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KESAN PENGGABUNGAN KATION LOGAM ALKALI BUMI KE ATAS
PENSWAPASANGAN SILIKA BERLIANG MESO: KAJIAN FIZIKO KIMIA

DAN PEMANGKINAN STIRENA

ABSTRAK

Tiga siri mangkin logam alkali bumi (magnesium, kalsium dan barium) silikat
berliang meso telah dihasilkan menggunakan kaedah sintesis serentak dengan
mengubah nisbah molar logam/ agen pengarah permukaan (CTAB) (0.25, 0.50, 0.75
dan 100). Penggabungan logam alkali bumi ke dalam kekisi silika telah mengubah
susunan saluran liang dan meningkatkan saiz liang berbanding silika asal. Spesies
logam alkali bumi diatas permukaan pemangkin berubah mengikuti nisbah molar
logam/CTAB. Pengepoksidaan stirena dalam fasa cecair telah menghasilkan stirena
oksida (StO) sebagai produk utama manakala benzaldehid (PhCHO) dan
fenilasetaldehid (PA) ditemui sebagai produk minor. Secara umumnya, activiti yang
paling tinggi telah didapati apabila nisbah logam/CTAB bersama dengan 1.00.
1.00CaMST vyang berliang meso telah menunjukkan prestasi yang terbaik dengan
mencapai penukaran stirena (66.9%) dan kepilihan stirena oksida (79.2%) yang paling
tinggi pada suhu sederhana (60 °C) dan muatan mangkin (100 mg) yang lebih rendah.
Tenaga pengaktifan 1.00CaMST (10.9 kJ mol™?) didapati lebih rendah berbanding
dengan 1.00MgMST (27.7 kJ mol?) dan 1.00BaMST (17.3 kJ mol™). Tindak balas
tersebut didapati mematuhi model Kkinetik tertib pseudo-pertama. Mekanisme tindak
balas yang dimangkin telah dicadangkan berdasarkan jenis tapak aktif logam alkali

bumi.

XXi



EFFECT OF ALKALINE EARTH METAL CATIONS INCORPORATION
ON THE SELF-ASSEMBLY OF MESOPOROUS SILICA:

PHYSICOCHEMICAL STUDY AND CATALYSIS OF STYRENE

ABSTRACT

Three series of alkaline earth metal (magnesium, calcium and barium)
mesoporous silicate catalysts were prepared via direct one-pot synthesis by varying
the metal to surface directing agent (CTAB) molar ratio (0.25, 0.50, 0.75 and 1.00)
Characterization results indicate that the physicochemical properties of the resulting
catalysts depend on the size of the alkaline earth metal cations and metal/CTAB molar
ratios. The incorporation of the alkaline earth metals in the silica framework disrupted
the arrangement of pore channels and increased pore size compared to parent silica
(MST). The alkaline earth metal species on the catalyst's surface varies according to
the metal/CTAB molar ratio. Liquid phase epoxidation of styrene in the presence of
prepared alkaline earth metal catalysts have produced styrene oxide (StO) as the major
product and benzaldehyde (PhCHO) and phenylacetaldehyde (PA) as the minor
products. In general, the highest catalytic activity was observed at a metal/CTAB ratio
of 1.00. Mesoporous 1.00CaMST performed the best by achieving the highest styrene
conversion (66.9%) and StO selectivity (79.2%) at mild temperature (60 °C) and a
lower catalyst loading (100 mg). The activation energy of 1.00CaMST (10.9 kJ mol™?)
is also found to be lower than 1.00MgMST (27.7 kJ molt) and 1.00BaMST (17.3kJ
mol?). The reactions were found to fit better to the pseudo-first order kinetic model.
The mechanism of the catalysed reaction was proposed based on the type of alkaline

earth metal surface active sites.
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CHAPTER 1

INTRODUCTION

1.1 Catalyst

According to the International Union of Pure and Applied Chemistry (IUPAC), a