °C) to remove impurities and activate the catalyst. Then the
samples are cooled to 110 °C for CO: adsorption. This temperature can reduce the influence
of physisorption of CO,. After saturation with CO;, the samples are purged with helium to
remove any physisorbed probes. Finally, TPD analysis is performed by increasing the heating
temperature from 110 °C to 900 °C, and the thermal conductivity detector (TCD) is used to

monitor the amount of desorption.

3.4.6 Nz adsorption isotherms

Nitrogen adsorption isotherms are widely applied to the determination of the pore size
distribution and specific surface area of porous materials. The analysis is supported by the
Brunauer-Emmett-Teller (BET) theory, which proposes the multilayer adsorption of gas
(Brunauer, Emmett and Teller, 1938). The specific surface area of the catalysts can be
evaluated using the BET equation derived from the adsorption isotherm (Sing, 1985). Barrett-
Joyner-Halenda (BJH) method is used to calculate the pore size distribution from
experimental gas isotherms using the Kelvin model of pore filling (Barrett, Joyner and
Halenda, 1951). The specific surface area and pore volume are calculated by determining the
nitrogen adsorption-desorption isotherms at -196 °C. The number of gas molecules adsorbed

on a solid surface is obtained according to the evolution of pressure in the system. The
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adsorption isotherm can be obtained by plotting the cumulative amount of adsorbed gas

relative to the pressure.

In this work, a 3 Flex Micromeritics Surface Characterization instrument is employed to
analyse the fresh catalysts. Before measurements, all the samples are degassed at 150 °C for
24 h under a reduced pressure below 0.01 Pa using Vac Prep 061. Then, N> adsorption
measurement is taken place in liquid nitrogen at -196 ° C. The measurement process is

operated using the software 3 Flex version 3.02.

3.4.7 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

ICP-OES has been widely used to evaluate the element composition in aqueous and organic
liquid and solid samples using plasma and a spectrometer. During the measurement, the
component elements of analysis samples are excited when the plasma energy is given from
outside. The emitted radiation (spectral rays) is released, and the emission rays corresponding
to the wavelength of the photons are measured when the excited atoms return to the low
energy position. The element type is determined according to the wavelength of the photons,
and the concentration of the element is evaluated based on the total number of photons (Hou

and Jones, 2000).

In this work, the instrument (Spectro Ciros Vision) with radial argon plasma is employed to
analysis liquid reaction products and the solid catalysts. Liquid samples are acidified with
HNOs to make sure that all elements remain in solution and solid samples are digested using
hot acids. The software Spectro Smart Studio-Smart Analyser (V2.11) is used to monitor the

instrument, calibrate and perform the measurement.

3.4.8 Fourier transform-infrared spectroscopy (FT-IR)

KBr pellet sampling method is used to measure the characteristic of synthetic catalysts. The
concentration of the catalyst in KBr pellet should be around 0.2% to 1%. Too high
concentrations often result in difficulties in obtaining clarified particles (Beer's law). Under
this condition, the IR beam is wholly absorbed or scattered from the sample, which results in
a very noisy spectrum. In the KBr pellet preparation process, some of the pure KBr powder is
transferred to the mortar, and about 0.2 to 1 wt.% of the sample is added, mixed and milled to
a fine powder, followed by placing fine powder in a pellet forming die. KBr pellet is formed

under high pressure. When making measurements, the background spectrum can be measured
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with an empty dish holder inserted into the sample chamber. However, if pure KBr pellet
(excluding samples) put on the pellet holder are used as the background measurement, the
errors caused by infrared light scattering loss in the pellet and the moisture adsorbed on the

KBr can be corrected (Niu.edu, 2007).
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3.5 Overall experiment plan
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3.6 Experimental errors and error analysis

Accuracy is an indicator which can explain how close an experimental value is to the actual
value, and the word "precision" is used to describe how closely two or more value agrees with

others. Precision sometimes can be replaced by the word "repeatability" (Carlson, 2002).

The experimental errors can be divided into human error and experimental inherent error
according to its source. The former is visible and can be avoided by trial and error. However,
the latter is an inherent error in the measurement process and cannot be eliminated simply by
repeated experiments. There are two types of inherent errors: systematic errors and random

CITorsS.

3.6.1 Systematic errors

Systematic errors can affect the accuracy of the experimental results. The accuracy of
measurements influenced by systematic errors cannot be improved by the repeated tests
(Carlson, 2002). In general, systematic errors are difficult to detect through statistical analysis.
Once detected, they can be reduced by modifying measurement methods or techniques.
Typical sources of systematic errors are faulty calibration of measurement equipment, poor

equipment maintenance, efc.

3.6.2 Random errors

The random error is caused by a series of small random fluctuations in the measurement
process, such as the uncertainties in environmental conditions (room temperature, relative
humidity and pressure), the slight difference in the operation of the analyst and the instability
of the experimental equipment. The fluctuate may above or below the true value. However, it
has been found that through multiple measurements, positive and negative random errors with
the same absolute value have approximately the same probability. Therefore, the random error
can be reduced by increasing the parallel measurements or modifying the measurement

methods.

3.6.3 Calculating experimental error

It is necessary to show the accuracy and precision of the experimental measurements in a
scientific report or publication. There are three common ways to illustrate the accuracy and

precision of the experiment results:
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(1) Significant figures

The least significant number of digits in the measurement decided by the smallest unit
that can be measured with the measuring equipment. Then the number of significant
digits shown on the instrument can be applied to estimate the precision of the
measurement. In general, the precision of any measurement is equal to 1/10 of the
smallest graduation on the measuring instrument. For example, the minimum graduation
for measurement of length is 1 mm, so the precision of the measurement is £ 0.1 mm.
The smallest unit for measurement of volume using a graduated cylinder is 1ml, which

means the precision of this measurement is + 0.1 ml.

(2) Percent error
The percent error indicates the accuracy of a measurement by calculating the difference
between experimental data (E) and true value (4). The calculation equation is shown

below:

% Error = 1=214100 9% (3-4)

(3) Mean and standard deviation

When the measurement is repeated multiple times, it can be found that the measured

values are distributed around some central value. Two numbers can describe this

grouping: The mean value, which represents the central value of the measurement; and

the standard deviation, which describes the distribution or deviation of measured values
to the mean. The standard deviation (oy) is calculated as follows, where N represents

the number of experimental measurements, /x/ represents the mean value, and x;

represents the measured value of the i-th measurement.

o= |3 (x; — [x])? (3-5)

The standard deviation shows how far a set of experimental data distributes around the mean.
The larger the standard deviation, the more data far away from the central value. When the

experimental result of a measurement is reported in a paper, both mean value and variation of
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measurements should be reported. The form of the measurement result should be shown as

follows:

x = [x] o, (3-6)

In this report, all the measurements are repeated at least five times, and all the data is shown

as a form of mean + standard deviation.

57



Chapter4 One-pot Synthesis of DMC using Halide-ZnO Catalyst

CHAPTER 4

ONE-POT SYNTHESIS OF
DMC USING
ALKALI HALIDE-ZnO CATSLYST

58



Chapter4 One-pot Synthesis of DMC using Halide-ZnO Catalyst
Chapter 4 One-pot synthesis of DMC using alkali halide-ZnO

catalyst

4.1 Introduction

This thesis has explained one-pot synthesis of dimethyl carbonate from methanol, carbon
dioxide and propylene oxide in the literature review. The one-pot synthesis of DMC consists
of two reversible steps: cycloaddition and transesterification. In the cycloaddition reaction,
propylene oxide reacts with CO; to form propylene carbonate (PC). And in the
transesterification step, methanol and PC are converted to DMC and propylene glycol (PG).
1-methoxy-2-propanol and 2-methoxy-1-propanol are produced as by-products through the

reaction between PO and methanol.

The choice of catalyst is a crucial parameter in achieving high yields of DMC. Alkali halide
containing catalyst is conducive to promote the formation of DMC via the one-pot synthesis
route. The main function of halide ions in the reaction system is to activate CO; and then to
promote the formation of PC by nucleophilic attack of halide ions (Scheme 4-1). For example,
KI immobilized on ZnO could be a very effective catalyst under supercritical CO, condition
(16.5 MPa) (Chang et al., 2004). 36.8% of DMC selectivity and 60.7% of PC selectivity can
be obtained using KI-ZnO as the catalyst. The catalytic ability of catalyst is related to their
ability to donate electrons. In this study, Turnover frequency (TOF) is used to evaluate the
catalytic efficiency of the reaction system. In this research, the TOF is defined as the mass of
synthesised dimethyl carbonate (DMC) per gram catalyst per hour, and its calculation formula

(Equation 4-1) is shown as follows:

_ npoX YieldDMCXMDMC

TOF = —-2M¢

Woege Xt WeaeXt

(4-1)

where npo, Mpuc, t, and Wea. represent the molar amount (mmol) of PO, formula weight (g

mol') of DMC, reaction time (h), and the mass of overall catalyst (mg), respectively.

Another critical factor that affects the catalytic activity is the reaction pressure. Previously,
high selectivity to DMC has been correlated with high pressure operating environments
employing supercritical CO; (Cui et al., 2003). Table 4-1 summarises the selectivity to DMC

achieved over various alkali halide-containing catalysts at different CO2 pressures. TOF
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values of the catalytic systems are calculated based on the reaction conditions provided in the
previous literature studies. Applying high-operating pressure in chemical plants is, however,
cost and energy-intensive and introduces significant safety concerns. Optimisation of reaction
conditions with the aim of minimizing the operating pressure while increasing reaction rate,
selectivity and catalyst lifetime should be a key goal of process development (The Royal
Society, 2017).

Table 4-1. Catalysts previously applied in the one-pot synthesis of DMC, and CO, pressures

employed.

Catalyst CO; pressure (MPa) DMC selectivity TOF (h) Reference
KOH-KI-ZnO 16.5 58.0% 8.4 (Chang et al., 2004)
Mg-KCI-ZrO» 9.5 52.7% 52.2 (Eta and Leino, 2010)

Na;CO3-KCI-Al,O3 2.5 20.1% - (Jiang and Yang, 2004)
KCI + crown ethers 2.0 23.0% 73.7 (Lietal., 2015)

In this section, the one-pot synthesis of DMC from propylene oxide (PO), methanol and
carbon dioxide was taken place under mild condition (2.0 MPa and 160 °C) with different
alkali halides catalysts. The catalysts were prepared by supporting alkali halides (like KCI,
KBr, NaCl and NaBr) on the ZnO carrier, followed by the catalyst activation. The effect of
reaction time on DMC selectivity has been extensively investigated by changing the reaction

time from 3 hours to 7 hours.
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4.2 Experimental methods

4.2.1 Materials

Reagents potassium chloride (KCl, 99.0-100.5%) and sodium bromide (NaBr, >99%),
propylene oxide (>99.5%) were purchased from Sigma-Aldrich. CO; (purity over 99.99%,
water content less than 0.01%) was bought from BOC. Methanol (99.9% min), potassium
bromide (KBr, ACS, 99% min) and sodium chloride (NaCl, 99+%) were purchased from
Alfa-Aesar. Zinc oxide was purchased from Fisher Scientific. 2-propanol (Sigma-Aldrich, >
99.8%) was used as an internal standard for GC-FID quantitative analysis. Dimethyl
carbonate (DMC, 99%), propylene carbonate (PC for HPLC, 99.7%),1-methoxy-2-propanol
(>99.5%) and propylene glycol (PG, ACS reagent, >99.5%) were employed as reference
materials for calibration curves, supplied from Sigma Aldrich. Deionized water was used in

all experiments.
4.2.2 Methods

4.2.2.1 Preparation of catalyst and reaction conditions

The catalyst preparation method has been elaborated in Chapter 3.1.1. All the catalysts are
synthesized by immobilizing 17.5 wt.% alkali halide on the calcined ZnO support.
Specifically, 3 g of each catalyst is prepared in this work, thus 0.525 g alkali halide is
dissolved into 20 ml distilled water. And 2.475 g of ZnO is added into a 50 ml round-
bottomed flask equipped with a stirrer bar and a condenser. The mixture is refluxing at 60 °C
for 24 h, followed by vacuum filtration. The filtered solids are dried at 100 °C for 12 h and
then calcined at 700 °C for 4 h.

Based on the reaction parameters discussed in previous studies (see Table 3-1), the modified
reaction conditions (Time: 5h, Temperature: 160 ° C,Methanol/PO mole ratio: 3/1,mass of

catalyst: 0.3g ) are applied in this work in order to obtain a higher selectivity of DMC.

4.2.2.2 Influence of the species of alkali halide

Alkali halide plays a critical role in the synthesis of propylene carbonate through
cycloaddition. Cycloaddition is an exothermic reaction, and its standard reaction heat is about
126 kJ mol! (Korosteleva et al., 2013). From the view of chemical equilibrium, lowering the
reaction temperature or increasing the reaction pressure favours the shift of the chemical

equilibrium toward the forward reaction. However, if the temperature is too low, it is not
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conducive to the activation of the reactants, for the reaction rate is slowing down. However,
increasing pressure seems to be conducive to the reaction. All the reactions in this study are
carried out under 2 MPa (room temperature) pressure condition. Therefore, an appropriate

catalyst is needed to activate CO; and then to promote the production of PC and DMC.

Based on previous literature research (Liu et al., 2016), the introduction of a nucleophilic
group (like CI', Br- and I') facilitates the coupling the reaction of propylene oxide and CO..
Moreover, the catalytic activity decreases in the order of I' > Br- > CI-, which is in agreement
with the ability of nucleophiles to donate electrons and the leaving ability of the halide anions.
Therefore, the proposed ZnO carrier with nucleophilic Br- and CI- anions are applied in this

research because I" anion is expensive and toxic.

4.2.2.3 Influence of reaction time

In order to study the influence of changing the reaction time on the selectivity of each product
and PO conversion, a set of reactions with various reaction time in the presence of the alkali
halide-containing catalysts were carried out. The detailed parameters for the reactions are

summarised in Table 4-2.

Table 4-2. Catalysts used in the one-pot synthesis of DMC, and reaction time applied.

Catalyst Reaction time (h) Reaction conditions
NaBr-ZnO 3,4,5 160 °C, COz (2 MPa, room temperature), catalyst (17.5 wt.%
alkali halide-ZnO, 0.3 g), PO (33.33 mmol), methanol (100
NaCl-ZnO 5,6,7 mmol)

Two kinds of Na-based catalyst with different alkali halide species were tested in this section.
It aims to study the trend of reaction products over time, so as to determine the optimal
reaction time to improve the efficiency (TOF value) of the catalyst. Another objective is to
compare the catalytic capabilities of two catalysts containing different alkali halides,

especially the selective catalytic ability to PC.
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4.3 Results and discussion

4.3.1 Influence of alkali halide species

The catalytic ability of various alkali halide catalysts was assessed for the synthesis of
dimethyl carbonate from methanol, propylene oxide and CO> under 2 MPa and 160 °C

reaction condition. The result is shown in Figure 4-1.
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Figure 4-1. Effect of alkali halide species on the conversion of PO and the selectivity of DMC, PC,
PG and by-products in DMC synthesis. Reaction condition: 160 °C, 5 h, CO, (2 MPa), catalyst (17.5
wt% alkali halide-ZnO, 0.3 g), PO (33.33 mmol), methanol (100 mmol).

The selectivity of DMC and PC and the PO conversion indicates the activity of the catalyst.
As shown in Figure 4-1, the DMC selectivity of the reaction using the chlorine-containing
catalyst is similar to that using the bromine-containing catalyst. Moreover, bromine-
containing catalysts lead to a much higher PC selectivity. By contrast, chlorine-containing
catalysts produce more PG and by-products (l-methoxy-2-propanol and 2-methoxy-1-
propanol). This can be explained by the fact that the activity of catalyst decreases in the order
of Br > CI' in cycloaddition reaction, which is in agreement with the ability of nucleophiles to
donate electrons and the leaving ability of the halide anions. Higher PG and by-product
formation is caused by the hydrolysis of PO and the reaction between PO and methanol,
respectively. According to the reaction principle, one-pot synthesis of DMC includes two
reaction steps: the cycloaddition of PC by CO: and PO (Scheme 4-1) and the
transesterification of DMC by methanol and PC (Scheme 4-3). Transesterification process is
often accompanied by the formation of propylene glycol. From the results, it is apparent that

four kinds of catalyst have little difference in improving the selectivity of DMC, but the
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catalyst containing bromine can improve the PC selectivity and reduce the PG selectivity
obviously. It is crucial for transesterification reaction because higher PC concentration and
lower PG content in the reactant can drive the reaction toward the direction of DMC

generation.

The data in Figure 4-1 shows the conversion of PO in reactions using different catalysts. It
can be seen that the reactions involving the four catalysts have similar PO conversion. There
could be two explanations for the results: 1) When the reaction is carried out for 5 hours, the
reaction has reached equilibrium, the PO conversion at this time is the maximum value under
the corresponding reaction temperature and CO; pressure conditions. In other words, the
further increase of the reaction time does not affect the conversion of PO; 2) The reaction has
not reached the equilibrium even after 5 h and the PO conversion rate rises with the further
increase of the reaction time. This conjecture could be supported by the fact that various
catalysts have different catalytic rates for the reaction, and catalysts with higher PO
conversion may be able to move the reaction more rapidly towards the DMC formation. In
order to verify these two conjectures and to find out the trend of the selectivity of each
product changes with reaction time, more reactions were performed using NaCl-ZnO and

KBr-ZnO as the catalyst.
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4.3.2 Influence of reaction time

In order to improve the catalytic efficiency by finding the optimised reaction time, a set of
reactions were performed with increasing reaction time in a range of 3 hours to 7 hours. When
NaCl-ZnO was used as the catalyst, the reaction time was extended from 5h to 6h or 7h. On
the contrary, reaction time was shortened from 5 h to 3 h or 4 h with NaBr-ZnO as the
catalyst. The product selectivity and PO conversion are shown in Figure 4-2 (a) and Figure 4-
2 (b).

B NaBr-ZnO 3h M NaBr-Zn0O 4h  NaBr-ZnO 5h

50.0 m NaCl-ZnO 5h m NaCl-ZnO 6h m NaCl-ZnO 7h
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Figure 4-2 (a). Effect of reaction time on the selectivity of DMC, PC, PG and by-products in DMC
synthesis. Reaction condition: 160 °C, CO; (2 MPa), catalyst (17.5 wt% alkali halide-ZnO, 0.3g), PO
(33.33 mmol), methanol (100 mmol).
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Figure 4-2 (b). Effect of reaction time on the conversion of PO in DMC synthesis. Reaction condition:

160 °C, CO2 (2 MPa), catalyst (17.5 wt.% alkali halide-ZnO, 0.3 g), PO (33.33 mmol), methanol (100
mmol).

Table 4-3. The activity of catalysts under different reaction time.

Reactions TOF (h)
NaBr-ZnO 3 h 8.8
NaBr-ZnO 4 h 7.2
NaBr-ZnO 5 h 6.3
NaCl-ZnO 5 h 7.2
NaCl-ZnO 6 h 7.6
NaCl-ZnO 7 h 7.7

As can be seen from Figure 4-2 (a) and (b), both the selectivity of PG and by-products and the
PO conversion of the reactions using two kinds of catalysts goes up with the increasing
reaction time. In detail, when NaBr-ZnO is used as the catalyst, the increase of DMC is not
apparent, and the selectivity of PC decreases slightly with the increase of reaction time. The
selectivity of PG and by-products reaches the maximum at the time point of 5 hrs. when
NaCl-ZnO is used as the catalyst, the selectivity of DMC and PC increases with longer
reaction time. The trend of by-products and PG is similar to that of NaBr-ZnO catalyst
applied reactions. Therefore, the two catalysts are set apart by their efficiency in catalysing
the reaction. With the same reaction time, the reaction rate with NaBr-ZnO as the catalyst is

faster than that with NaCI-ZnO as the catalyst. For example, when NaBr-ZnO is used as a
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catalyst, the TOF value can reach 8.8 h'! after three hours reaction time, which is higher than

that of the reactions using NaCl-ZnO catalyst.

When NaBr-ZnO is used as the catalyst, the TOF value remains basically unchanged with the
increase of the reaction time (5 hours to 7 hours), which means that when the reaction
proceeds to 5 hours, the reaction basically reaches an equilibrium state. Moreover, it is
obvious that as the reaction time increases, the selectivity of PG and by-products increases.
When NaCl-ZnO is used as the catalyst, the TOF value decreases as the reaction time
increases (3 hours to 5 hours), because the formation of PC through cycloaddition is the main
reaction conducted in the reaction system, and the transesterification of methanol and PC to
DMC has not reached an equilibrium state. Moreover, when the reaction time reaches 5 hours,
a higher PO conversion rate can be obtained. Therefore, considering PO conversion, PC and
DMC selectivity, by-product selectivity and energy input, 5 hours is more appropriate

reaction time.

4.3.3 Catalyst characterisation

As discussed in section 4.3.1, the bromine-based catalyst shows a higher catalytic ability to
promote the formation of PC via cycloaddition and to limit the production of PG and by-
products. In order to investigate the relationship between the active substance (NaBr) and
carrier (ZnO) during the catalyst preparation process, TGA and XRD analysis is employed to

obtain the information about the composition of calcined NaBr-ZnO catalyst.

4.3.3.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was applied to study the interaction between the active
ingredients NaBr and the carrier (ZnO). Figure 4-3 shows the thermogravimetric analysis of
two samples, (a) calcined NaBr-ZnO and (b) non-calcined NaBr-ZnO. The original TGA data
are plotted alongside the differential thermograms (DTG).
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Figure 4-3. DTG and TG curves of (a) calcined NaBr-ZnO catalyst (b) non-calcined NaBr-ZnO
catalyst.

The TG and DTG curves in Figure 4-3 (b) indicate that the non-calcined NaBr-ZnO catalyst
shows weight loss from 700 °C and reaches the highest weight loss rate at around 800 °C.
Weight loss is related to melt point of NaBr, which is around 755 °C. The TG-DTG curve in
Figure 4-3 (a) shows that the weight of the calcined catalyst begins to decrease from 650 °C
and the mass-loss rate reaches a maximum at ~ 770 °C due to the melt of NaBr as well.
Comparing Figures 4-3 (a) and (b), it can be concluded that a new compound was probably
formed during the preparation of the catalyst because the starting temperature for catalyst
weight loss is reduced from 700 °C to 650 °C, or calcination makes NaBr uniformly dispersed
on the surface of ZnO. During TG analysis, the dispersed NaBr starts to decompose earlier

and faster than the supported NaBr on ZnO without calcination.
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4.3.3.2 X-ray powder diffraction (XRD)

The crystallinity of the catalyst before and after calcination was assessed by XRD and the
data is illustrated in Figure 4-4. Both samples show the characterisation peaks of ZnO crystal
structure (PDF-ICDD 01-081-8838) and only non-calcined NaBr-ZnO catalyst gives the
peaks assigned to NaBr (PDF-ICDD 04-007-3592) structure. The characteristic peaks of
NaBr disappeared after calcination of the catalyst (Figure 4-4 (b)). A similar result is obtained
by Chang (Chang et al., 2004), both calcined and non-calcined KI-ZnO catalyst is analysed
using XRD to determine the active components on the catalyst surface. As a result, the
characteristic peaks of KI disappeared on the XRD patterns after calcination. One possible
explanation is that KI is uniformly dispersed on the surface of the carrier or a new amorphous
phase is produced.
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Figure 4-4. The XRD patterns of catalysts: (a) non-calcined NaBr-ZnO; (b) calcined NaBr-ZnO.
According to the analysis results of TGA, in this study, the main reason for the disappearance

of the characteristic peaks of NaBr after calcination is that NaBr was uniformly dispersed on

the surface of the support after calcination.
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4.3.4 Proposed reaction mechanism

DMC is formed via cycloaddition of propylene oxide and CO,, then followed by the
transesterification of propylene carbonate and methanol with the addition of NaBr-ZnO
catalyst. 1-methoxy-2-propanol and 2-methoxy-1-propanol are the side products generated by
the reaction of PO and methanol. The hydrolysis of PO is another route to produce PG, which
limits the transesterification to the direction of DMC formation. In this section, the proposed
mechanisms for cycloaddition, transesterification, by-products formation and PO hydrolysis

are discussed.

4.3.4.1 Mechanism for cycloaddition
A proposed reaction mechanism for the formation of propylene carbonate is presented in

Scheme 4-1.

O=C=0 —0-Zn—0—
Br l l
Br
o 1° Zn+ Zn2+

Fo B WA

(Intermediate 1)

Scheme 4-1. Proposed mechanism for the synthesis of propylene carbonate from propylene oxide and
carbon dioxide (Alvarez et al., 2017; Wang, Xie and Deng, 2014; Martinez-Ferraté et al., 2018).

Carbon dioxide is a weak acidic gas which can adsorb or react at acid-base sites on solid
surfaces. In previous studies where the mechanism of cycloaddition has been discussed. In
this work, the reaction is proposed to be initiated by the activation of CO; by the Br
nucleophile (Alvarez et al., 2017) and the attack of the surface Zn2* cation by propylene
oxide to form intermediate 1 (Wang, Xie and Deng, 2014). Following this, the reactive CO2
species formed on the ZnO attacks the less substituted ring carbon atom in intermediate 1
because it is less sterically hindered than the adjacent one. The last step is the formation of
propylene carbonate (Martinez-Ferraté ef al., 2018). At the same time, Zn?>* and Br dissociate
from the product and dissolve into the reaction solution. Following this mechanism, it is

expected that the alkali halide ions in the reaction system would have a significant effect on
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PC formation, and the PC selectivity is related to the ability of nucleophiles to donate

electrons (Br>Cl"), in line with the experimental results presented in Figure 4-1.

4.3.4.2 Mechanism for transesterification

The active acid-base sites (unsaturated -Zn**-O%- sites) on the catalyst surface play a critical
role in the transformation of propylene carbonate and methanol under mild reaction condition.
In this study, NaBr-ZnO is used as the catalyst for the synthesis of DMC and a proposed
reaction mechanism is shown in Scheme 4-2 and Scheme 4-3.

;-I(JISCHs (a)

—Zn-0-Zn— + CHsOH——> —Zn-0-Zn—

‘unsatur;ated -Zn?*-02- sites J @)
—— (b)
—Zn-0-Zn— +0 O—> —Zn-0-Zn—

L+

O O
Scheme 4-2. (a) Adsorption of methanol onto ZnO-based catalyst; (b) Adsorption of propylene
carbonate onto ZnO-based catalyst (Kéhler, Kevin et al., 2010 ).

Both methanol and PC is activated by the chemical adsorption onto the catalyst surface.
Methanol is activated by the basic sites (oxygen atom), and methoxy species and H* is formed
on the polar oxygen-terminated ZnO surface(Scheme 4-2 (a)) (Kéhler, Kevin ef al., 2010 ).
PC is activated by the chemical adsorption on the acidic (zinc atom) sites of the catalyst
(Scheme 4-2 (b)).Scheme 4-3 shows the overall reaction mechanism for the formation of
DMC and PG from PC and methanol. The methoxy groups of methanol attack the carbonyl C
of the PC and forms an intermediate 1 (CH30-CO-O-CH(CH3)-CH>-OH). This intermediate
further reacts with CH3O~ to form DMC and intermediate, OH-CH;3-CH>-CH>-O~ which
reacts with H" to form PG (Kumar et al,. 2015).
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Scheme 4-3. Proposed mechanism for the synthesis of dimethyl carbonate from propylene carbonate
and methanol (Murugan and Bajaj, 2010).

4.3.4.3 Mechanism for PO hydrolysis

Propylene glycol is generated by hydrolysis of propylene oxide with an excess of water, and
the proposed reaction mechanism is shown in Scheme 4-4. The epoxide ring-opening reaction
occurs by nucleophilic substitution to replace the epoxide oxygen atom on the epoxide carbon
atom. The ring-opening orientation in propylene oxide mainly depends on the steric hindrance
of the methyl group, and on the electron release effect of the methyl group (Parker and Isaacs,
1959).

—ZrI1—O—Zn— —— —%n—O—Zn— +—> HO
+

ot o) OH
) — g
/A ~__ [:OH} /L CH; (Propylene glycol)
OH

Scheme 4-4. Proposed reaction mechanism for the hydrolysis of propylene oxide under base-catalyzed
reaction (Woods, 1990).

The epoxide ring of propylene oxide can be opened at any one of the two C-O bonds. In the
base catalysed reaction, the bond is preferentially opened at the least spatially obstructed

position, leading to the formation of PG (Woods, 1990).
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4.3.4.4 Mechanism for by-products formation

The chemical adsorption of methanol (Scheme 4-2 (a)) and propylene oxide (Scheme 4-5) on
the active sites of the catalyst leads to the formation of by-products. The adsorption of PO on
the metallic sites of the catalyst results in the dissociative activation of PO (Timofeeva et al.,

2016).

—Zn—-0-Zn— +/& —> —Zn-0-Zn—
|+

o)

/A

Scheme 4-5. Adsorption of propylene oxide onto ZnO-based catalyst (Timofeeva et al., 2016).
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| Zn?*

(acid sites) CH3O? > 1 O+ / \OJ\/OH )

(2-methoxy-1-propanol)

Scheme 4-6. Proposed reaction mechanism for the formation of by-products in the synthesis of DMC
(Timofeeva et al., 2016).

The epoxide ring of PO may be opened either at the C—O bond because of the asymmetry of
PO, so the reaction between PO and methanol generates a mixture of two isomers (Timofeeva
et al., 2016): 1-methoxy-2 -Propanol (a) and 2-methoxy-1-propanol (b) (Scheme 4-6). When a
basic catalyst is involved in the reaction, the C—O bond preferentially opens at the position
where the steric hindrance is the smallest, resulting in the most reaction products being 1-
methoxy-2-propanol (a). Besides, when the reaction is catalysed by an acid catalyst, the
product is mainly 2-methoxy-1-propanol (b). Based on the mechanism study, due to the
existence of a pair of "basic site-Lewis acid site" on the catalyst surface, methanol is adsorbed
at the basic site (oxygen atom, Scheme 4-2 (a)) and decomposed into protons and methoxide
ions. PO is activated by adsorption at acidic sites (zinc atom, Scheme 4-5). Therefore, 1-

methoxy-2-propanol (a), remaining a high selectivity on a solid base catalyst, is formed.
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The strength of the basic sites may affect the selectivity of DMC synthesis in two ways: (1)
Increased strength of the basic site should be conducive to the formation of by-products via
the activation of PO and methanol. However, higher alkalinity should cause the adsorption of
PO and methoxy groups to the active acid-base sites on the solid surface to become
energetically stable, which affects the activation of PC at acid sites, thereby reducing the rate
of DMC synthesis reaction. (2) According to the reaction equilibrium of both cycloaddition
and transesterification, the decrease of the concentration of PO and methanol in the reaction
solution inhibit the reaction in the direction of PC and DMC formation, respectively.
Therefore, it is necessary to find a suitable basic substance to increase the strength of the
basic sites of the catalyst, in order to improve the selectivity of DMC through catalyst

modification method.
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4.4 Conclusions

The synthesis of DMC from PO, methanol and CO; is successfully carried out in the presence
of alkali halide-ZnO catalysts under low pressure (2 MPa, room temperature) condition. It
was found that the selectivity of DMC is relatively low (around 4%) using four kinds of
catalyst. However, higher selectivity of PC (~33.9%) and lower by-products selectivity
(~13.2%) is obtained using bromine-containing catalysts, which means Bris more conducive
to cycloaddition reaction than CI'. Therefore, NaBr-ZnO is selected as the optimised catalyst
for the subsequent experiment. The effect of reaction time on DMC selectivity is investigated
as well, and the results indicate that 5 hours is a more suitable reaction time because the DMC

synthesis reaction has reached the equilibrium.
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CHAPTER 5

CATALYST MODIFICATION:

INFLUENCE OF ALKALI
METALS
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Chapter 5 Catalyst modification: Influence of alkali metals

5.1 Introduction

Dimethyl carbonate can be synthesised through the one-pot route from methanol, propylene
oxide and carbon dioxide using alkali halide-ZnO catalyst. The main challenges for
improving the selectivity of DMC are the hydrolysis of propylene oxide to form propylene
glycol and the low conversion rate of propylene carbonate to DMC via transesterification. The
former problem may be improved by adding a suitable dehydrating agent in the reaction
system (which is discussed in Chapters 6 and 7), and the latter problem needs to be solved by
the modification of the catalyst. The modification of catalyst can be realised by adding
appropriate amounts of bases (such as KOH, K>CO3 or Na;CO3) according to previous study
(Chang et al., 2004; Cui et al., 2008; Jiang and Yang, 2004) because the strong basic sites on
the catalyst surface can promote the conversion of PC to DMC through transesterification.
For example, 36.8% selectivity to DMC can be obtained using KI-ZnO catalyst with reaction
conditions of 16.5 MPa CO: and 160 °C; while employing K>CO; can increase DMC
selectivity to 43.3% (Chang et al, 2004). Therefore, a similar method for catalyst
modification by supporting appropriate alkali on the carrier is applied in this study to improve

the selectivity of DMC.

In this chapter, the heterogeneous catalysts (Alkali-NaBr-ZnO) with several alkalis including
sodium hydroxide (NaOH), potassium carbonate (K2CO3) and sodium carbonate (NaxCOs3)
have been developed and assessed for the synthesis of DMC. The effect of alkali loadings has
been extensively investigated. Characterisation techniques, such as TGA, SEM-EDX, XRD,
ICP-OES and AAS, have been employed to better understand the effect of alkali on the
stability and composition of the catalyst, and the relationship between the properties of the

catalysts and their impact on the selectivity of DMC.
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5.2 Experimental methods

5.2.1 Materials

Reagents sodium bromide (NaBr, >99%), propylene oxide (=99.5%), sodium carbonate
(BioXtra, >99.0%), potassium carbonate (>99%) and sodium hydroxide (ACS reagent,
>97.0%) were purchased from Sigma-Aldrich. CO; (purity over 99.99%, water content less
than 0.01%) was bought from BOC. Methanol (99.9% min) was purchased from Alfa-Aesar.
Zinc oxide was purchased from Fisher Scientific. 2-propanol (Sigma-Aldrich, >99.8%) was
used as an internal standard for GC-FID quantitative analysis. Dimethyl carbonate (DMC,
99%), propylene carbonate (PC for HPLC, 99.7%),1-methoxy-2-propanol (>99.5%) and
propylene glycol (PG, ACS reagent, >99.5%) were employed as reference materials for

calibration curves, supplied from Sigma Aldrich. Deionized water was used in all experiments.
5.2.2 Experimental methods

5.2.2.1 Effect of various alkali species

In this section, three kinds of inorganic alkalis (NaOH, Na,CO; and K,COs3) were
immobilised on the catalyst surface (NaBr-ZnO), and the activity of these catalysts was
evaluated. The species of alkali supported on the catalyst surface has a significant influence
on the transesterification. According to the Brensted-Lowry acid-base theory, a base is a
proton (hydrogen ion) acceptor. The base in a chemical reaction system is related to the
process of deprotonation, which is determined by the pK. value and solubility of the base in a
specific solvent (Yuan, 2014). Sodium hydroxide is a strong base, and both potassium
carbonate and sodium carbonate are alkaline salts due to the hydrolysis of carbonate ions
(COs%) to form hydroxyl ions (OH-). The solubility of three kinds of alkali in water and

methanol and the pK, value of these alkalis are presented in Table 5-1.

Table 5-1. Properties of three types of alkali and NaBr.

NaOH Na;CO; Kz:COs3 NaBr
Water @ 100.0 30.7 111.0 94.3
Methanol 23.8 0.6 3.1 16.7
pK. (strongest acidic) ® 15.7 6.05 6.05 -

(3%7¢2]

Condition: solubility (g/100 mL) measured at 25 °C and ambient pressure (“*” indicates the data

comes from HSDB; “*” indicates the data comes from ChemAxon).
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As discussed in Section 3.2.1, the reason for choosing alkali and NaBr as active agents
immobilised on ZnO is based on the published paper. 12 wt.% alkali content is the optimised
loading determined by the experimental data (Figure 5-2). The catalyst was prepared by the
addition of 12 wt.% alkali and 17.5 wt.% NaBr to ZnO via wet impregnation. 3 g of each
catalyst was prepared in this work; thus 0.36 g of alkali and 0.525 g NaBr was dissolved in 20
ml distilled water, then the solution and 2.115 g of ZnO were added into a 50 ml round-
bottomed flask equipped with a stirrer bar and a condenser. The mixture was refluxed at
60 °C for 24 h, followed by vacuum filtration. In this process, all the alkalis are completely
dissolved in water and fully contacted with the catalyst carrier. The filtered solids were dried
at 100 °C for 12 h and then calcined at 700 °C for 3 h. It can be seen from Table 5-1 that the
solubility of NaOH is much higher than that of two kinds of salts. The solubility of three
alkalis in the reaction solvent (methanol) may affect the activity of the catalyst by changing
the alkaline intensity of the reaction solution and the deprotonation ability of the alkali
immobilised on the carrier. The relationship between the species of alkali and the selectivity

of each product is investigated in this section.

5.2.2.2 Effect of alkali loadings

Based on the results obtained in section 5.2.2.1, KoCO3 was used in the further experiments to
investigate the effect of alkali loadings on the formation of dimethyl carbonate. The effect of
the relative quantity of K>COs in the catalyst on the yield of DMC through the one-pot
synthesis route has previously been discussed in the literature. For example, K,CO3-KCl-
Nd>O; catalysts with various K2COs loadings (ranging from 6.7 wt.% to 26.7 wt.%) were
tested, and the result indicated that optimal alkali loading is 17.6 wz.% with the highest DMC
yield of 53.5% (Jiang, Cheng and Gao, 2007). When the content of KoCOs is higher than 17.6
wt.%, the yield of DMC decreases with the increase of KoCOj3 loading amount in the catalyst.
The possible explanation for this result is that when the loading of alkaline substances was
higher than a specific value, the active sites on the catalyst were partly covered after

calcination, resulting in a decrease in the effective surface area of the catalyst.

As discussed in chapter 4, the amount of strong basic sites on the catalyst surface has a
noticeable effect on the transesterification reaction to convert propylene carbonate to dimethyl
carbonate and glycol. Wang (Wang et al., 2002) reported that both PC conversion and DMC
yield went up with the increasing amount of catalyst added in the reaction system and reached

a peak at 1.82 wt.%. The authors suggested that the reason for this result is that the active
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basic sites on the catalyst surface are mainly used to activate methanol and to form methoxy
groups (-CH30). When the number of active basic sites reaches a certain value, the reaction
rate remains stable because the increased number of base sites has little effect on the
activation of methanol. In this section, the catalysts (K,CO3-NaBr-ZnO) with different KoCO3
loadings were prepared and applied in the DMC synthesis reaction. The optimal K>CO;
loading was determined, and the effect of K2COs; on DMC selectivity via transesterification

was discussed.

5.2.3 Catalyst characterisation

The catalysts with different alkali species were characterised by X-ray diffraction (XRD). The
optimum catalyst with a more suitable alkali species and loadings of the alkali was further
analysed using inductively coupled plasma-optical emission spectrometry (ICP-OES), atomic
absorption spectroscopy (AAS), thermogravimetric analysis (TGA), scanning electron
microscopy-energy dispersive X-ray (SEM-EDX) spectroscopy. For example, ICP-OES was
employed to obtain information about the stability of the catalyst and the mechanism of DMC
synthesis reaction with the addition of alkali. The detailed discussion (principle and
applications) of the above characterisation techniques has been introduced in Chapter 3. The
analysis parameters of techniques used in the catalyst characterisation and the aims and the

objects of each analysis technique are summarised in Table 5-2.
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Table 5-2. The techniques used for catalyst characterization and the set-up parameters for each
technique.

Techniques Objects Parameters Aims
Uncalcined K,CO:s- ~6 mg of a sample; Interaction between the active
NaBr-ZnO catalyst increasing temperature  components (K2CO; and NaBr)
TGA and the mixture of  t0 950 °C at 10 °C min'!  and the carrier (ZnO), and the
K>COs, NaBrand  under a stream of N> (20 effects of the calcination step
ZnO ml min!) during catalyst preparation
(1) Catalysts with Bruker D2 Phaser
Composition of catalysts with
three different kinds powder XRD instrument
various kinds of alkali; The
of alkali; (2) KoCOs- with Cu K (30 kV,
XRD effect of KoCO; loadings on the
NaBr-ZnO catalyst 10 mA) radiation at a
average crystalline size of
with different KoCOs scanning rate of
catalyst particles.
loadings 0.05° min™!

JSM-6010LA JEOL

SEM instrument with an

Effect of calcination on the
K>COs3-NaBr-ZnO

SEM-EDX accelerating voltage of  distribution of elements on the
catalyst
20 keV and a working catalyst surface.
distance of 10 mm
The analysis is
supported by the Faculty = Role of K»COs3 in the reaction
K2CO3-NaBr-ZnO
AAS, of Science Mass system and the new reaction
catalyst (fresh and
ICP-OES Spectrometry Centre of mechanism of using K>CO:-
spent)
the University of NaBr-ZnO catalyst.
Sheffield
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5.3 Results and discussion

According to the experimental result discussed in Chapter 4 (Figure 4-1), the bromine-
containing catalyst (NaBr-ZnO) shows improved catalytic performance as determined by
higher propylene carbonate selectivity and lower PG and by-product selectivity. The main
function of the halide ions in the reaction system is to activate the carbon dioxide, and then to
promote the formation of propylene carbonate. In this section, NaBr-ZnO catalyst is

employed, and various amounts of K2CO; are added in the preparation of the catalyst.

5.3.1 Influence of three kinds of alkali

In this work, the effect of alkali species on the activity of the NaBr-ZnO based catalysts was
studied to improve the catalyst performance. The results are summarised in Figure 5-1, which
shows the alkali dependence of DMC synthesis. It is evident that the immobilisation of alkali
on NaBr-ZnO catalyst has a significant effect on improving the selectivity of DMC. For
example, when using NaBr-ZnO as the catalyst, the DMC selectivity is about 3.7%. In
contrast, a DMC selectivity of 15.9 % can be obtained when the catalyst is KoCO3-NaBr-ZnO.
Moreover, the selectivity of PC and DMC have a similar trend and the sequence of the
selectivity of these two products is KoCO3-NaBr-ZnO > Na;COs3-NaBr-ZnO > NaOH-NaBr-
Zn0.

DMC PC PG By-product ¢ PO

70 . . 100
98.4 o 98.9
60 95.2 -
85.9 .
50 o X
& 40 382 - 80 &
> R
Fun 33.8 31.9 5
= : 9
© 30 27'924.6 25.4 26.4 70 S
Q 22.6 o
(] 20.1
20 15.9 16.7 Q
’ 10.2 8.5 60
10 ’
3.7
0 50
NaBr-ZnO Na2CO3-NaBr-ZnO K2CO3-NaBr-ZnO NaOH-NaBr-ZnO

Figure 5-1. Effect of alkali on the conversion of PO and the selectivity of DMC, PC, PG and by-
products in DMC synthesis. Reaction condition: 160 °C, 5 h, CO, (2 MPa), catalyst (12 wzt.% alkali-
17.5 wt.% NaBr-ZnO, 0.3 g), PO (33.33 mmol), methanol (100 mmol).
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As discussed in section 5.2.2.1, the species of alkali can affect the activity of the catalyst by
altering the deprotonation ability of the base immobilised on the carrier. The major function
of alkali in the transesterification is to active methanol to form methoxyl groups, which attack
the carbon atom of C=O in propylene carbonate to form DMC and PG. Their solubility can
explain the result of the reactions using two catalysts containing various alkali carbonates
(same pK, value). Dissolution of catalytically active compound from catalyst surface into the
reactants affects the reaction (Ono and Hattori, 2016). For example, K>2COs-loaded Al.CO3
catalyst shows high activity to promote the transesterification of sunflower with methanol
(Xie, Yang and Chun, 2007). The reaction proceeds with the homogeneous -catalyst
(potassium methoxide) which is formed by the reaction of methanol and potassium ions.
When the same amount of alkali carbonates loaded on the carrier, the capability to activate
methanol goes up with the increase of alkali solubility. As shown in Table 5-1, the solubility
of K2COs3 (3.1 g/100ml) in methanol at room temperature is higher than that of Na,COs (0.6
g/100ml). Therefore, the sequence of the catalytic activity is K2CO3;-NaBr-ZnO > Na>CO:s-
NaBr-ZnO.

Compared with two kinds of alkali carbonates, NaOH shows the highest solubility
(23.8 g/100ml in methanol) and higher pKa value (~15.7). When NaOH containing catalyst
added in the reaction, a significant increase in the selectivity of the by-products (~38.2%) is
shown in Figure 5-1. According to the mechanism of by-product formation in Chapter 4, the
highly basic reaction condition is the main factor to promote the side reactions between PO
and methanol to generate 1-methoxy-2-propanol (Scheme 4-5, route (a)). Furthermore, the
hydrolysis of PO is promoted with the addition of NaOH, which leads to a slight increase in
the PG selectivity. In addition to overly basic reaction condition, the increased selectivity of

PG and by-products may be another reason that DMC formation is inhibited.
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5.3.2 Influence of K:COs loadings

When only NaBr-ZnO employed in the reaction (i.e. no additional base), high PC selectivity
(33.8%) was obtained, which means the catalyst is effective for the formation of PC form CO;
and PO via cycloaddition. It is desirable to increase DMC selectivity and PO conversion
while reducing by-product selectivity. The effect of Ko2CO; loadings on the performance of
the catalyst is studied via the one-pot synthesis of DMC. The results are shown in Figure 5-2.

PO conversion (%)
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Figure 5-2. Effect of alkali loadings on the conversion of PO and the selectivity of DMC, PC, PG and
by-products in DMC synthesis. Reaction condition: 160 °C, 5 h, CO, (2 MPa), catalyst (K>CO3-17.5
wt.% NaBr-ZnO, 0.3 g), PO (33.33 mmol), methanol (100 mmol).

It can be seen from the figure that both the PO conversion and DMC selectivity increases with
increasing K>COj loadings and reaches the maximum when the loading is 12 wz.% (95.2% PO
conversion and 15.9% DMC selectivity). The selectivity of PC decreases with the addition of
K2COs and remains stable in the range of 8 wt.% and 12 wt.% (around 24%). PG is produced
along with the formation of DMC through the transesterification. PG is formed by the
hydration of propylene oxide. Figure 5-2 shows that higher KoCO; loadings favour the
hydration of PO. Two phases of active compounds exist in the reaction system: supported on
the catalyst and dissolved in the reactant. ICP-OES analysis was employed to obtain the
information about the elemental composition of the catalyst before and after the reaction to
determine which phase of active compound promotes the DMC formation. Since PG is
generated from PO and H>O, the conversion of a large amount of PO to PG may be one of the

causes of low DMC selectivity, further resulting in a low yield of DMC.
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Appropriate alkaline strength is conducive to obtain higher selectivity of PC and DMC: if the
system is too basic then this leads to the formation of 1-methoxy-2-propanol, which limits the
formation of DMC. As can be seen from the results, when the KoCOs content is higher than
12 wt.%, the selectivity of DMC and PC and the conversion of PO are decreased. This result
can be explained by the fact that there is too much K>COs supported on the ZnO surface,
which may reduce the effective surface area of catalyst or block active catalyst pore (Xu ef al.,

2013).

5.3.3 Effect of alkali halide species

It is clear that optimising the amount of K.COs (12 wt.% gives the best results of the systems
studied herein) has a significant influence on improving the selectivity of DMC (from 3.7% to
15.9%) through transesterification. In order to obtain a better-performing catalyst, it is
necessary to determine if the selectivity of DMC can be improved by changing the metal
halide species immobilised on the ZnO because the alkali halide provides active sites for the
activation of carbon dioxide in cycloaddition. Therefore, four catalysts containing the same
K2CO3 amount (12 wt.%) and different metal halide species were prepared and applied in the

DMC synthesis reaction, and the results are shown in Figure 5-3.
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Figure 5-3. Effect of alkali halide species on the conversion of PO and the selectivity of DMC, PC,
PG and by-products in DMC synthesis. Reaction condition: 160 °C, 5 h, CO, (2 MPa), catalyst (12
wt.% K2COs3-17.5 wt.% alkali halide-ZnO, 0.3 g), PO (33.33 mmol), methanol (100 mmol).

Compared with the result of only alkali halide-ZnO involved reactions (Figure 4-2), Figure 5-

3 shows the similar trend of the selectivity of each product when the catalyst with the same

alkali metal added in the reaction. Specifically, a higher selectivity of PG and by-products is
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obtained when the catalyst containing Cl" ions is used; in contrast, a catalyst containing Br-
ions causes a higher PC selectivity, and at the same time, PO conversion is slightly increased

as well.

The highest DMC selectivity is obtained using K.CO3-NaCl-ZnO. However, the selectivity of
both PG and by-products is much higher than that of using KoCO3-NaBr-ZnO. According to
the mechanism of transesterification, higher PC content and lower PG concentration in the
reactant is conducive to the formation of DMC during the reaction process. Therefore,
K>COs-NaBr-ZnO is considered to be a relatively better-performing catalyst in the one-step
synthesis of DMC under mild condition because it provides the potential (higher PC
production and lower PG yield) for improving the DMC selectivity by modifying the reaction

conditions in subsequent studies.
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5.3.3 Catalyst characterisation

Two sets of samples were analysed in this section: (1) The modified catalyst (K>CO3-NaBr-
ZnO) with an appropriate amount of alkali (12 wz.% K>COs3) and alkali halide (17.5 wt.%
NaBr); (2) The catalysts with various alkali species. The purpose of analysing the first set of
samples is to obtain the following information, which includes the relationship between the
active ingredients and the support during catalyst preparation process, the influence of
calcination on the distribution of the active ingredients on the support, and changes in the
structure and composition of the catalyst before and after reaction. Analysis of the second set

of samples reveals the effects of different alkalis on the composition of catalyst.

5.3.3.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was applied to study the interaction between the active
ingredients - KoCO3 and NaBr and the carrier, and the reason for choosing 700 °C as the
calcination temperature during catalyst synthesis . In Jiang and Yang’s study (2004), KoCOs-
KCI-ALO; is used as the catalyst and the relationship between calcination temperature and
catalytic activity is discussed. Potassium oxide species are formed due to the decomposition
of K>COs dispersed on the carrier surface, the DMC yield is increased obviously with the
calcination temperature in the range of 200-700 °C and then decreases remarkably beyond
700 °C because of the sinter of catalyst at high temperature. Figure 5-4 shows the
thermogravimetric analysis of two samples, (a) non-calcined K>COs3-NaBr-ZnO and (b) a
mixture of K»COs, NaBr and ZnO. The original TGA data are plotted alongside the
differential thermograms (DTG).
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Figure 5-4. DTG and TG curves of (a) non-calcined K»CO3-NaBr-ZnO (b) mixture of K,COs, NaBr
and ZnO.

From the TG and DTG curves in Figure 5-4 (a), it can be seen that the uncalcined catalyst

shows weight loss in the temperature range of 720 °C - 830 °C and reaches the maximum
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weight loss rate at ~ 800 °C. During the preparation of the catalyst, active substances (K2CO;
and NaBr) dissolved in the solution were attached to the support surface in the form of a salt
and penetrated into the inner surface of the support. After the immersion was equilibrated, the
solid catalyst was filtered, and the post-treatments such as drying, calcination, and activation
were performed. Weight loss is related to the decomposition of the formed carbonate groups
below 800 °C (Fierro, Melian-Cabrera and Lopez Granados, 2002). The TG-DTG curve in
Figure 5-4 (b) shows that the weight of the mixture begins to decrease from ~ 750 °C, and the
mass-loss rate reaches a maximum at ~ 920 °C due to the decomposition of KoCOs3 (Sun et al.,
2014). Comparing Figures 5-4 (a) and (b), it can be concluded that a new compound was
formed during the preparation of the catalyst. Moreover, the calcination temperature of the
catalyst was selected to be 700 °C because the structure of the catalyst is unstable above

720 °C.

5.3.3.2 SEM and SEM-EDX

SEM analysis of the fresh and spend catalyst (12 wt.% K>CO3-17.5 wt.% NaBr-ZnO) are
shown in Figure 5-5. Granular morphology is observed in the catalyst both before and after

the reaction, signifying its stability.

-
SElI 20kV WD10mmSS50 x10,000  1pm

SEl 20kV__WD11mmSS50 x10,000 1pm

Figure 5-5. Surface morphology of the catalyst and mixtures of catalyst and Zn powder. (a) Fresh
catalyst, (b) Spent catalyst.
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Figure 5-6. The distribution of zinc (red), oxygen (green) and sodium (blue) on catalyst surface
before and after calcination by EDX mapping: (a) catalyst before calcination; and (b) catalyst calcined
at 700 °C.

Table 5-3. Elemental composition of the catalyst by EDX mapping analysis.

Catalyst
Mass (%) atays
Before calcination After calcination
Na 8.78 10.89
Zn 60.22 55.57
0) 31.01 33.54

Experimental error is within £3 %.

The effect of calcination on the distribution of elements on the catalyst surface and the
elemental composition of catalyst is studied using SEM-EDX mapping analysis (Fig. 5-6 and
Table 5-3). As shown in Figure 5-6, the active substance is uniformly dispersed on the surface
of the carrier after calcination, which is conducive to increase the activity of the catalyst.
More specifically, the formation of alkali metal oxide species after calcination enhance the
alkalinity of catalyst surface, and strong basic sites promote the transesterfication reaction in
improving DMC yield (Jiang and Yang, 2004). Moreover, it can be seen from Table 5-3 that
the effect of calcination on the catalyst components is not apparent, and a slight increase in
the mass content of oxygen ion may be due to the reaction of carbon dioxide in the air with
the basic active site on the catalyst during the catalyst preparation process. More specific

information about the catalyst components is discussed in the Section 5.3.3.3.
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5.3.3.3 XRD

In this section, two sets of samples were tested: (1) catalysts loaded with different alkalis
(K2COs3, Na;CO; and NaOH), and (2) catalysts (K2COs-NaBr-ZnQO) before and after the
reaction. It can be seen from Figure 5-7 that the characteristic peaks of ZnO (PDF-ICDD 01-
081-8838) appear in the diffractograms of the three catalysts. The characteristic peaks of
Na;COs3 (PDF-ICDD 04-013-9890) are also present in the diffractogram of the catalysts
containing K»CO3 and NaOH. TG-DTG analysis (Section 5.3.3.1) suggests that NaxCO3 may
result from the oxidation of the compound (formed in catalyst preparation) during calcination.
In contrast, NaxCOs is not detected in the catalyst containing sodium carbonate via XRD
analysis. The possible reason is that the -COs* is hydrolysed to form -HCOs, which is
completely decomposed at about 440 °C. As a result, only a small amount of Na;CO; or the

Na,COs with small crystal size are formed on the catalyst surface after calcination.
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Figure 5-7. The XRD patterns of catalysts with various alkali: (a) 12 wt.% K>CO3-NaBr-ZnO; (b) 12
wt.% Na;CO3-NaBr-ZnO; (¢) 12 wt.% NaOH-NaBr-ZnO.

The diffraction patterns of fresh and used catalysts are shown in Figure 5-8. ZnO (PDF-ICDD
01-081-8838) and Na,CO; (PDF-ICDD 04-013-9890) are clearly present in the fresh catalyst
(K2CO3-NaBr-ZnO). The diffractogram of the used catalyst (Figure 5-8 (b)) shows the
characteristic peaks of ZnCOs; (PDF-ICDD 04-015-6717), which indicates that the stable
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carbonyl double bond is broken due to the reaction of CO, with the active basic sites of the
catalyst. The full width at half maximum (FWHM) of the peak obtained from the XRD
pattern is used to calculate the crystallite size of the particles by using the Scherrer equation

(Patterson, 1939).

q —— Catalyst
—— Catalyst (after reaction)

*ZnO ¢ Na,CO3 V ZnCO,4

Intensity (a.u.)

10 20 30 40 50 60 70 80
260 (degree)

Figure 5-8. The XRD patterns of fresh and spent catalysts: (a) fresh KoCO3-NaBr-ZnO; (b) KoCOs-
NaBr-ZnO after the reaction.

Table 5-4. Average crystalline size of particles before and after the reaction. '-' indicates that a
crystalline phase is not observed in the diffractogram. "*' indicates that the corresponding peak is

present but is beneath the size limit to accurately determine the crystallite size.

Average crystalline size (nm)

ZnO Na,COs3 ZnCOs
Catalyst 46+ 6 * -
Catalyst (after reaction) 43+5 - *

The crystallite size of ZnO remained unchanged before and after the reaction (Table 5-4).
This result is consistent with the result of the SEM photograph (Figure 5-5) that the structure

of the support (ZnO) remains stable after the reaction.
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5.3.3.4 AAS and ICP-OES

Since all of the active constituents (NaxCO3, KoCO; and NaBr) supported on the surface of
catalyst, have significant solubility in methanol (0.6 g/100mL, 3.1 g/100 mL and
16.7 g/100 mL, respectively; Table 5-1), in order to have a better understanding of whether
the catalytic activity mainly decided by these supported active ingredients or by the dissolved
active ingredients, ICP-OES and AAS analysis of both solid and liquid samples was carried
out. The quantity of Zn, Na and K in solid catalyst and liquid product before and after the
reaction was determined and therefore to identify any leaching of potentially catalytic
material and hence potential homogenous catalytic contribution to the reaction. The results of
ICP and AAS analysis of catalysts and liquid product solution are shown in Tables 5-5 (a) and
(b), respectively. Both of these indicate that there is little change in the total Zn?" content in
the K»COs3-NaBr-ZnO after the reaction, which indicates that the structure of ZnO remains
stable under reaction condition (160 °C and 4.5 MPa). The result is consistent with the results

of SEM and XRD analysis (Figure 5-5 and Table 5-4, respectively).

Table 5-5 (a). Composition of fresh and used catalysts, (12 wt.% K>CO3-17.5 wt.% NaBr-ZnO) as
determined by AAS and ICP-OES.

AAS analysis (mg/gsample) ICP-OES analysis (mg/gsampic)

Ent S 1
niry ample Total Zn%" 7ZnO mass Total Zn** K mass Namass
1 Fresh catalyst 786.5 984.7 731.0 4.390 2.900
2 Post-reaction catalyst 793.0 992.8 741.0 0.008 0.052

Table 5-5 (b). ICP-OES analysis of Zn, K and Na in the liquid products after the reaction. Catalyst
refers to 12 wt.% K2COs-17.5 wt.% NaBr-ZnO.

Total Zn (mg/L) K mass (mg/L) Na mass (mg/L)

Catalyst 11.9 238.0 152.0

ICP-OES data indicate that K-CO3-NaBr-ZnO exhibits a loss of 99.8 wt.% K" post-reaction,
while Na* diminishes by 98.2 wt.% (Table 5-5 (a)). Alkali metal ions, K and Na*, however,
leach into the solution and potentially react with the feedstock (Table 5-5 (b). This result can
be explained by the hard and soft acids and bases (HSAB) theory, first proposed by Pearson,
Lewis acids can be classified according to the stability of the metal complexes into (i) hard
Lewis acids (Na* and K*); (ii) borderline Lewis acids (Zn>"); and (iii) soft Lewis acids (Parr
and Pearson, 1983). Generally, hard acids preferentially bind to hard bases to give ionic

complexes, whereas soft acids bind to soft bases to yield covalent complexes. The oxygen
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atom of the hydroxyl group in methanol displays the properties of a hard Lewis base
(Laurence and Gal, 2009). The active compounds were loaded on ZnO by weak van der walls
force, during the reaction process, the oxygen of OH group attacked Na“ and K* and ionic
complexes were formed. This process results in most of the sodium and potassium ions

supported on the support were leached into the reaction solution.

As discussed in the previous session, the significant role of K.COs is to active methanol to
form methoxide ion in the transesterification, which attacks the carbon atom of the carbonyl
group in propylene carbonate (Scheme 4-3), then the DMC and PG are formed by the
transformation of the H" ions (Murugan and Bajaj, 2010). According to the ICP-OES data,
homogeneous catalyst formed by the dissolution of supported active compounds plays the

main catalytic role in the DMC synthesis reaction.
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5.4 Conclusions

The effect of the kind of alkali (NaOH, K>COs and Na>COs3) supported on the carrier on the
modification of bromine-containing catalyst (NaBr-ZnO) is investigated in this chapter. The
activity of these catalysts is examined via the one-pot synthesis of DMC reaction. As a result,
the immobilisation of the alkali on NaBr-ZnO catalyst has a significant effect on improving
the selectivity of DMC and the sequence of catalytic activity is KoCO3-NaBr-ZnO > Na,COs-
NaBr-ZnO > NaOH-NaBr-ZnO. Compard with other alkali-support catalysts (such as 16.8%
DMC selectivity for KOH-4A under 3.0 MPa (Li, Zhao and Wang, 2005) and 20.1 % DMC
selectivity for NaxCO3-KCI-Al2O3; under 2.5 MPa(Jiang and Yang, 2004), see Table 2-4), a
DMC selectivity of 15.9% can be obtained when K>CO3-NaBr-ZnO is used as the catalyst
under 2.0 MPa in this study. The conversion of PC to DMC in transesterification is promoted
due to the rises of the number of active strong basic sites on the catalyst surface. The catalyst
with a 12 wt.% K2COs loading shows better catalytic activity because both higher DMC
selectivity (15.9%) and lower by-products selectivity (16.7%) is obtained when the catalyst
involved in the reaction. The structure of the carrier remains stable after the reaction.
However, the active substances supported on the catalyst surface is leached into the reactants
during the reaction process. The dissolved active compounds show the main catalytic ability

to promote the formation of DMC.
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CHAPTER 6
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Chapter 6 Influence of dehydrating agents on DMC

selectivity

6.1 Introduction

Selectivity to DMC via the one-pot synthesis route using KoCO3-NaBr-ZnO as the catalyst is
relatively low (around 15.9%) under 2 MPa pressure condition due to thermodynamic
limitations of the reaction. Previous studies have shown a very promising way to shift the
equilibrium to dimethyl carbonate by adding dehydrating agents (Eta et al., 2010; Choi et al.,
2002). In order to both shift the equilibrium to the DMC side and to reduce PO hydrolysis, in
this chapter, both a physical drying agent (3A molecular sieve) and a chemical dehydrating
agent (acetonitrile) are applied in DMC synthesis. The role of two types of agents in
inhibiting PO hydrolysis and improving DMC selectivity are discussed, and the dehydration

efficiency of these agents are evaluated.

6.1.1 3A molecular sieve as a physical water trap

It has been reported that applying inorganic dehydrating agents (CaClz, MgSO4 and molecular
sieves, efc.) in the direct synthesis of DMC from methanol and CO: could increase DMC
selectivity alongside achieving high methanol conversion (Choi et al., 2002). 3A molecular
sieve is one of the most commonly used solid drying agents owing to its properties like easy
recyclability. Moreover, 3A molecular sieve is chemically inert, therefore, it does not generate
co-products and can also absorb water under room temperature with high adsorption

capability (adsorbed water ~ 20 % w/w).

3A molecular sieve is a microporous aluminosilicate mineral and its typical formula is
0.6K20: 0.40NaO : ALOs3 : (2.0 = 0.1)SiO: : xH20. This material can only adsorb the
molecules whose diameter is smaller than 3A such as water (2.6 A) and ammonia (2.9 A). A
typical application of 3A molecular sieves is that it is used in drying polar liquids (e.g.
methanol/water or ethanol/water mixture) to the desired purity level. The physical properties

of 3A molecular sieves are summarised in Table 6-1.
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Table 6-1. Typical properties of 3A molecular sieves

Pore diameter Bulk density
(Angstrom) (kg/m?)
3A molecular 700 - 750 kg/m> 8-11 24 hrs.,80% relative

3
sieves (H20) humidity): > 15%

pH value = Water absorption capacity

6.1.2 Acetonitrile as a dehydrating agent

In response to the reaction conditions: 5.0 Mpa and 160 °C, it is difficult to dehydrate the
reaction mixture with inorganic drying agents due to their low capability of dehydration
(Honda et al., 2009). Instead, in-situ dehydration with organic dehydrating agents such as
acetonitrile results in higher efficiency and DMC selectivity. The dehydration product of

acetonitrile is acetamide, which can react with methanol to form methyl acetate and ammonia.

The application of chemical dehydrating agents may however lead to low DMC yield due to
the non-recyclability of the agents. Additionally, as a typical dehydrated derivative of
methanol, it is possible that dimethyl ether (DME) limits the selectivity to DMC.

6.2 Experimental methods

6.2.1 Materials

In this chapter, the catalyst (12 wt.%K>CO3-17.5 wt.%NaBr-ZnO) is prepared via a wet
impregnation method described in section 3.1.2. The present section introduces two
dehydrating agents: 3A molecular sieves (rods, 1.6mm, Figure 6-1) and acetonitrile (ACS
reagent, > 99.5%). Both were purchased from Sigma-Aldrich.

Figure 6-1. Photograph of fresh 3 A molecular sieves used in this work.
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As a chemical dehydrating agent, acetonitrile can be used directly in the one-pot synthesis of
DMC. It should be noted that 3A molecular sieves require thermal activation by Temperature
swing adsorption (TSA) before application. The instability of potassium results on a
maximum regeneration temperature of 240 °C, as its crystal structure may collapse at high
temperature (Gabru$ et al., 2015). In this work, 3A molecular sieves are activated in an Elite
Tube Furnace and the temperature setup is controlled by the Setpoint programming controller.
There are two ramps and one dwell in this programme. Segment 1 ramps slowly to 200 °C at
a rate of 10 °C per minute. Segment 2 dwells at 200 °C for 180 minutes. Segment 3 cools to
30 °C at a rate of 30 °C per min. The temperature profile for this programme is shown in

Figure 6-2.
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Figure 6-2. The temperature profile for 3A molecular sieves thermal activation.

During the activation process, the tube furnace is purged with a carrier gas to make sure all
the adsorbate is removed from the molecular sieves. Air is used as the carrier gas with a flow
rate of 20 ml-min"'. After activation, the sample was cooled to room temperature in the tube

furnace while flushing with air at the same flow rate.
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6.2.2 Methods

All of the reactions were carried out in a stainless-steel batch reactor (45 ml) equipped with an
external centigrade thermometer and a heating jacket (Section 3.1.3). The research
methodology of this chapter is summarized in Figure 6-3. In this section, turnover frequency
(TOF) is defined as the mass of synthesized dimethyl carbonate (DMC) per gram catalyst per
hour, and it is used to evaluate the catalytic efficiency of reaction system with the addition of

dehydrating agents. Its calculation formula is shown as follows:

m npoX Yield XM
TOF — DMC — PO DMC DMC (6_])
Wear Xt WeaeXt

where npo, Mpuc, t, and Wea. represent the molar amount (mmol) of PO, formula weight (g

mol!) of DMC, reaction time (h), and the mass of overall catalyst (mg), respectively.

The effect of Dehydration
dehydrating efficiency of two
agents amount on agents in
DMC selectivity cycloaddition
The optimi A . isati
e lC']? lﬁlrse'd 3 Reaotion time (FOF Charactensatlm‘l of
molecular sieve ¢ . 3A molecular sieve
hionnt of reaction system) e
The izpti,ltillﬁed PO amount (the Effect of hydrolysate
a°: n‘l’:&m € dehydration rate) on DMC selectivity

Figure 6-3. The structure (research aims and methods) of Chapter 6.

Firstly, the influence of the quantity of both 3A molecular sieves and acetonitrile on the DMC
yield is studied and a suitable quantity of each dehydrating agent is determined based on
experimental results. The purpose of adding dehydrating agents in the reaction is to inhibit the
hydrolysis of PO and to reduce the production of by-products formed from the reaction of
methanol and PO. With a view to the reaction equilibrium, two influence factors may affect
the yield of PC via cycloaddition reaction: 1) reaction time; and 2) the initial quantity of
reactants (methanol and PO). These two factors are investigated in this chapter. Finally, the
influence of two dehydrating agents on DMC synthesis are compared, and the advantages and

disadvantages of the two dehydrating agents are discussed.
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6.2.2.1 Influence of the quantity of 3A molecular sieves on DMC yield

3A molecular sieve most likely acts as a solid-state acid-base buffer in the reaction, the
amount of 3A molecular sieves added is likely to affect the selectivity of DMC through
changing the alkalinity of the reaction solution. The acid-base properties of molecular sieves
are altered via ion exchange (Fontes ef al., 2001). For example, 3A molecular sieves show
alkaline behaviour in aqueous solution due to the presence of ions (such as Na" and K%)
(Norton, 1964). In the reaction system studied herein, water is more easily to form strong
bonds with the ionic Na* or K* instead of the neutral Si-OH by H* exchange. For this reason,
if more basic reaction media is needed at the same hydration, more 3A molecular sieves
should be added during the reaction. The alkaline strength of the catalytic system affects the
transesterification rate in DMC synthesis reaction. Therefore, it is necessary to adjust the
basicity of reaction media by altering the amount of molecular sieve added, for the purpose of

achieving higher DMC selectivity.

In this work, five sets of experiment with different 3A molecular sieve amounts (0 g, 0.1 g,
0.2 g, 0.4 g and 0.7 g) were conducted in the small batch reactor (45 ml) at 160 °C and 2 MPa
for 5 h. Typically, 100 mmol methanol and 33.3 mmol propylene oxide along with 0.3 g of
the heterogeneous catalyst were added in the reactor vessel. This was followed by the
injection of CO; to the desired pressure (2 MPa at room temperature). The reaction time is
recorded from when the temperature reaches 160 ° C. From that point the reactor is
continuously stirred during the reaction. After reaction, the reactor was placed in the ice-water
mixture and cooled to 30 °C, followed by the depressurization of reactor, the separation of

liquid product and the solid mixture of catalyst and 3A molecular sieve.

6.2.2.2 Influence of the quantity of acetonitrile on DMC yield

It has been previously reported that using an organic dehydrating agent (acetonitrile) in the
direct synthesis of DMC from methanol and CO; can effectively shift the equilibrium to DMC
formation direction (Honda et al., 2009). Acetamide (CH3(CO)NH>) is formed by the reaction
of acetonitrile and water in the presence of a basic catalyst. The formed acetamide can react
with methanol to generate methyl acetate (CH;COOCH3) and ammonia (NH3). Then, methyl
carbamate (CH30O(CO)NHz) would be produced by the reaction of by-product NH; and DMC.
The amount of acetonitrile added in the reaction may affect the DMC selectivity through the
following routes (Figure 6-4):
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Insufficient amount of acetonitrile
leads to the surpressed DMC yield
because of the presence of water in
the reaction system.

Excessive amount of acetnitrile
inhibits DMC yield in two ways:

a. the reaction between NH; and
DMC; b. the formation of
dimethyl ether ((CH;),0) by the
dehydration of methanol.

Figure 6-4. The effect of the quantity of acetonitrile added in the one-pot synthesis of DMC.
In this work, five sets of experiments were carried out in the small batch reactor (45 ml) under

identical reaction conditions with various amount of acetonitrile. The quantity of acetonitrile

added in terms of its molar ratio to PO is shown in Table 6-2.

Table 6-2. The amount of acetonitrile added in the reaction system (PO molar amount: 33.33 mmol).

PO/Acetonitrile molar ratio
0 6/1 3/1 3/2 1/1

Acetonitrile volume (ml) 0 0.285 0.57 1.14 1.72

The experimental set-up, reaction conditions and operations are identical to those employing
3A molecular sieve (section 6.2.2.1). Other than the addition of acetonitrile in place of 3A

molecular sieve.

6.2.2.3 Dehydration efficiency of dehydrating agents in the cycloaddition reaction

In this research, the hydrolysis of propylene oxide is the main source of propylene glycol
formation which limits the reaction to DMC synthesis direction. In this section, the
dehydration efficiency of two dehydrating agents (3A molecular sieve and acetonitrile) are

described with respect to: (1) reaction time; (2) quantity of PO.
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(1) Reaction time
In order to analyze the cycloaddition reaction of propylene oxide to propylene carbonate

either with or without dehydrating agents, the following experiments were carried out:

Table 6-3. The experiments design for studying the effect of reaction time on PC selectivity in

cycloaddition.
Reactants Reaction conditions Reaction time
Entry 1 PO (60 mmol)
2MPaCO,03¢g
Entry 2 PO (60 mmol) + Acetonitrile (60 mmol) 3h, 4h, 5h

. catalyst, 160 °C
Entry 3 PO (60 mmol) + 3A molecular sieve (0.7 g)

Both two dehydrating agents are added in excess to ensure that the reaction time is the sole
variable that affects the yield of PC and PG. All of the reactions are carried out in the small
batch reactor (45 ml) with stirring bars and heating jacket. Their procedures are the same as
the former operations explained in section 6.2.2.1. Turnover frequency (TOF) is used to
evaluate the reactivity of catalyst with the addition of dehydrating agents. In this section, the
TOF is defined as the mass of synthesized propylene carbonate (PC) per gram catalyst per

hour, and its calculation formula is shown as follows:

m npoX YieldpexM
TOF = PC __ Mpo pcXMpc

Wear Xt WearXt

(6-2)

where npo, Mpc, t, and Wea. represent the molar amount (mmol) of PO, formula weight (g

mol ') of PC, reaction time (h), and the mass of overall catalyst (mg), respectively.

(2) Quantity of PO

The addition of dehydrating agents in the reaction is for two purposes: to suppress the
hydrolysis of PO and thereby increase the yield of DMC, and to reduce the production of by-
products formed from the reaction of methanol and PO. With a view to the reaction
equilibrium, changing the initial quantity of reactants (methanol and PO) may affect the
selectivity of DMC. Therefore, this section discusses the effect of reducing the quantity of PO
on the DMC and by-product selectivity. The amount of PO added is shown in Table 6-4.
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Table 6-4. The amounts of propylene oxide added in the reaction system (methanol molar amount:

100 mmol).

Methanol / Propylene oxide molar ratio
0 10/1 8/1 5/1 3/1

PO volume (ml) 0 0.7 0.847 1.398 2.330

Reaction conditions: Methanol (100 mmol), Catalyst (0.3 g), CO> (2 MPa), 160 °C, 5h, Acetonitrile
(0.57 ml) or 3A molecular sieve (0.1 g).

In this section, all of the reactions were carried out in the small reactor (45 ml) with the
addition of one kind of dehydrating agent and differing amounts of propylene oxide. The
reaction procedure is the same as the former operations described in Section 6.2.2.1. Turnover
frequency (TOF) is used to evaluate the catalytic efficiency of reaction system with various

amount of reactant (propylene oxide), and the calculation method is discussed in section 6.2.2.

6.2.2.4 Analysis of liquid phase products

In this chapter, all the liquid products are analysed by using a Shimadzu gas chromatograph
with a mass spectrometer and a HP-INNOWax capillary column. The detailed setup
parameters of GC-MS and the temperature program for analysis has been thoroughly

discussed in Section 3.2.1.

6.2.2.5 Characterisation of solid phase catalyst and 3A molecular sieves

The catalysts used in the synthesis of DMC with the addition of dehydrating agents were
characterised by means of SEM, SEM-EDX and XRD. Table 6-5 summarises the solid

samples characterised in this chapter and the corresponding analytical methods.
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Table 6-5. Techniques employed for the characterisation of solid samples.

Techniques Solid samples Amis
Testing if the hydrolysates affects
o Fresh catalyst and used »
Acetonitrile XRD the elemental composition of
catalyst
catalyst
Fresh samples (BA 1) the changes of the
SEM molecular sieves, catalyst, morphological structure of
3A mixture of 3A molecular catalyst and 3A molecular sieve
SEM-EDX . .
molecular sieve and catalyst) before and after reaction. (SEM)
sieve Used samples (mixture of 2) the elemental composition of
XRD 3A  molecular sieve and samples before and after reaction.

catalyst)

(SEM-EDX and XRD)

In accordance with section 3.2.3, SEM analysis can provide the detailed information about the
morphology of catalyst. In this chapter, SEM was applied to find any morphological changes
in catalyst and 3A molecular sieves before and after reaction, respectively. The
characterisation results may relate to the reactivity and stability of the catalyst. The role of
3A molecular sieves in the reaction system is discussed by analysing its elemental
composition before and after reaction. 3A molecular sieves have great potential benefits in
optimising the acid-base conditions of the reaction system via the ion exchange of H" (Section
6.2.2.1). For example, if the analysis results show that the proportion of alkaline cations (like
Na* and K") in the 3A molecular sieves are reduced after the reaction, then, these ions enter
the reaction solution through the ion exchange during the reaction. As a result, the selectivity
of DMC may be affected by the adjustment of the acid-base properties of catalytic system.
Accordingly, the 3A molecular sieve would not only act as a dehydrating agent but also as an

acid-base buffer in the reaction system.
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6.3 Results and discussion

6.3.1 Influence of 3A molecular sieve quantity

6.3.1.1 Experimental results

The results of the effect of the amount of 3A molecular sieves on DMC yield are shown in

Figure 6-5.
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Figure 6-5. Effect of the amount of 3A molecular sieves on the yield of each product. Reaction
conditions: methanol (100 mmol), propylene oxide (33.3 mmol), catalyst (0.3 g), CO2 (2 MPa), 160 °C,
5h.

DMC yield (blue bar) decreases, as the quantity of 3A molecular sieves added increases. The
yield of PG (gray bar) is significantly reduced in all cases when 3A molecular sieve is present
as compared to the reaction without the dehydrating agent. The obvious decline in PG
production may result from the following: (1) The hydrolysis of PO is limited by the removal
of H2O; (2) The formation of PC from PG and CO; (scheme 6-1). In previous research, a low
yield of PC was obtained with the addition of a dehydrating agent and using CeO»-ZrO; as the
catalyst. In this case, the conversion of PG was very low (around 2%) due to the equilibrium
limitations (Tomishige et al., 2004). When the amount of 3A is 0.1 g, the DMC yield is
greater than that of PG, and the highest PC yield is obtained. This may be because the
addition of a dehydrating agent promotes both the direct synthesis of the DMC and the
formation of PC from PG (Scheme 6-1). Therefore, DMC formation under this condition is, in
part, due to the reaction of PC with methanol. This is also derived from methanol reacting

directly with CO2. When the amount of 3A molecular sieves is higher than 0.1 g, the yield of
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by-products increased with increasing 3A, while the accompanying PC production gradually
decreases. This could explain the reasons for the falling DMC yield, as more PO reacts with
methanol and converts to the by-products under the reaction conditions. Higher by-products
yield inhibits the direct conversion of methanol into DMC as well as limits the reaction of PO

with CO2 to produce PC and further to generate DMC.

Catalyst
Dehydrating agent

HO OH l e
0=C=0 + CHCH, O O + H,O
H,C b

Propylene glycol Propylene carbonate

Scheme 6-1. The formation of propylene carbonate from propylene glycol and CO» (Tomishige et al.,
2004).

With the addition of 3A molecular sieves, the production of DMC is processed in two ways:
(1) One-pot synthesis of DMC. The reaction of PO and CO: to produce PC, and the
subsequent reaction of PC with methanol to form DMC and PG; (2) Direct synthesis of DMC.
In the present of the dehydrating agent, methanol directly reacts with CO; to produce DMC
and water. In light of previous studies, the addition of appropriate amount of water may
promote the cycloaddition of propylene oxide and CO;, because the presence of water may
lead to a rise in silanol groups (-SiOH) on the catalyst surface (Lan et al., 2014). In this work,
the addition of water in suitable amount promotes the catalytic activity via the formation of
Zn-OH group. According to the mechanism of cycloaddition, the formation of Zn-OH group
is conducive to catalyse the ring-opening of propylene oxide by nucleophilic attack (Scheme
4-1). Excessive amount of 3A molecular sieves (greater than 0.1 g) inhibits the cycloaddition
reaction to form PC due to the decrease of active Zn-OH group on catalyst surface (PC

production decreases from 0.1 g 3A molecular sieves in Figure 6-5).

6.3.1.2 Influence of 3A molecular sieve on transesterification reaction

Previous research (Fontes et al., 2001) has discussed the dynamic acid-base effects of zeolites
on the transesterification rate of enzyme with cross-linked subtilisin microcrystals catalyst in
supercritical CO;. There are two important conclusions from this work which elaborate the
effect of adding 3A molecular sieves on the production of DMC: (1) Effect of acid-base
properties of zeolite on the transesterification rate (Figure 6-6); (2) Effect of the amount of

zeolite on the transesterification rate (Figure 6-7).
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Figure 6-6. Influence of acid-base properties of zeolite on the initial transesterification rate for CLECs
in sc fluids (Fontes et al., 2001). The left and right dashed lines show reaction rate values without
zeolite, at a,, = 0.75 and a,, = 0.25, respectively. pH-pNa represents the activity ratio of the two ions
(H* and Na®) which used to indicate the protonation state of acidic side chains via the exchange of Na*
for H*.

In Figure 6-6, a, is a key parameter that describes the thermodynamic water activity, and
higher a, value always lead to the increasing catalytic activity because the flexibility of
enzyme has been improved (Bell et al., 1995). At a,~0.25, the hydrolytic side reaction could
hardly be noticed and no acid product (Ac-Phe) is formed. In the Figure 6-6, it is apparent in
the fact that the reaction rate reached the maximum (around 50%) in the presence of zeolite
9.5. The initial rate is decreasing because the reaction condition is too acidic or basic. By
contrast, at a,=0.75, Ac-Phe is formed and the basic sites on the zeolite need to neutralize
these acidic by-products. Therefore, zeolite 13 provides the optimal reaction condition for
a,=0.75, but it is too basic for the highest activity at a,~0.25 (reaction rate decrease to around

25%).
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Figure 6-7. Influence of amount of zeolite on the initial transesterification rate for CLECs in sc fluids
(Fontes et al., 2001). The zeolite 9.5 is used in the experiments.

Figure 6-7 shows that the amount of zeolite affects the activity of catalyst and the trends of
two sets of experiments carried out at lower and higher a, are quite different. In the reaction
system, H>O is more likely to bind to the ionic alkaline (Na* and K") sites than to bind to the
neutral sites (like Si-OH) by the ion exchange of H". That is to say, zeolite with a given pH-
pNa value will be less basic because the alkaline sites will become more stable with a higher
hydration (aw value). At a,=0.25, there is no need to neutralise the effects of the acidic Ac-
Phe. Higher zeolites amount (more than 50 mg) may inhibit the activity of catalyst in a too
basic reaction condition. At higher aw, more zeolite is required, either for the neutralization of

acidic by-product, or to provide enough basic sites for the optimization of reaction conditions.

To summarise the effect of 3A molecular sieves on transesterification, it is in effect that 3A
molecular sieves may turn into an acid-base buffer in the reaction system. The trend of DMC
production curve in Figure 6-5 is similar to that of the transesterification rate curve with a,, =
0.25 in Figure 6-6 and 6-7. Therefore, the experimental results can be explained using the
acid-base effects of zeolite on transformation reaction. In this study, the pH value of reaction
product is around 9 when 0.1 g 3A molecular sieves added (Appendix B-1). As shown in
Figure 6-6, the highest transesterification rate (a,=0.25) is achieved with a given pH-pNa
value of 9.5, which is similar to this reaction condition. Additionally, only a small amount of

water is generated during the reaction, and there are no acidic by-products formed by
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hydrolysis. Adding excessive amounts of molecular sieves (> 0.1 g) causes the reaction
conditions to be too basic to promote the transesterification reaction and promotes the side

reactions between PO and methanol to generate 1-methoxy-2-propanol (Scheme 6-2, route

(2)).

Base-catalyzed reaction

0 oF OH

\,

/N i 7N | H
HSC_(H:_CH + OCH3 — H3C_ﬁ_(|;H2 — ch—ﬁ—C —OCH3 (3.)
&

OCH;

Acid-catalyzed reaction

O H'Om

7\ / H H "
Hac-ﬁ—CH + HOCH; —> H3C7S—CH2—I—H3C—C—C -OH+H" (b)
o
H OCH; OCH,

Scheme 6-2. The reaction of propylene oxide and methanol with acidic or basic catalyst (Liang et al.,
2010). The product of base-catalysed reaction is 1-methoxy-2-propanol (Route (a)) and the product of
acid-catalysed reaction is 2-methoxy-1-propanol (Route (b)).
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6.3.1.3 Catalyst characterisation

In this work, fresh and spent mixture of catalyst and 3A molecular sieves have been assessed
and characterized via XRD, SEM-EDX and SEM techniques. The experimental parameters
for characterisation methods are discussed in Chapter 3.3. Figure 6-8 shows the surface
morphology of the solid catalyst before and after reaction. The shapes of the granular catalyst
and cubic 3A molecular sieves remain constant before and after the reaction (Figures 6-8 (a)
and 6-8(b), respectively). The images indicate that the physical structure of both 3A
molecular sieves and catalyst does not change after reaction under 160 °C reaction

temperature and 4.5MPa reaction pressure.

S WD11mmSS50

SElI 15kV. WD11mmSS60 x3,000

Figure 6-8. SEM images of the mixtures of catalyst and 3A molecular sieves: (a) fresh K,CO3-NaBr-
ZnO and 3A molecular sieves mixture (b) spent K2CO3-NaBr-ZnO and 3A molecular sieves mixture
(c) higher magnification (6000x) image of fresh 3A molecular sieves.

The XRD patterns of the solid catalyst before and after reaction are presented in Figure 6-9.
The typical peaks of ZnO (PDF-ICDD 01-081-8838), SiO. (PDF-ICDDO01-073-3411) and
Alx(Si04)O (PDF-ICDDO01-089-1483) are apparent in the solid catalysts before and after
reaction conditions. The result of XRD is consistent with SEM analysis results, which
indicates that the structure of catalyst and 3A molecular sieves remain stable under high

pressure and temperature condition. The typical peaks of Na,O and K»O are not present in
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Figure 6-9, probably because the content of these two substances in the mixture is too low to
be detected. Therefore, more detailed information about the composition of catalyst mixture

before and after reaction is acquired by SEM-EDX (Table 6-6).

—— 3A and catalyst
—— 3A and catalyst (after reaction)

y 4200 8i0, *Al,(SI0,)0

Intensity (a.u.)

26 (degree)

Figure 6-9. The XRD patterns of fresh and spent catalysts: fresh K2CO3-NaBr-ZnO and 3A molecular
sieves mixture and KoCO3-NaBr-ZnO and 3A molecular sieves mixture after reaction.

Table 6-6. Composition of the fresh and spent mixture of catalyst and 3A molecular sieves by EDX

spectroscopy.
Before reaction After reaction
Mass % Mol % Mass % Mol %
NaxO 1.69 2.16 - -
ALOs3 10.29 8.01 9.00 7.01
Si0; 12.41 16.39 11.55 15.28
K0 2.05 1.72 - -
ZnO 73.56 71.72 79.45 77.71

Experimental error is within £3%.

Table 6-6 shows that the mole percentages of AlOs, SiO2 and ZnO remain approximately
stable, and active compounds (both Na;O and K;O) disappear after the reaction. The
composition of solid catalyst by EDX analysis is consistent with the results of SEM analysis
and XRD analysis (Figure 6-8 and 6-9, respectively), which refers to that the structure of both

molecular sieves and catalyst carrier is stable after reaction. The decrease of Na;O and K>O
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content in 3A molecular sieves is caused by the leaching of Na" and K from the solid into the

reaction solution.

6.3.2 Influence of acetonitrile quantity

Acetonitrile is a nitrile solvent which consists of a cyano group (-C=N) and a methyl group (-
CHs3). Acetamide (CH3(CO)NHb») is formed by the hydration of acetonitrile and acetamide
further hydrolyse to acetic acid (CH;COOH) under acidic reaction condition (Scheme 6-3).

0 0
)J\NHZ +H,0 )LOH +NH;

acetonitrile acetamide acetic acid

N= + Hzo —_
Scheme 6-3. The reaction mechanism of the hydration of acetonitrile under acidic condition.
The effect of acetonitrile (CH3CN) amounts on the DMC synthesis reaction is explored by

adding different amounts of CH3CN as discussed in section 6.2.2.2. The reactions are carried

out in the small reactor (45 ml) at 160 °C for 5 h and the test results are shown in Figure 6-10.
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Figure 6-10. The yield of each product and PO conversion of DMC synthesis reaction with the
addition of different amounts of acetonitrile. Reaction conditions: methanol (100 mmol), propylene
oxide (33.3 mmol), catalyst (0.3 g), CO: (2 MPa), 160 °C, 5 h.

The yield of PG (grey bar) decreased with the increasing amount of CH3CN added in the
reaction system due to the inhabitation of PO hydrolysis. When V(cuieny <0.57 ml, the
production yield of DMC and PO conversion ratio remains stable (around 0.53 mmol ml! and
96%, respectively) and the decrease of the production of PG lead to a slight increase of PC
yield (from 1.04 to 1.15 mmol ml'), the yield of by-products remains stable (from
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0.68mmol/ml to 0.63 mmol/ml). When V(cu:cny >0.57 ml, the production of DMC decreases
obviously from 0.53 mmol/ml to 0.29 mmol/ml, and both the yield of PG and by-products

decreases with increasing acetonitrile adding amounts.

More specifically, when V(cuzcny =0.285 ml, CH3CN would end up as acetic acid going via
acetamide (Scheme 6-3). The formation of acetic acid promotes the side reaction of PO and
methanol to generate 2-methoxy-1-propanol (Scheme 6-2, route (b)), which leads to the
increase of by-product yield (from 0.68 to 0.89 mmol ml'). Additionally, the formation of
methyl carbamate by the reaction of DMC and ammonia (Honda et al., 2009) (Scheme 6-4)
results in a slight decrease of DMC yield (from 0.53 to 0.49 mmol ml!).

(0] 0]
\O)]\o/ + NH; » HZN)J\O/ + CH3OH

dimethyl carbonate methyl carbamate

Scheme 6-4. The formation of methyl carbamate and methanol by the reaction of DMC and NHs.

According to the mechanism of transesterification reaction (Scheme 4-3), the amount of PG
and DMC formed should be in a molar ratio of 1:1. When the CH3CN addition is 0.57 ml, the
molar ratio of PG to DMC production is close to 1:1, and the reactions in the system reach the
equilibrium. In line with section 6.3.1, the appropriate amount of water in the system
promotes the cycloaddition reaction because water is beneficial to promote the ring-opening
of epoxide as a hydrogen-bonded donor. Therefore, When the amount of CH3CN added is
greater than 0.57 ml the production of PC is suppressed. The production of PC increased with
the rising amount of dehydrating agent, because the PG is converted into PC in the system
(Figure 6-11). This conclusion is consistent with the new peak (Ret. Time=15.85min)
observed in Figure 6-11, which shows the chromatogram from GC-MS for the components
exist in the conversion of PG reaction mixture. PG and acetonitrile are added in the small
reactor with the reaction condition of 2.0 MPa (room temperature) and 160 ° C (reaction
temperature). As a result, PC is formed via the reversible transesterification reaction.
Additionally, excessive PC inhibit cycloaddition occurs as well (the decrease in PO
conversion from 96.8% to 85.0%). The overall reaction mechanism for the one-pot synthesis

of DMC when using acetonitrile as the dehydrating agent is shown in Figure 6-12.
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Figure 6-11. The chromatogram from GC-MS for the components exist in the conversion of PG
reaction mixture. Reaction condition: Propylene glycol (60 mmol), acetonitrile (60 mmol), catalyst
(0.3 g), CO: (2.0 MPa), 160 °C, 5h.

2 CH3OH
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0 HO
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H3C
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Figure 6-12. The reaction mechanism of DMC synthesis reaction with the addition of acetonitrile.

When the amount of CH3CN added is higher than 0.57 ml, the cycloaddition is inhibited,
which results in the decrease in DMC yield. There are another two possible reasons for the

decrease of DMC yield: (1) The reaction between methanol and acetamide (Scheme 6-5)
(Honda et al., 2009); and (2) The reaction between DMC and NH3 (Scheme 6-4).

)OJ\NH + CH;0H ——> )]\O/ + NH3
2

acetamide methyl acetate

Scheme 6-5. The formation of methyl acetate from the reaction of acetamide and methanol.
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In order to determine the composition of the hydrolysate and the reactions responsible for the

decrease of DMC yield. The following experiments were performed (Table 6-7).

Table 6-7. The effect of methanol on the hydration of acetonitrile.

Temperature CO; Reaction
Reactants Catalyst
°0) Pressure time (h)
. Acetonitrile (66.66 mmol), H,O
Reaction 1
(33.33 mmol)
160 2 MPa 03g 5
. Acetonitrile (66.66 mmol), H,O
Reaction 2

(33.33 mmol), Methanol (100 mmol)

The qualitative analysis results obtained from GC-MS show that the hydrolysate is acetamide
in the absence of methanol, and urea (CO(NH2).) is formed in the presence of methanol.
Moreover, with methanol, the colour of the reaction product changes from colourless to pale
yellow (Figure 6-13), which means that methanol participates in the reaction and the
composition of hydrolysate changes. In the reaction system of DMC synthesis, excessive
acetonitrile promotes the reaction between acetamide and methanol to produce ammonia,

which can react with both DMC and CO- and lead to the decrease in DMC yield.
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—

Reaction2  Reaction 1
With methanol Without methanol

Figure 6-13. Photographic images of the products of reaction 1 and 2. Reaction 1 was carried out in
presence of acetonitrile (66.66 mmol) and H>O (33.33 mmol); Reaction 2 was carried out in presence
of acetonitrile (66.66 mmol), methanol (100 mmol) and H>O (33.33 mmol); Reaction conditions:
catalyst (0.3 g), CO2 (2 MPa), 160 °C, 5 h.

acetonitrile j)\
NHj; + O=C=O—\*+ HoN NH, + H,0
urea

Scheme 6-6. The formation of urea from the reaction of ammonia and CO..

Ammonia, formed through the reaction of acetamide and methanol, can react with carbon
dioxide to generate urea (Scheme 6-6) with the addition of acetonitrile. The composition
analysis of the fresh and spent catalyst is performed using XRD and the diffractograms are
shown in Figure 6-14. The presence of ZnO (PDF-ICDD 01-081-8838) and Na,CO3(PDF-
ICDD 04-013-9890) are clearly present in the fresh catalyst (K:CO3;-NaBr-ZnO). The
diffractogram of the spent catalyst shows that the concentration of Na,COs3 decreased below
the detection limit of XRD. This indicates that the changes in the colour of reaction product
probably because the sodium ions supported on the catalyst are dissolved in the reaction

solution.

116



Chapter 6 Influence of Dehydrating Agents on DMC Selectivity

—— Catalyst
. —— Catalyst (after reaction)

+ 4Zn0 0Na,CO,

*
0 MJ 0 I I K o‘h‘ Iy

Intensity (a.u.)

| JLJ s

10 20 30 40 50 60 70 80
26 (degree)

Figure 6-14. The XRD patterns of fresh and spent catalysts: fresh KoCO3;-NaBr-ZnO and K,COs-
NaBr-ZnO after reaction.

The colour of the products of the DMC synthesis reactions with the excess acetonitrile (1.14
ml) is yellow and the pH value of the liquid product is around 10 (Appendix B-2). When 1.14
ml of acetonitrile added in the reaction, the new formed hydrolysate (acetamide) reacts with
methanol (Scheme 6-5) or DMC (Scheme 6-4), leading to the changes in the colour of
reaction product (from colourless to yellow). The pH value is between 9 and 10 after reaction
as a result of the dissolution of NH3 in methanol and the formation of urea via the reaction of
CO7 and NHj3 (Scheme 6-6). The above results are helpful to clarify experiment theories in the
system. First, the generated acetamide reacts with methanol to produce methyl acetate and
ammonia, then followed by the formation of methyl carbamate from the reaction of DMC and
NH;. With the addition of acetonitrile, urea is formed by the reaction of CO> and NHz. In this
process, both the reactant (methanol) for DMC synthesis and the target product (DMC) reacts
with the hydrolysate, which ultimately leads to the reduction in DMC yield (from 0.53 to 0.20
mmol ml!). Additionally, the reaction between methanol and acetamide and the too basic
reaction conditions inhibit the occurrence of side reaction to certain extent (by-products yield

decreases from 0.63 to 0.46 mmol ml™).

6.3.3 Comparison of dehydration efficiency of two agents

The major aim of adding dehydrating agents was to inhibit the hydrolysis of propylene oxide

in the reaction progress; while the amount of PO in the reaction system predominately affect
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the cycloaddition reaction to form propylene carbonate. The analysis of the effect of adding
dehydrating agents on cycloaddition and the influence of the quantity of PO added on DMC
synthesis is given in this section.

6.3.3.1 The influence of dehydrating agents on the cycloaddition reaction

The reaction conditions are given in section 6.2.2.3 and the experiment results are shown in

Figure 6-15.

(a) (b)
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Figure 6-15. (a) The effect of reaction time on PC and PG yield with the addition of acetonitrile and
3A molecular sieves. (b) The effect of dehydrating agents on the catalytic efficiency. Reaction
conditions: PO (60 mmol), acetonitrile (60 mmol), 3A molecular sieves (0.7 g), catalyst (0.3 g), CO>
(2 MPa), 160 °C, reaction time: 3 h,4 h or 5 h.

When acetonitrile is used as the dehydrating agent, the PO conversion and PC yield increases
with longer reaction times and reaches the maximum (around 76.5% and 29.8%, respectively)
with the lowest PG yield (0.6%) at 5 hours reaction time. In the formation of PC from the
reaction of PO and CO;, the molar ratio of PO to PC is 1:1. However, the increasing rate of
PC yield (282.1%) is higher than that of PO conversion rate (14.7%) because of the
conversion of both PO and PG to form PC with the addition of acetonitrile. The reaction of
PG and CO:z (scheme 6-1) reaches the equilibrium when the reaction time is 4 hours with the
highest TOF (152.1 h"). In the presence of 3A molecular sieves added conditions, the trend of
curves is similar to the results of acetonitrile added condition. This trend explains how the
conversion of PG to form PC limits the equilibrium of cycloaddition which results in the slow

increase of PO conversion ratio.

Additionally, when the reaction time is short (< 3h), the yield of PC in the reaction using 3A

molecular sieves is higher than that using acetonitrile condition because the rate of
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dehydration through physical adsorption is faster than that of dehydration through chemical
reaction. However, when the reaction time is longer enough (> 3h), the effect of dehydration
via chemical reaction on improving the catalytic efficiency is much more significant than that
of dehydration via physical adsorption (TOF (acetonitile) 1s almost twice the TOF A molecular sieves))-
The reason for this phenomenon is that the deactivation of 3A molecular sieves due to high
temperature (160 °C) and high pressure (4.5 ~ 5 Mpa under reaction process). If dehydrating
agents are used for DMC synthesis reaction, the time required for the cycloaddition to reach
equilibrium should be longer than 4 to 5 hours should be more suitable, since the generated

PC is continuously converted to DMC,

6.3.3.2 The influence of PO quantity on DMC synthesis

As in the section 6.2.2.3, it is necessary to find the appropriate amount of PO which results in
the maximum production yield of DMC and the least amount of by-products.
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Figure 6-16. (a) The effect of different PO adding amounts on the yield of each product in the DMC
synthesis reaction with the addition 3A molecular sieves. (b) The TOF calculation results of catalytic
system with various PO adding amounts and 0.1g 3A molecular sieves. Reaction conditions: methanol
(100 mmol), 3A molecular sieves (0.1g), catalyst (0.3g), CO> (2 MPa), 160 °C, 5h.

The yield of PC and by-products reduced as the amount of PO added decreased in the
presence of 3A molecular sieve. DMC yield remained essentially stable (around 0.50 mmol
ml ') when the amount of PO added is no less than 1.398 ml. With the decrease of the amount
of PO added (< 2.330 ml), the molar ratio of DMC and PG production closes to 1: 1, which
indicates that the main route to generate DMC under this condition is PO — PC - DMC
(Scheme 2-9).The conversion of PG and CO:; to form PC is inhibited probably because the
structure of 3A molecular sieves is damaged under the reaction conditions. Therefore, the
appropriate amount of PO adding amount for DMC synthesis reaction is 1.398 ml because the
reaction of DMC formation reaches equilibrium with a relative high DMC production, and the

production of by-products is relatively reduced (from 1.18 to 0.99 mmol ml?).
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Figure 6-17. (a) The effect of different PO adding amounts on the yield of each product in the DMC
synthesis reaction with the addition of acetonitrile. (b) The TOF calculation results of catalytic system
with various PO adding amounts and 0.57ml acetonitrile. Reaction conditions: methanol (100 mmol),
acetonitrile (0.57 ml), catalyst (0.3 g), CO2 (2 MPa), 160 °C, 5h.

The curves (Figure 6-76 (a)) of the yield of PC, PG and by-products of the reaction in the
presence of acetonitrile shows the similar trend with that of 3A molecular sieves added
reactions. The only difference is the molar ratio of the production of DMC to PG is higher
than 1:1, which means the conversion of PG to PC occurs in the reaction system due to the
addition of acetonitrile. More PC is generated from both cycloaddition and the reaction of PG
and CO,, which results in the increase of DMC production with a higher catalytic efficiency
(TOF (acctonitrile) > TOF A molecular sieves) ). The yield of DMC reaches the maximum (0.61 mmol
ml ') when PO adding amount is 1.398 ml with the highest TOF of 25.2 h'! (Figure 6-17 (b)).

Higher DMC production yield and catalytic efficiency of reaction system can be obtained via
the reactions using acetonitrile as the dehydration agent. The dehydration efficiency of 3A
molecular sieves is higher than that of acetonitrile when reaction time is less than 3 hours.
The deactivation of 3A molecular sieves under high-temperature and high-pressure conditions

is the key factor affecting its application in DMC synthesis reaction.
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6.4 Conclusions

With the addition of a suitable quantity of dehydrating agents (0.1 g for 3A molecular sieves
and 0.57 ml for acetonitrile), the production of PC increases significantly owing to the
inhabitation of the PO hydrolysis. The effect of adding dehydrating agents on improving the
yield of DMC is not obvious probably because of the higher yield of by-products in the
presence of 3A molecular sieves added condition and the formation of hydrolysates (NH3 and
urea) with the addition of acetonitrile. Appropriate amount of water in the reaction system
could facilitate the cycloaddition of propylene oxide and CO; via the formation of Zn-OH
groups on the catalyst surface, which are conducive to catalyse the ring-opening of propylene
oxide by nucleophilic attack. Adding dehydrating agents in the reaction can not only limit the
hydrolysis of PO, but also can improve the efficiency of CO: utilization through the

conversion of PG to PC.

Furthermore, results have shown that applying acetonitrile as the dehydrating agent in
reaction system achieves higher catalytic activity than that with the 3A molecular sieves.
Although 3A molecular sieves could offer better dehydration efficiency in the short-term
reactions (reaction time < 3 h), its unstable structure and deactivation under reaction
conditions result in a lower DMC production and TOF value. Under conditions investigated
(5 h reaction time and 1.398 ml PO), acetonitrile is the better-performing dehydrating agent.
However, the drawbacks cannot be ignored as well, such as high cost, low boiling point, high
toxicity and polarity, and the formation of nitrile and NH3 in the reaction system. There is a
need to make sure the alternative agent is equipped with the advantages of both physical

water absorbent and chemical dehydrating agent for removing water from the system.
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Chapter 7 One-pot synthesis of DMC using a Zn-promoted

metal alkali catalyst

7.1 Introduction

It has been explored that there is defect for improving DMC selectivity in one-pot synthesis of
DMC via the cycloaddition and transesterification from methanol, propylene oxide and CO-,
which refers to the hydrolysis of propylene oxide. As described in Chapter 6, the addition of
dehydrating agents can effectively inhibit the hydrolysis of PO and increase the production of
PC. However, it is not apparent to recognise the positive effect of adding 3A molecular sieves
and acetonitrile on improving DMC production. These reaction systems suffer from
drawbacks in terms of the high yield of by-products and the formation of inevitable
hydrolysis products (acetamide, ammonia and urea) for 3A molecular sieves and acetonitrile
added conditions, respectively. The deactivation becomes the main challenge for using 3A
molecular sieves as the dehydrating agent due to the high-pressure and high-temperature
reaction conditions. Compared with 3A molecular sieves, acetonitrile would bring a higher
DMC production and lower by-product yield with a TOF of 25.2 h'!. However, there are few
drawbacks relating to the homogeneous nature of acetonitrile, and the formation of
hydrolysate intermediates limits the equilibrium of DMC synthesis reaction. The novel
alternative needs to be investigated considering the advantage of both 3A molecular sieves

and acetonitrile.

It shows great possibility of achievement to remove the water via the reaction of active metal
and steam water during the reaction process. Generally, the active metal (such as Mg, Zn) can
react with water under certain conditions. For example, magnesium oxide (MgO) or
magnesium hydroxide (Mg(OH)) is formed via the reaction of magnesium with water stream
or excess steam, respectively. Zinc powder is a kind of bluish-grey coloured metal powder
(Figure 7-1), and it can be used as the catalyst for organic synthesis. For example, zinc
powder has been used as an active, reducing reagent for the synthesis of phenol (Sumimoto et
al., 2006). In this study, zinc powder has been employed as a promising dehydrating agent for
the one-pot synthesis of DMC with K>CO3-NaBr-ZnO catalyst.
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Figure 7-1. Photographic images of fresh zinc powder used in the work.

There are two reasons for choosing zinc powder as the potentially efficient dehydrating agent:
(1) The heterogeneous nature of Zn powder makes it easily separate from the reaction system
and be easily recyclable. (2) There is no new element being introduced into the reaction
system, and the product of Zn powder hydrolysis is zinc oxide (ZnO) or zinc hydroxide
(Zn(OH)»); the former is a component of catalyst, and the latter can enhance the strength of
strong basic sites on the catalyst surface, which is beneficial to transesterification of
propylene carbonate and methanol. Scholars have extensively studied the catalytic
performance of Mg-promoted KCI-ZrO: in order to achieve higher DMC selectivity (52.7%)
at 150 °C and 9.5 MPa for 8 h (Eta et al., 2010).. They also widely discussed the role of Mg
turnings in both cycloaddition and transesterification with an attempt to gain much
understanding on the mechanism of Mg involved reactions. Mg turnings have been used as a
kind of promotor to enhance the yield of DMC by forming the intermediate magnesium
methoxide (Mg(OCHjs)2), which reacts with CO to form carbonated magnesium methoxide
(CMM). What promote the production of DMC are the oxygen of catalyst and the exchange
of oxygen atoms between methoxy groups of CMM adsorbed on the catalyst surface. As
magnesium methoxide has previously been reported as a reaction intermediate in the presence
of Mg, zinc methoxide is expected as an intermediate in the presence of Zn. In this study,
magnesium methoxide is also used to investigate the possible reaction mechanism to
deconvolve the influence of the metal powder from the metal oxide support at mild conditions.

In the end, the surface properties of the catalyst system are studied.
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7.2 Experimental methods

7.2.1 Materials

Reagents sodium bromide (>99%), potassium carbonate (>99%), methanol (>99.9%) and
propylene oxide (>99.5%) were purchased from Sigma-Aldrich. Zinc oxide (=99%) was
purchased from Fisher Scientific. Carbon dioxide gas (>99.99%, water content <0.01%) was
obtained from BOC. 2-propanol (Sigma-Aldrich, >99.8%) was used as an internal standard
for GC-FID quantitative analysis. Dimethyl carbonate (99%), propylene carbonate (99.7%),
1-methoxy-2-propanol (>99.5%) and propylene glycol (=99.5%), supplied from Sigma
Aldrich, were employed as reference materials for calibration curves. All materials were used

as received unless otherwise stated.
7.2.2 Methods

7.2.2.1 Influence of Zn powder adding amount on DMC selectivity

The amounts of zinc powder added in the reaction system may affect the synthesis of DMC
through the following two ways: (1) As discussed in the former section, the formation of
Zn(OH)z via the hydrolysis of Zn powder may affect the transesterification reaction due to the
weak alkalinity of Zn(OH),. (2) Zinc methoxide (Zn(OCHz3)2) is a possible intermediate
formed by the reaction of methanol and zinc powder. Metal methoxides are well-known
homogeneous catalysts applied in transesterification reactions. For instance, sodium or
potassium methoxide is typically generated in the reaction system during biodiesel synthesis
from oils or fats (Balat, 2007). Therefore, zinc methoxide could promote the second stage of
DMC synthesis, transesterification. The quantity of Zinc powder added are determined

according to the molar ratio of propylene oxide and zinc powder, as shown in Table 7-1.

Table 7-1. The molar ratio of propylene oxide and Zn powder and the corresponding amount of Zn

powder added in the reaction.

Propylene oxide / Zn powder molar ratio
0 6/1 5/1 4/1 3/1 2/1

Zn amount Og 0.361g 0.433g 0.542¢ 0.722¢g 1.083¢g
Reaction condition: Methanol (100 mmol), PO (33.33 mmol), catalyst (0.3 g), CO2 (2 MPa), 160 °C,
Sh.
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In this section, all the reactions were carried out in the small reactor with the addition of 100
mmol methanol, 33.33 mmol propylene oxide, 0.3 g catalyst and various amounts of zinc
powder at 2 MPa (COz pressure, room temperature) and 160 C for 5 h. The liquid reaction

products were analysed using GC-MS, as discussed in section 3.2.1.

7.2.2.2 The role of Zn powder in the cycloaddition reaction

One-pot synthesis of DMC consists of two steps: cycloaddition and transesterification. The
yield of propylene carbonate from propylene oxide and carbon dioxide via cycloaddition is
one of the most critical factors that influences the increasing of dimethyl carbonate selectivity.
However, the hydrolysis of propylene oxide to propylene glycol limits the production of
propylene carbonate. To investigate the effect of zinc powder on the cycloaddition reaction,
especially on the yields of propylene carbonate and propylene glycol, the following
experiments in the presence of propylene oxide, CO», water or propylene glycol, zinc powder
and catalyst were conducted (Table 7-2). Three extreme reaction conditions were considered
in this section: (1) PO, CO; and catalyst only (Reaction 1 and 2); (2) PO, water, CO, and
catalyst only (Reaction 3 and 4); (3) PO, PG, CO: and catalyst only (Reaction 5 and 6). The
actual cycloaddition conditions in the DMC synthesis should be among these three reaction

conditions.

Table 7-2. Influence of the Zn powder on the cycloaddition reaction in the presence of PG or water.

Conditions Numbers Reactants
In the Reaction 1 PO + Catalyst
absence of Reaction 3 PO + HO + Catalyst
Zn Reaction 5 PO + PG + Catalyst
In the Reaction 2 Zn+ PO + Catalyst
presence of Reaction 4 Zn + PO + HyO + Catalyst
Zn Reaction 6 Zn +PO + PG + Catalyst

Reaction condition: 2 MPa CO,, 160 °C, 5 h, 0.3 g catalyst, 0.433 g Zn powder, PO (66.66 mmol), PG
(11.11 mmol), H20 (44.44 mmol).

The main purpose is to study the role of zinc powder in the cycloaddition and to obtain the

proposed mechanism for the synthesis of propylene carbonate from propylene oxide and COx.

126



Chapter 7 One-pot Synthesis of DMC using A Zn-promoted Metal Alkali Catalyst

7.2.2.3 The role of Zn powder in the transesterification reaction

According to the reaction mechanism of transesterification (Scheme 4-3), the reaction
between methanol and propylene carbonate is the leading way to produce dimethyl carbonate
(DMC), and CO» does not participate in the DMC synthesis reaction. The role of CO> in the
transesterification reaction has not been studied in the previous literature to the best
knowledge of the author. Therefore, in this study, the role of both zinc powder and CO> (or
pressure) is discussed. Table 7-3 shows the experimental conditions for investigating the

effect of both Zn powder and CO; on transesterification.

Table 7-3. Influence of the Zn powder and CO» on the transesterification reaction.

Conditions Numbers Reactants
CO; attended Reaction 7 PC + Methanol + Catalyst
reactions Reaction 8 PC + Methanol + Catalyst + Zn
No CO;attended Reaction 9 PC + Methanol + Catalyst + Zn (atm)
reaction Reaction 10 PC + Methanol + Catalyst + Zn (Helium, 2 MPa)

Reaction condition: 2 MPa CO; (reactions 7 and 8), 160 °C, 5 h, 0.3 g catalyst, 0.433 g Zn powder, PC
(33.33 mmol), methanol (100 mmol).

This experiment is designed to explore the effect of Zn powder on the yield of DMC by
comparing reaction 7 and reaction 8. The comparison of experiment 8, 9 and 10 helps to
figure out the role of CO; in transesterification. The reaction mechanism for the synthesis of
DMC from methanol and propylene carbonate is used for explaining the role of zinc powder

in the transesterification.

7.2.2.4 Magnesium methoxide (MgO(CH3)2) promoted reactions

The formation of zinc methoxide (Zn(OCH3)2) from the reaction of methanol and zinc as an
intermediate is expected in the presence of Zn powder. To study the possible new routes for
the synthesis of DMC in the presence of zinc powder, a series of reactions with the
participation of magnesium methoxide were carried out. Magnesium methoxide is formed by
the reaction of MgO and methanol, which has previously been reported as a reaction
intermediate in the presence of Mg (Eta et al., 2010). Moreover, Mg(OCH3)> contains the
same methoxy group as Zn(OCHj3)2 but solid products formed in the reaction, such as MgO,
Mg(OH); or MgCQOs, can be readily distinguished from those formed through interaction with
the ZnO support.
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In this study, 7~8% Mg(OCHj3). in methanol was added in the reactions and the amount of
7~8% Mg(OCH3); solution was decided by the amount of methanol required for the reaction.
In the previous experiment, 100 mmol methanol was applied in the reaction, and the detailed

experiment design is shown in Table 7-4.

Table 7-4. Influence of the Zn powder and CO> on the transesterification reaction.

Conditions Numbers Reactants
Heterogeneous catalyst added Reaction 11 Catalyst + Mg(OCHj3): + PO
condition Reaction 12 Catalyst + Mg(OCHj3)2 + PO + Zn

Homogeneous catalyst added )
- Reaction 13 Mg(OCHs).+ PO
condition

Reaction condition: 3.3 mmol Mg(OCH3), and 100 mmol methanol, PO (33.3 mmol), catalyst (0.3 g,
reaction 11 and 12), Zn powder (0.43 g, reaction 12); 2 MPa CO,, 160°C, 5h.

This section aims to study the intermediates formed with the addition of zinc powder and to

investigate the new possible reaction routes for the synthesis of dimethyl carbonate.

7.2.2.5 Characterisation of solid-phase catalyst

The techniques used for catalyst characterisation have discussed the in Chapter 3. In this work,
these techniques are employed to analyse the fresh and spent catalysts and the mixture of
catalyst and zinc powder. X-ray diffraction (XRD) was employed to analyse the
morphological properties of the catalyst, and the average crystalline size of particles before
and after the reaction was calculated. The full width at half maximum (FWHM) of the peak
obtained from the XRD pattern is used to calculate the crystallite size of particles by using
Scherrer equation (Equation 7-1) (Patterson, 1939).

KA
T BCOS8

(7-1)

where D is the crystallite size (nm), K is a crystal shape factor from 0.9~1, 4 is the wavelength
(4, 0.15406 nm), S is FWHM (radians) corrected for instrument broadening, and 6 is Bragg
angle (peak position). Samples were analysed using a Bruker D2 Phaser powder XRD

instrument with Cu K& (30 kV, 10 mA) radiation at a scanning rate of 0.05° min™'.

SEM and SEM-EDX analysis provided the information about the morphology and the

elemental composition of the catalyst. Scanning electron micrographs and EDX were
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recorded on a JSM-6010LA JEOL SEM instrument with AGAR Sputter Coater. All the

samples were coated with a gold layer and analysed at 10 keV with a working distance of

10 mm.

Atomic absorption spectroscopy (AAS) was used to analyse the fresh and spent solid catalyst
and the mixture of catalyst and zinc powder to obtain the concentration of zinc. In this work,
the solid was digested with 69% nitric acid. The operations are as follows: Weigh about 0.3g
of the sample and record the exact value (accurate to 0.0001 g) into the beaker, add 10ml of
nitric acid to the beaker and place the beaker on the hot plate under stirring until the solid is
completely dissolved, put it to room temperature, and then add it to a 500 ml volumetric flask.
Rinse the beaker 3 times with deionised water and pour into the volumetric flask, then bring
to volume by deionised water. Dilute the sample solution in the 500 ml volumetric flask by 50
times as the sample to be tested (concentration < 10 ppm). Four solid samples were analysed,

and the exact weight of four samples are shown in Table 7-5.

Table 7-5. The content of four solid samples and the exact weight of each sample.

Sample content Mass of sample (g)
S1 Catalyst + Zn powder 0.3017
S2 Catalyst 0.3005
S3 Used Catalyst + Zn powder 0.3071
S4 Used Catalyst 0.2785

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was employed to
analyse the spent solid catalyst and liquid reaction products. Four solid samples, as shown in
Table 7-5, were analysed to obtain the information about the composition of fresh and spent
catalyst (mass concentration of Zn, K and Na). Moreover, the liquid products of the reactions
with or without the addition of zinc powder were analysed to acquire the mass concentration
of each element leaching from the catalyst. The results indicate the catalytic stability of the
catalyst. In a typical sample preparation procedure, both solid and liquid sample were
digested with concentrated HNOs3, followed by dilution of digested solutions with 1% HNO3

solution.
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7.3 Results and discussion

7.3.1 Influence of Zn powder adding amount on DMC selectivity

The possible routes to influence DMC production with the addition of various amounts of
zinc powder have been discussed in section 7.2.2.1. The reactions were carried out in the

same reaction conditions, and the selectivity of each product and PO conversion was shown in

Figure 7-2.
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Figure 7-2. Selectivity of each product and PO conversion of DMC synthesis reaction with the
addition of different amounts of zinc powder. Reaction conditions: methanol (100 mmol), propylene
oxide (33.3 mmol), catalyst (0.3 g), CO> (2 MPa), 160 °C, 5h.

The figure shows the selectivity of various products and PO conversion when different
amounts of Zn is added to the DMC formation reaction. The highest DMC selectivity (36.1%)
can be achieved when 0.433 g Zn powder is added. The selectivity of PG is slightly reduced
(from 26.4% to 23.8%), meanwhile the selectivity of by-products is significantly increased
(from 16.7% to 26.9%) compared with that of no Zn added condition. With the increase of the
amount of zinc added, the selectivity curves of DMC, PC and PG have the similar trend. That
is, they all reach the maximum when the adding amount of zinc powder is 0.433 g. By
contrast, the trend of the selectivity curve of by-products is completely opposite to that of the
first three products. In principle, the selectivity ratio of DMC and PG should be close to 1:1
when reaching equilibrium. However, it can be seen from Figure 7-2 that with the addition of

zinc powder, the amount of DMC generated is significantly higher than that of PG. This
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means that in the reactions involving zinc powder, in addition to the one-pot synthesis of
DMC from methanol, CO> and propylene oxide, there is also a new route for DMC generation,

which is the focus of the following sections.

(a) (b)
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Figure 7-3. (a) The effect of adding dehydrating agents and zinc powder on the selectivity of each
product of DMC synthesis; (b) The effect of adding dehydrating agents on the catalytic efficiency.
Reaction conditions: Methanol (100 mmol), PO (33.33 mmol), acetonitrile (0.57 ml), 3A molecular
sieves (0.1 g), catalyst (0.3 g), zinc powder (0.433 g), CO; (2 MPa), 160 °C, 5h.

Based on the above discussion, zinc powder does not act as the dehydrating agent in the
reaction system, because the PG selectivity is not significantly reduced due to the addition of
zinc powder (Figure 7-3). This may be because the conversion of PG to PC does not occur in
this reaction system (Scheme 6-1), which is different from the results of dehydrating agents
(acetonitrile and 3A molecular sieves) added reactions as discussed in Chapter 6. However,
the catalytic efficiency is increased with a TOF value of 71.2 h''with the presence of zinc
powder. Therefore, the role of zinc powder is more like as a promoter or co-catalyst rather
than a dehydrating agent in the reaction system. The reaction in the presence of both co-
catalyst (zinc powder) and dehydrating agent (3A molecular sieves) was carried out, and the

result is shown in Figure 7-4.
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Figure 7-4. The effect of adding dehydrating agents and zinc powder at the same time on the
selectivity of each product of DMC synthesis; Reaction conditions: Methanol (100 mmol), PO (33.33
mmol), acetonitrile (0.57 ml), 3A molecular sieves (0.1 g), catalyst (0.3 g), zinc powder (0.433 g), 3A
molecular sieves (0.1 g), CO2 (2 MPa), 160 °C, 5h.

Compared with only zinc powder added condition, the addition of both Zn powder and 3A
molecular sieves leads to the decrease of PO conversion (from 98.6% to 93.4%) and
selectivity of DMC, PC and PG. As discussed in Chapter 6.3.1.1, the probable reason for this
result is that cycloaddition reaction to form PC is limited by the addition of 3A molecular
sieves. Because a suitable amount of water in the reaction system can promote the catalytic
activity via the formation of Zn-OH group, and the formation of Zn-OH group is conducive to
catalyse the ring-opening of propylene oxide by the nucleophilic attack. The increase in the
selectivity of by-products can be explained by the fact that the reaction condition is over basic
(pH: ~9) which promotes the side reactions between PO and methanol to generate 1-methoxy-

2-propanol (Scheme 6-2, route (a)).
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To have a better understanding of the reaction mechanism of Zn involved reactions, FT-IR
technique was employed to analyse the liquid products of the reactions to obtain information
about the possible intermediates formed during the reaction process. The characteristic
frequencies of CHz symmetric stretching and CHz asymmetric stretching are shown on the IR
spectrum (Figure 7-5). Peaks at 2822 and 2926 cm™!' to CH30- (Wu, Chuang and Lin, 2000;
Hui et al., 2012). The bands of 1626, 1100 and 825 c¢cm™ are due to C=O stretching, C-O
stretching and M-O stretching, respectively (Fig.7-5 (a) and 7-5 (b)) (Halmann, 1993). The
FTIR spectrum indicates that zinc methoxide (CH3O-Zn) is formed by the reaction of
methanol and Zn powder. The ester group (-OCOCH;3) is generated as a product of the
reaction of methanol, Zn powder and CO». The FTIR results indicate that zinc methoxide and
carbonate zinc methoxide are formed during the reaction process, and the determination of
important intermediates is essential for the speculation of the reaction mechanism of zinc

powder involved reaction.

—— Methanol CO, (with Zn)
CH30- —— Methanol He (with Zn)

Transmittance (%)

v(O-H) va(CH3) vs(CH3)

v(C-0)}

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 7-5. The FTIR spectrum of liquid products of reaction of: (a) CH;OH + CO; + Zn (b) CH;OH
+ He + Zn.

7.3.2 The role of Zn powder in cycloaddition

Figure 7-6 shows the effect of zinc powder on the production yields of propylene carbonate
and propylene glycol do not appear to be significant. Specifically, when only CO,, PO and
catalyst participate in the reaction (reaction 1 and 2), there is no change in PO conversion and
PC yield, and PG yield is approximately halved to ~0.7 mmol/ml due to the addition of Zn

powder. When water (reaction 3 and 4) or PG (reaction 5 and 6) is involved in the reaction,
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PG production is increased by 10.1% and 17.2%, respectively, while the PC yield remain

unchanged.
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Figure 7-6. Yields of PG and PC in the cycloaddition reaction and the conversion of PO. Reaction
conditions: PO (66.66 mmol), H>O (44.44 mmol, reaction 3 and 4) or PG (11.11 mmol, reaction 5 and
6), catalyst (0.3 g), zinc powder (0.433 g), CO2 (2 MPa), 160 °C, 5h.

The liquid reaction product was qualitatively analysed using GC-MS equipment. It is known
that the by-product of cycloaddition is 1,1-oxybis-2-propanol when zinc powder participates

in the reaction. The structure of the by-product is shown in Figure 7-7.

1,1-oxybis-2-propanol

0 A s 0
Figure 7-7. Molecular structure of 1,1-oxybis-2-propanol.
Base-catalyzed reaction
H+
o

(0] + H Q CHs3 HO\ Ho Ha ,OH

/\ < - > / ( — CHC-0-CHC,
HiC g OH HaC 0 OH HsC CHs;
Propylene oxide Propylene glycol 1,1-oxybis-2-propanol

Scheme 7-1. The possible reaction mechanism for the formation of by-product (1,1-oxybis-2-propanol)
of cycloaddition in the presence of zinc powder.
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Based on previous literature research (Hocking, 2005), the polyol diols can be synthesised
from the reaction of propylene oxide and propylene carbonate under the base-catalysed
condition. The possible reaction mechanism for the formation of 1,1-oxybis-2-propanol is
displayed in Scheme 7-1, which can be used to explain the decrease of PG yield with the

addition of zinc powder (reaction 2 and reaction 1).
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Scheme 7-2. The proposed reaction mechanism for the formation of propylene carbonate via
cycloaddition reaction in the presence of zinc powder.

Another purpose is to explain the effect of the zinc powder on cycloaddition from the point of
reaction mechanism, and the proposed reaction mechanism for the formation of propylene
carbonate is presented in Scheme 7-2. Carbon dioxide is a weakly acidic gas which can
adsorb or react at acid-base sites on the catalyst surfaces. In previous studies where the
mechanism of cycloaddition has been discussed (Scheme 4-1). CO: is firstly activated by the
attack of Br nucleophile (Alvarez et al., 2017) and the attack of the surface Zn?" cation by
propylene oxide to form intermediate 1 (Wang, Xie and Deng, 2014). Following this, the
reactive COz species formed on the catalyst surface attacks the less substituted ring carbon
atom in intermediate 1 because it is less sterically hindered than the adjacent one. The last
step is the formation of propylene carbonate (Martinez-Ferraté et al., 2018). At the same time,
Zn*" and Br- dissociate form the product and dissolve into the reaction solution. Following
this mechanism, it is evident that the amount of Zn?>* ions from catalyst support is enough for
the ring-opening of propylene oxide, and Br ions play a more critical role in the cycloaddition
reaction. Scheme 7-2 explains that the addition of Zn powder would have little effect on PC

formation, in line with the experimental results presented in Figure 7-5.

7.3.3 The role of Zn powder and CO: in the transesterification

In this section, the effect of zinc powder and CO: (or pressure) on the synthesis of dimethyl

carbonate via transesterification has been studied, and the experimental results are shown in
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Figure 7-8. Reaction 7 is carried out in the absence of zinc powder, which can be used as a

baseline case to compare with other reactions.
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Figure 7-8. (a) The yield of DMC, PG and PO and the conversion of PC in the transesterification
reaction. (b) The activity of catalysts under various reaction conditions. Reaction conditions: 160 °C,
5 h, CO2 (20 bar, reactions 7 and 8), Helium (20 bar, reaction 10 only), catalyst (K.CO3-NaBr-ZnO,
0.3 g), PC (33.3 mmol), methanol (100 mmol) and Zn powder (0.43 g).

It is clear that zinc powder has significant influence on improving the conversion of PC (rises
from 52% to 64%) and the yield of DMC (increases from 0.51 mmol ml™! to 1.62 mmol ml )
in transesterification reaction, with a three-fold increase in the TOF values (from 20.8 h™! to
66.0 h''). Moreover, in the absence of Zn powder, the yield of PG (1.15 mmol ml™') is much
higher than that of DMC (0.51 mmol ml!). In contrast, the ratio of PG and DMC formed in

the presence of Zn is approximately equal (1.70 mmol ml'and 1.62 mmol ml’!, respectively).

~Zn®
ozZn* 0ozZn* OzZn* 0zZn*

0]
OT)LO )\ CHgOH /I(HOCHg OCHs ﬂ,OCHg

‘E)H —» (O OH
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4 / CH30H
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/+ >—/ e j/ OH

Scheme 7-3. Proposed mechanism for the synthesis of dimethyl carbonate from propylene carbonate
and methanol.
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Based on the possible mechanism for transesterification, as discussed in Chapter 4 (Scheme
4-3), the formation of Zn?>* ions could explain the increase in DMC selectivity with the
addition of zinc powder, as shown in Scheme 7-3. Intermediate 1 is formed by the attack of
the Zn?* ions by the carbonyl of propylene carbonate, then followed by the attack of carbon
atom in intermediate 1 by the methoxy groups of methanol. The transformation of H" leads to
the formation of dimethyl carbonate and propylene glycol. Moreover, the growth rate of DMC
production (217.6%) is higher than that of PG production (47.8%), indicating that there is a

new reaction route generating DMC without the formation of PG.

Considering the role of CO; or pressure, the yields of DMC and PG and the conversion of PC
generated under the helium involved condition (2 MPa, reaction 10) and at ambient pressure
(reaction 9) are close to those obtained under 2 MPa CO; (reaction 8). However, 0.10 mmol
ml ! of propylene oxide is generated when there is no gas injected in the reactor, which is not
observed under 2 MPa CO; condition. Moreover, a similar result is obtained under 2 MPa He,
and 0.13 mmol ml! PO is formed with the highest TOF of 80.8 h'!. When zinc powder
participates in the reactions, the similar yields of DMC and PG are obtained under 2 MPa CO,
under 2 MPa He. And at atmospheric pressure demonstrates that elevated pressure is not a
necessary requirement for transesterification to proceed. By contrast, CO; does affect the
reverse cycloaddition reaction, as evidenced by the formation of PO in reactions at ambient
pressure and under 2 MPa He, but not under CO,. Therefore, it limits the reverse
cycloaddition reaction to form by-product (propylene oxide). The drawback of CO:
participating in the reaction is that the yield of DMC decreases from 1.97 mmol ml! to 1.62
mmol ml! (reaction 10 and 8, respectively), which probably because CO: poisons the active
sites on the catalyst surface. In other words, carbon dioxide can be adsorbed on the basic
active sites, which is quite important for promoting the transesterification reaction (Jiang and

Yang, 2004).

7.3.4 MgO(CH3): promoted reactions

As described in section 7.2.2.4, MgO(CHj3), involved reactions were conducted to study the
role of -O(CH3)2 group in the DMC synthesis reaction, then further investigated the possible
new routes for the synthesis of dimethyl carbonate with the addition of zinc powder. The PO
conversion and selectivity of each product of reactions in the presence of zinc powder or

MgO(CH3)2 is shown in Table 7-6.
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Table 7-6. Conversion of PO and selectivity of each product of DMC synthesis reactions.

PO DMC Selectivity (%)
Entry Catalyst conversion formed By- ToF
(%) (mmol/ml) bme ke PG product L)
1 K2CO;-NaBr-ZnO* 95.3 0.53 159 254 264 16.7 24.7
2 K2CO;-NaBr-ZnO + Zn 97.0 1.53 36.1 149 238 26.9 71.2
3 Zn powder 54.5 0.006 0.3 0.3 6.7 92.2 -
4 K>CO;3-NaBr-ZnO + Mg(OCH3),* 99.1 1.64 432 337 29.1 30.9 85.7
5 K2CO;-NaBr-ZnO + Mg(OCHs)2 + Zn 96.4 1.53 376 27.1 265 36.8 72.5
6 Mg(OCHzs) 99.6 1.47 34.4 173 228 339 -

Reaction conditions: 2 MPa COz, 160° C, 5h. * Methanol (100 mmol), PO (33.33 mmol), catalyst (0.3 g), Zn
powder (0.43 g); ¥3.3 mmol Mg(OCH3), and 100 mmol methanol, PO (33.3 mmol), catalyst (0.3 g), Zn powder
(0.43 g); The standard deviation is within £3.5% of the reported selectivity.

The addition of Zn powder to the reaction results in a significant increase in DMC selectivity
from 15.9% to 36.1% with a TOF of 24.7 h'! and 71.2 h™!, respectively. This is comparable to
result of reactions operated under supercritical CO2 (Chapter 2.6.1, Table 2-4, the highest
DMC selectivity is 52.7% with a TOF of 52.2 h™! using Mg-KCI-ZrO; catalyst under 9.5 MPa

CO») despite the reaction herein being conducted at mild conditions.

Zn powder forms zinc methoxide (Zn(OCHs)2) via reaction with methanol is a possible way
to affect the formation of DMC in the transesterification. In order to investigate the new
potential routes for the DMC synthesis in the reaction (Entry 2), the effect of adding
Mg(OCH3); was investigated. The results show that Mg(OCH3), contributes to the formation
of DMC regardless of the presence (selectivity of 43.2%) or absence (selectivity of 34.4%) of
the solid catalyst in the reaction. Mg(OCH3). can successfully catalyse both steps in the one-
pot reaction system. Besides, With the addition of either Zn powder or Mg(OCH3),, the
selectivity to by-product in the final liquid product increase (Table 7-6, Entries 2, 3, 4, 5 and
6). The role of Mg(OCHS3): in the reaction system is discussed in the next section on account
of the characterisation of solid catalyst and solid reaction products. As described in Chapter 4,
1-methoxy-2-propanol and 2-methoxy-1-propanol are formed through the reaction of
methanol with PO (Scheme 7-4). The newly formed -OCHjs groups (zinc powder added
condition) or directly introduced -OCH3 groups (Mg(OCH3)2 added condition) in the reaction
system could be the main reason for the increased selectivity of the by-products. This result
proves to a certain extent that Zn(OCHj3); is a vital intermediate formed during the reaction

process, and it can lead to an increase in the selectivity of DMC.
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Scheme 7-4. The proposed reaction mechanism for the formation of by-products in the synthesis of
DMC from propylene oxide, CO; and methanol.
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7.3.5 Characterisation of solid-phase catalyst

7.3.5.1 X-ray diffraction (XRD)

XRD was used to investigate the composition of fresh and spent solid catalyst to obtain the
mechanism of reaction with Mg(OCHj3), (Table 7-6, Entry 4 and 6). The solid products of the
reaction with the addition of the catalyst and Mg(OCH3): and the reaction in the presence of
only Mg(OCHjs), were analysed, and the XRD pattern results are shown in Figure 7-9. The
typical peaks of MgCOs (PDF-ICDD 04-012-1188) are apparent in the solid products
obtained under both reaction conditions. Moreover, the remaining peaks presented in Figure

7-9(a) are assigned to Mgo.1Zno 9O (PDF-ICDD04-019-9591).

- —— Catalyst and Mg(OCHj,), (after reaction)
{ ——— Mg(OCHj), (after reaction)
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Figure 7-9. The XRD patterns of solid reaction products resulting from (a) reaction with catalyst and
Mg(OCHs)s, and (b) reaction with Mg(OCHz3), only.

When only homogeneous catalyst (Mg(OCHz3)2) added in the reaction system, the main
component of solid product is MgCOs, which is formed by the reaction of Mg(OCH3),, water
and CO». As shown in Table 7-6, PC is formed in the reaction system, and DMC is generated
via transesterification. The mechanism of -CH3O involved transesterification has been
discussed in Chapter 4. In this section, the author attempts to investigate the mechanism
proposed for the formation of propylene carbonate in the presence of Mg(OCH3). through
cycloaddition (Scheme 7-5).
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Scheme 7-5. Proposed mechanism for the cycloaddition reaction with Mg(OCH3). (adapted from the
reaction mechanism for copolymerization of epoxides and CO, using alkoxide catalyst (Bahramian
and Dehghani, 2016).

The reaction of propylene oxide and CO: is catalysed through coordination—insertion
mechanism proposed by Kember et al. via homogeneous alkoxide catalyst with Lewis acid-
base active sites (Kember, Buchard and Williams, 2011). During the coordination step, the
propylene oxide molecule is coordinated with the metallic centre (the Lewis acid active site)
of Mg(OCH3): catalyst, and then attacked by a nucleophilic site (the Lewis base site) and ring-
opened to form a metal-bound alkoxide (Kember, Buchard and Williams, 2011). The
nucleophilic attack can pass through the nucleophilic active site on the metal catalyst
(bifunctional homogeneous catalyst) and lead to the activation of alkoxides (Taherimehr and
Pescarmona, 2014). CO; molecules then insert into metal-oxygen bonds and catalyse the
reaction by forming metal carbonates. Finally, propylene carbonate is formed through a ring

closure reaction of the metal carbonate.

According to the description of the reaction mechanism of Mg(OCH3)> involved reaction in
the paper of Eta (Eta et al., 2010), the possible reaction mechanism of Mg(OCH3), and
K2CO3-NaBr-ZnO participated reaction is shown in Scheme 7-6. Bidentate carbonate is
formed as an intermediate, which indicates the migration of -CO; species from carbonate
magnesium methoxide (CMM) to the surface of the catalyst. The exchange of oxygen atom
between the intermediate and catalyst finally results in the formation of DMC. The production

of DMC ends up with the release of Mgo.1Zno.50.
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Scheme 7-6. Proposed mechanism for the reaction with Mg(OCH3), when using K2COs3-NaBr-ZnO as
catalyst (adapted from the reaction mechanism of Mg(OCHj3).-promoted reactions, proposed by Eta
(Etaetal., 2010).

Diffractograms of the fresh and spent catalyst and the mixture of catalyst and zinc powder are
shown in Figure 7-10. ZnO (PDF-ICDD 01-081-8838) and NaxCO3(PDF-ICDD 04-013-9890)
are clearly presented in the fresh catalyst (K2CO3-NaBr-ZnO). TG-DTG analysis suggests that
Na,COs is made from the oxidation of polymeride (formed in catalyst preparation) during
calcination. The diffractogram of the spent catalyst (Figure 7-10(b)) shows the appearance of
ZnCO; (PDF-ICDD 04-015-6717). This indicates that the stable carbonyl double bond is

disrupted because of the reaction of CO; with the active site of catalyst.

142



Chapter 7 One-pot Synthesis of DMC using A Zn-promoted Metal Alkali Catalyst

—— Catalyst

—— Used catalyst

—— Catalyst and Zn powder

— —— Used catalyst and Zn powder

N h *Zn0O ¢ Na,CO, V ZnCO; * Zn
] : ML} | L@
J\VJ\)

X | S S P ®)

Intensity (a.u.)

—

. : , . : : ; .
10 20 30 40 50 60 70 80

26 (degree)
Figure 7-10. The XRD patterns of fresh and spent catalysts: (a) fresh K2CO3-NaBr-ZnO; (b) KoCOs-
NaBr-ZnO after reaction; (c) fresh K2CO3-NaBr-ZnO and Zn powder mixture; and (d) K2CO3-NaBr-

ZnO and Zn powder mixture after the reaction.

The mixture of KoCO3-NaBr-ZnO and Zn powder (Figure 7-10(c)) is found to contain Zn
(PDF-ICDD 04-014-0235), ZnO (PDF-ICDD 01-083-8004), and Na>CO3(PDF-ICDD 04-013-
9890). ZnCO3 (PDF-ICDD 04-015-6717) is formed after the reaction, with higher peak
intensities c¢f. Figure 7-10(d), indicating that the content or crystallinity of ZnCOj3 is increased
compared with only catalyst added condition, and more detailed information about the
crystallinity of ZnCOs is shown in Table 7-7. The full width at half maximum (FWHM) of the
peak obtained from the XRD pattern is used to calculate the crystallite size of particles by

using the Scherrer equation (Patterson, 1939).
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Table 7-7. Average crystalline size of particles before and after the reaction. '-' indicates that a
crystalline phase is not observed in the diffractogram. "*' indicates that the corresponding peak is

present but is beneath the size limit to accurately determine the crystallite size.

Average crystalline size (nm)

ZnO Zn ZnCQOs3
Catalyst 46+ 6 - -
Catalyst (after reaction) 43+5 - *
Mixture of catalyst and Zn 44 +4 54+4 -
Mixture of catalyst and Zn (after reaction) 50+3 45+2 42+4

The crystallite size of ZnO remains the same before and after the reaction when only the
catalyst is involved (Table 7-7). However, when zinc powder is added, the crystallite size of
ZnO increases by approximate 6 nm after the reaction, and the average size of Zn powder
decreases from 54 nm to 45 nm. This is consistent with the hypothesis that zinc powder
converts to ZnO and ZnCOs3 during the reaction. The reaction with Mg(OCHs), yields
analogous solid products (Mgo.1ZnosO and MgCOs, Figure 7-9) indicating that both Zn and
Mg undergo transformation via similar reaction mechanisms. Based on the reaction
mechanism of Mg(OCHs)2 (Scheme 7-6), it is possible to speculate on the reaction
mechanism of zinc. The Zn powder is converted to Zn(OCH3), and subsequently reacts with
CO: to form carbonated zinc methoxide (CZM). The carbonate group of CZM is adsorbed on
the surface of the catalyst at unsaturated Zn?>*O%* Lewis acid-base pair sites and the
intermediate bidentate carbonate is formed. The exchange of oxygen atoms in the bidentate
carbonate with the oxygen atoms on the catalyst surface results in migration of the carbonate

species on the catalyst surface, which facilitates the formation of DMC.

7.3.5.2 SEM and SEM-EDX analysis

SEM and EDX analysis provide information regarding the morphology and the elemental
composition of the catalyst. Figure 7-11 shows the surface morphology of the solid products
from reactions involving Mg(OCHjs),. Distinctly, the shape of the granular catalyst is
unchanged before and after the reaction (Figures 7-11(c) and 7-11(b), respectively). Moreover,
it can be seen from the figure, and the cubic product at a larger average size is formed after
the reaction in the presence of Mg(OCHjs),. As Mg(OCH3); acts as a homogeneous catalyst in
the reaction, the reaction pathway described by Scheme 7-5 and 7-6 is proposed as the major
route for the formation of DMC. Based on XRD analysis (Figure 7-9), agglomerates of

MgCQOs are formed during the reaction. An example of this can be seen in Figure 7-11(a).
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Figure 7-11. SEM images of the solids resulting from reactions involving Mg(OCHs): (a) reaction
with K>CO3-NaBr-ZnO catalyst, CO2, propylene oxide, methanol and Mg(OCHs),; (b) Higher
magnification (6000x) image of identified region in (a); and (c) KoCOs3-NaBr-ZnO catalyst before
reaction (6000x).
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Figure 7-12. Surface morphology of the catalyst and mixtures of catalyst and Zn powder. (a) the
mixture of fresh catalyst and Zn (b) mixture of spent catalyst and Zn (c) spent zinc particles with a
higher magnification (7000x) (d) new-formed particle with a higher magnification (7000x). 1-catalyst,
2-zinc powder, 3-new formed particle.

SEM analysis of the mixtures of the catalyst with zinc powder is shown in Figure 7-12.
Granular morphology (K2CO3-NaBr-ZnO catalyst) is observed in the mixture both before and
after reaction (Figures 7-12(a) and 7-12(b), respectively), indicative of catalyst stability.
However, it is apparent that the surface of the originally spherical particles (zinc powder)
becomes rough after reaction as shown in Figure 7-12(c). The catalysts and new formed
particles aggregated and formed large particles of ZnO and ZnCOs; (Figure 7-12(d)),
Combined with the average crystallite size of Zn determined by XRD (Table 7-7) and ICP-
OES results (Tables 7-9(a), 7-9(b)), it can be hypothesised that these morphological changes
to zinc powder are because Zn participates in the reaction and remains in the liquid product as
Zn**. From the XRD pattern (Figure 7-10), ZnCOs is known to be made after the reaction.
This agglomerates with K>COs3-NaBr-ZnO catalyst particles (Figure 7-12(d)). The new
formed ZnCOs; particles with an average crystalline size of 42 nm (Table 7-7) is obtained
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through the reaction of Zn(OH), (the hydrolysis product of Zn(OCHz3),) with CO; (Fujita et

al., 1992). This process is accompanied by the formation of methanol, promoting the

transesterification reaction to generate DMC.

EDX spectroscopy was employed to obtain information on the elemental composition of the
solid catalyst and to investigate the effect of Zn powder on catalyst stability. Table 7-8 shows
that Na® can not be detected in the pure catalyst after reaction and the increase of O? mass
content is partly due to the formation of a little amount of ZnCO3. Moreover, the zinc content
decreases by 18 mass% as a consequence of the participation of zinc (powder) in the reaction.
The Na* and O content should in principle increase in percentage terms as a result, however,
only the O* content increases. This is ascribed to the formation of ZnCOs. The decrease of
Na® is due to the leaching of Na* from the catalyst surface into the reaction solution. The
results of SEM-EDX indicate that the catalytic stability of K>COs3-NaBr-ZnO catalyst
increased with the addition of zinc powder (Na® mass concentration remains stable after
reaction). The elemental composition of the solid catalyst by EDX analysis is consistent with

ICP-OES analysis results (Table 7-9(a)).

Table 7-8. Elemental composition of the catalyst and the mixture of catalyst and zinc powder by EDX

spectroscopy.
Catalyst The mixture of catalyst and Zn
Mass (%) Before After Before After
reaction reaction reaction reaction
Na 10.89 - 8.94 6.89
Zn 55.57 57.67 60.55 42.42
(@) 33.54 42.33 30.50 50.68

Experimental error is within £3%.

7.3.5.3 ICP-OES and AAS analysis

ICP-OES and AAS analysis of both solid and liquid samples were carried out in order to
determine the quantity of Zn, Na and K ions in solid catalyst and liquid product before and
after reaction so as to identify any leaching of potentially catalytic material. Hence, potential
homogenous catalytic contribution to the reaction. The results of ICP and AAS analysis of
catalysts and liquid product solution are shown in Tables 7-9(a) and 7-9(b), respectively. Both
of these indicate that there is little change in the total Zn?>* content in the K»COs3-NaBr-ZnO

after the reaction. It is assumed that ZnO content in the mixture of Zn powder and K>COs-
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NaBr-ZnO also remains stable. However, when Zn powder is also present in the reaction
mixture, the mass of Zn powder is observed to decrease by ~30% using AAS analysis. This
indicates that Zn powder is directly involved in the reaction and is correlated with an increase
in DMC selectivity (Table 7-9a, Entry 3, 4). This is consistent with the results of SEM-EDX
analysis, where zinc mass was seen to decrease by 18% post-reaction (Table 7-8). Moreover,
XRD results (Table 7-7) also indicate that the average crystallite size of zinc powder
decreases from 54 nm to 45nm after the reaction. It is therefore hypothesised that a fraction of

Zn powder participates in the reaction, converting to solubilised Zn?".

Table 7-9a. Composition of fresh and used catalysts, (12 wt.% K>COs - 17.5 wt.% NaBr-ZnO) as
determined by AAS and ICP-OES.

Entry Sample AAS analysis (mg/gsamplc) ICP-OES analysis (mg/gsampic)
Total Zn**  Znmass ZnO mass Total Zn** K mass Namass

1 Fresh catalyst 786.5 0 984.7 731.0 4.390 2.900

2 Post-reaction catalyst 793.0 0 992.8 741.0 0.008 0.052

3 Fresh catalyst and Zn mixture 905.7 608.2 372.2 842.0 2.010 1.280

g  PostreactioncatalystandZn ), 4283 372.2 675.0 0473  1.070

mixture

Table 7-9b. ICP-OES analysis of Zn, K and Na in the liquid products after the reaction. Catalyst
refers to 12 wt.% KoCOs - 17.5 wt.% NaBr-ZnO.

Entr Sample Total Zn K mass Na mass
’ b (mg/L) (mg/L) (aglL)
1 Catalyst 11.9 238.0 152.0
) The mixture of catalyst 1950 1970 30

and Zn powder

While Zn powder (if added) shows a significant reduction in mass during the reaction, ICP-
OES and AAS data indicate that the ZnO support is in contrast highly stable during the
reaction. The active alkali metal ions, K* and Na*, however, leach into the solution and
potentially react with the feedstock (Table 7-9(b)). In the absence of Zn powder, K>CO:s-
NaBr-ZnO exhibits a loss of 99.8 wt.% K" post-reaction, while Na* diminishes by 98.2 wt.%
(Table 7-9(a)). With the addition of Zn powder, the stability of the catalyst increases as
convinced by the increased retention of alkali metals in the solid catalyst (Table 7-9(a)).
Potassium content decreases 76.5 wt.% and Na® by only 16 wt.%. Two hypotheses are
proposed to explain this phenomenon. Firstly, SEM images show that new large particles are
formed due to the agglomeration of the catalyst and ZnCOs (Figure 7-12 (d). This may hinder

the interaction between surface Na" and K* and the reaction solution, thereby hindering
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dissolution. A second hypothesis is that Zn?>* content in solution increases during the reaction,
thereby reducing the demand for K" and Na* in the DMC formation reaction. According to
hard and soft acids and bases (HSAB) theory, first proposed by Pearson, Lewis acids can be
classified according to the stability of the metal complexes into (i) hard Lewis acids (Na* and
K"); (ii) borderline Lewis acids (Zn?"); (iii) soft Lewis acids (Parr and Pearson, 1983).
Generally, hard acids preferentially bind to hard bases to give ionic complexes, whereas soft
acids bind to soft bases to yield covalent complexes. The oxygen atom of the carbonyl group
in propylene carbonate displays the properties of a hard Lewis base (Laurence and Gal, 2009).
The reactive polar covalent complex may, therefore, form when the oxygen of the C=O group
attacks the Zn?" ion in transesterification reaction, contributing to the formation of DMC.

Therefore, Zn?* ions are more reactive to C=0 of propylene carbonate than Na* and K* ions.

7.3.6 Reaction mechanism

Zn powder was originally proposed as a dehydrating agent in DMC synthesis in order to
reduce the production of propylene glycol from propylene oxide hydrolysis, thereby
facilitating transesterification to the final product. However, herein (Section 7.3.1), it was
shown that selectivity to PG does not decrease with the addition of Zn powder. However,
selectivity to DMC approximately triples from 15.9% to 36.1%. Characterisation (Section
7.3.5) reveals that Zn powder may participate in the reaction, forming zinc methoxide
(Zn(OCHs)2). This species may act as a homogeneous catalyst for the conversion of propylene
oxide to propylene carbonate through the coordination-insertion mechanism and for the
transformation of propylene carbonate to dimethyl carbonate via transesterification. It can,
therefore, be concluded that Zn powder acts as a promoter rather than only as a dehydrating

agent in the reaction.

As shown in Table 7-6 (Entry 2), the selectivity of DMC is higher than that of PG, which
means dimethyl carbonate in the presence of zinc may, therefore, be generated through two
proposed reactions (Scheme 7-7). One is the synthesis of DMC via the reaction of
intermediate (carbonated zinc methoxide) and methoxy group (-OCH3) without the formation
of PG. The other one is the conversion of PC to DMC and PG through transesterification with
a higher catalytic efficiency (TOF caualysty=20.8 h' , TOF (catatystzincy™ 66.0 h'!, Figure 7.7). A

more detailed description of the two reaction routes is as follows:
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Route 1: reaction of Zn with CO; and methanol to form carbonated zinc methoxide (CZM).
The carbonate group of CZM then reacts with the unsaturated Zn?>*O? Lewis acid-base pair
on the catalyst surface and the intermediate bidentate carbonate is formed, the formation of
which is supported by the presence of Mgo.1Zno.0O in XRD analysis (section 7.3.5.1, Figure
7-9). The exchange of oxygen atoms in the bidentate carbonate with the oxygen atoms on
the catalyst surface results in the migration of carbonate species on the catalyst surface,

thereby facilitating the formation of DMC, with the release of ZnO polymeride.

Route 2: the second proposed reaction pathway involves the formation of additional
methoxy groups, which can attack the carbon atom of C=O in the transesterification
reaction. As observed by XRD data (Table 7-7) and SEM images (Figure 7-12) of the
spent catalyst and zinc powder, ZnCO3 with an average particle size of 42 nm is formed
during the reaction. This is accompanied by the release of -CH3O as a consequence of the
reaction of zinc methoxide with CO; and H>0O. Combining these two reaction pathways, an

overall mechanism is presented in Scheme 7-7.
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Scheme 7-7. Proposed new mechanism for DMC synthesis with the addition of Zn powder.

It is proposed that at higher pressures of carbon dioxide than those studied herein, Zn(OCHj3)2
may directly catalyse carbon-carbon bond formation between methanol and CO, allowing the
direct synthesis of DMC under mild conditions without PO. This represents a promising

avenue for further study.
7.4 Conclusions

12 wt.%K>COs3-17.5 wt.%NaBr-ZnO has been employed as a catalyst in the synthesis of
dimethyl carbonate from methanol, propylene oxide and carbon dioxide. The main limitation
for increasing DMC selectivity is the high yield of propylene glycol due to the hydrolysis of

propylene oxide. The role of Zn powder in this system is a promoter rather than a dehydrating
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agent, which increases the selectivity to DMC. Zn not only promotes DMC formation through
new reaction routes (Scheme 7-7) and but also could increase the stability of the catalyst (see
ICP-OES results, Table 7-9 (a) and (b)). Crucial intermediate products, zinc methoxide and
carbonate zinc methoxide, are formed during the reaction and promote the migration of
carbonate species on the catalyst surface yielding more DMC. Zinc powder has negligible
effect on the cycloaddition reaction but has a dramatic influence on the transesterification
reaction resulting in increased DMC production through the formation of methoxide species.
Furthermore, high pressure is not a prerequisite for the transesterification reaction. CO> has
been verified to inhibit the reverse cycloaddition reaction to form PO. It is recommended to
conduct future investigation into the effects of different active species on the reaction steps in
DMC synthesis and the reuasbility of catalyst. Moreover, the proposed mechanism is only
based on the experimental observation and detailed analysis is needed to support the proposed
mechanism. For instance, in order to identify if zinc methoxide is a necessary reaction
intermediate, '*C labelled zinc methoxide and/or '3C labelled magnesium methoxide can be

employed in the experiment to evaluate the proposed reaction pathways.
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Chapter 8 Conclusions and recommendations for future

work

In this work, active heterogeneous catalysts have been successfully applied for the one-pot
synthesis of DMC under mild reaction condition. The modification of catalysts and reaction
conditions has also been studied to improve the selectivity of DMC. The proposed reaction
mechanisms are presented according to the results of the experiment and the characterisation
of catalysts. In this chapter, the major conclusions obtained in the experimental studies and
catalyst characterisation are drawn in Section 8.1. Based on the current studies, the suggestion

for further research is presented in Section 8.2.
8.1 Conclusions

Alkali halide-based catalysts have been prepared and extensively studied for the one-pot
synthesis of DMC. In this study, the effect of alkali halide species, reaction time, the type and

loading of alkali supported on the carrier and the dehydrating agents were discussed.

8.1.1 Preparation of the catalyst

e Influence of alkali halide species
The catalysts with various alkali halide species (KCl, KBr, NaCl and NaBr) were screened in
the one-pot synthesis of DMC from methanol, PO and CO; under 2 MPa pressure condition.
The catalyst containing Br™ ions shows a higher catalytic ability to promote the formation of
PC (~33.9%) by cycloaddition, at the same time, lower by-products selectivity (~13.2%) is
obtained. The experiment result is in agreement with the ability of halides ions to donate
electrons (Br > CI). The proposed reaction mechanisms for cycloaddition, transesterification,
by-products formation and PO hydrolysis using NaBr-ZnO as the catalyst are discussed.
Additionally, the effect of reaction time was studied as well. 5 hours is a more appropriate
reaction time because both the cycloaddition and transesterification have reached the

equilibrium.

e Influence of alkali species
The selectivity of DMC was improved by supporting different kinds of alkali (NaOH, K>CO3
and Na>COs) on the NaBr-ZnO catalyst. DMC selectivity is used as an indicator to evaluate
the catalytic performance of the catalyst, and the sequence of the catalytic ability of the
modified catalysts is K2COs3-NaBr-ZnO (15.9%) > Na;COs-NaBr-ZnO (10.2%) > NaOH-
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NaBr-ZnO (8.5%). The supported alkali leads to the rises of the number of strong basic sites
on the catalyst surface, which promote the formation of DMC via transesterification. Finally,
the catalytic stability of the KoCO3-NaBr-ZnO is determined, the morphological structure of
the catalyst remains stable after reaction; however, the ICP-OES analysis results show that
99.8 wt.% of K* and 98.2 wt.% of Na" is leached into the reaction solution during the reaction
process. According to the SEM images of catalyst before and after reaction, the physical
structure of catalyst supporter remain stable. In the following research, it is necessary to find a
novel method to optimise the chemical stability of the catalyst to reduce the percolation of
active components on the catalyst surface into the reaction solution during the reaction

process, so as to improve the reusability of the catalyst.

e Influence of alkali loadings
The catalysts with various K>COs loadings (8 wt.%, 10 wt.%, 12 wt.%, 15 wt.% and 18 wt.%)
were prepared and screened in the DMC synthesis reactions. The highest DMC selectivity
(15.9%) is obtained when using 12 wt.% K>CO3-NaBr-ZnO as the catalyst. The selectivity to
DMC is limited by the formation of PG (26.4%) as a by-product via hydrolysis of PO by
water in the reaction. Excessive K>CO; loadings (>18 wt%) on the carrier results in a

significant increase in the selectivity of PG (47.9%) and by-products (43.9%).

8.1.2 Modification of reaction condition

Selectivity to DMC can be increased by reducing the rate of production of PG through
removing water from the system. Both solid and liquid dehydrating agents can be used to

remove water from the process.

e Influence of 3A molecular sieves and acetonitrile
Both the effect of physical drying agents (3A molecular sieve) and chemical dehydrating
agent (acetonitrile) on inhibiting PO hydrolysis and improving DMC selectivity were studied.

The main conclusions drawn are illustrated as follows:
1) The selectivity of PC increases significantly because of the inhabitation of the PO

hydrolysis when using both dehydrating agents. However, the effect on improving DMC

selectivity is not apparent.
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2) 3A molecular sieve can give a better dehydration efficiency in the short-term reaction
(reaction time < 3h), its unstable structure and deactivation of molecular sieves under
reaction conditions (160 °C and 4.5 MPa) result in a lower DMC production and TOF

value.

3) Acetonitrile is a better-performed dehydrating agent; however, the main drawback is
the formation of hydrolysates (NH3 and urea) in the reaction system. The reaction

between NH3 and DMC leads to the low selectivity of DMC in the result.

4) With the addition of acetonitrile, the efficiency of CO; utilisation can be improved via

the conversion of PG to PC in the reaction system.

5) An appropriate amount of water in the reaction system could facilitate the
cycloaddition of propylene oxide and CO: via the formation of Zn-OH group on the
catalyst surface, which is conducive to catalyse the ring-opening of propylene oxide by a

nucleophilic attack.

e Influence of Zn powder
K>CO3-NaBr-ZnO has been employed as a catalyst in the synthesis of dimethyl carbonate
from methanol, propylene oxide and carbon dioxide. The addition of Zn powder to this
system increases the selectivity to DMC (~36.1%). Table 8-1 offers a comparison of DMC
selectivity achieved in this work and under “harsher” conditions. It is clear that relatively
high DMC selectivity and TOF value are obtained in this work using K»CO3-NaBr-ZnO as the
catalyst and Zn as the promoter at 2.0 MPa (RT) pressure. It can be considered that this
research provides the possibility of “greener chemistry”, because to a certain extent low-
pressure reaction condition requires lower energy input compared with high-pressure

condition and reduces the safety hazards caused by high-pressure reaction.
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Table 8-1. The comparison of DMC selectivity between this work and former studies, and CO,

pressures employed.

Entry Catalyst bMC TO¥ CO: pressure References
selectivity (%) (h') (RT, MPa)

1 K2CO;-NaBr-ZnO* 15.9 24.7 2.0 /

2 K2CO;-NaBr-ZnO + Zn 36.1 71.2 2.0 /

3 KOH-KI-ZnO 58.0 8.4 16.5 (Chang et al., 2004)
4 Mg-KCl1-ZrOs 52.7 52.2 9.5 (Etaet al., 2010)
5 KOH-4A 16.8 41.9 3.0 (Li et al., 2005)

6 KOH-B-zeolite 233 - 2.0 Xuetal., 2013)

Zn powder both promotes DMC formation through new reaction routes (Scheme 7-7, Route 1)

and increases the stability of the catalyst. Crucial intermediate products, zinc methoxide and

carbonate zinc methoxide, are formed during the reaction and promote the migration of

carbonate species on the catalyst surface yielding more DMC. Zinc powder has little effect on

the cycloaddition reaction but has a dramatic influence on the transesterification reaction

resulting in increased DMC production through the formation of methoxide species.

Furthermore, high pressure is not a prerequisite for the transesterification reaction. CO2 was

found to inhibit the reverse cycloaddition reaction to form PO.
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8.2 Recommendations for future work

The acid-base sites on the catalyst surface catalysed the synthesis of DMC. The improvement
of DMC selectivity can be achieved by increasing the strength of the basic sites. In addition,
further research work is needed to increase the feasibility of this study. This section mainly
introduces analytical methods to supplement the description of catalyst physical properties

and recommendations for future research work.

8.2.1 Characterisation of the catalysts

e Analysis of the surface area
The surface area of the catalysts with various K.COs3 loadings was not characterised. In order
to have a better understanding about the effect of KoCOs loadings on the activity of the
catalyst, Ultra-Small-Angle X-Ray Scattering (USAXS) was employed to obtain the

information about the size distribution of catalyst particles in this study (Figure 8-1).
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Figure 8-1. USAXS profile of catalysts (K2COs3-17.5 wt.%-Zn0O) with various K.CO3 loadings.

The particle size distribution of catalyst is closely related to the effective surface area of the
catalyst. N> adsorption isotherm analysis will be performed in order to explain better the trend
of catalyst particle size distribution and surface area with the increase of K2COj3 loadings, so

as to explain the relationship between the KoCO; loadings and catalyst activity. The

equipment used is described in section 3.2.6.
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e Analysis of the basic intensity
The result of CO>-TPD analysis indicates the strength and the concentration of basic sites on
the catalyst surface. As discussed in Chapter 5, strong basic sites favour the formation of
DMC via transesterification, and too basic condition may lead to the production of by-
products (1-methoxy-2-propanol). It is necessary to obtain the intensity information of the
basic sites on the catalyst surface, which can provide a basis for improving the DMC
selectivity and controlling the by-products selectivity by altering the basic property of catalyst.
The equipment and operating methods for CO,-TPD analysis are described in detail in section

3.2.5.

8.2.2 Directions for future study

e Study the reusability of the catalyst and the recyclability of the Zn powder.
The catalytic stability of KoCO3-NaBr-ZnO is increased with the addition of Zn powder.
Specifically, the content of the active components (Na* and K* ions) supported on the catalyst
surface leaching into the reaction solution during the reaction is reduced. However, the main
difficulty in testing the reusability of the catalyst is to separate the two solid materials after
the reaction. The spent catalyst needs to be activated under high-temperature calcination
(700 °C) before it can be used again, and the melting point of zinc powder is about 420 °C.
From the perspective of industrial and economic applications, it is necessary to find a suitable
reaction system that allows the catalyst and zinc powder to participate in the reaction at the

same time but not mix.

e Direct synthesis of DMC without the addition of propylene oxide.
It is proposed that at higher pressures of carbon dioxide than those studied herein, Zn(OCH3)2
may directly catalyse carbon-carbon bond formation between methanol and COs, allowing the
direct synthesis of DMC under mild conditions without PO. This conclusion represents a
promising avenue for further study. The main problem with the direct synthesis of DMC route
is the low translation rate due to the limitation of reaction equilibrium. Adding an appropriate
amount of Zn powder is a possible method to improve the selectivity of DMC via the direct

synthesis route.

e QGas analysis of the reaction using acetonitrile as the dehydrating agent.
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It was introduced in Chapter 6 that the reaction between acetonitrile and water may generate
ammonia gas, which reacts with the generated DMC in the reaction system. This assumption
explains the result that the addition of acetonitrile does not significantly improve the DMC
selectivity. In order to better verify this statement, the composition of gas-phase products

generated in the reaction can be obtained by online GC-MS analysis.

e The modification of reaction conditions.
In this study, the effect of reaction time on the selectivity of various products are mainly
introduced. In addition, other factors such as reaction temperature, Methanol/PO molar ratio,

and catalyst addition amount need to be optimised in order to improve the selectivity of DMC.
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APPENDICES

Appendix A: Calibration curves of the products obtained from DMC synthesis
reactions (Chapter 3).

The calibration curves were made by the internal standard method using GC-FID. 6 different
concentrations of standard samples with same amount of internal standard (2-propanol) were
prepared. The peak area ratios and the corresponding concentrations are shown in the figure
and calibration equation is obtained as well. In the figure, y is the peak area ratio of the

analyte and 2-propanol, x is the concentration of analyte in g/ml.
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Figure A-1. Calibration curve of dimethyl carbonate.
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Figure A-3. Calibration curve of propylene carbonate.

175



Chapter 8 Conclusions and Recommendations for Future Work

PG

S y = 7.7502x + 0.3169
---- R?=0.9928

o

PO/2-propanol area ratio
N

0.04 0.14 0.24 0.34 0.44
Con (mmol/ml)

Figure A-4. Calibration curve of propylene glycol.
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Figure A-5. Calibration curve of by-products (1-methoxy-2-propanol and 2-methoxy-1-propanol)
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Appendix B: Photograph of the products obtained from DMC synthesis

reactions in the presence of 3A molecular sieves and acetonitrile (Chapter 6).

—

—

Colourless liquid
pH: 8~ 9

-

h

Figure B-1. Photographic images of the product of DMC synthesis reactions with the addition of 3A
molecular sieves and the reaction is repeated twice. Reaction conditions: methanol (100 mmol),
propylene oxide (33.3 mmol), catalyst (0.3 g), CO2 (2 MPa), 3A molecular sieves (0.1 g), 160 °C, 5h.

The pH value of reaction product is around 9 and the colour of the liquid solution change

from colourless to pale yellow after the reaction in the presence of 0.1g 3A molecular sieves.
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" Yellow liquid
pH: 9~ 10

Figure B-2. Photographic images of the product of DMC synthesis reactions with the addition of
acetonitrile and the reaction is repeated twice. Reaction conditions: methanol (100 mmol), propylene
oxide (33.3 mmol), catalyst (0.3 g), CO2 (2 MPa), acetonitrile (1.14 ml), 160 °C, 5h.

The colour of the products of the DMC synthesis reactions with the excess acetonitrile (1.14

ml) is yellow and the pH value of the liquid product is around 10.
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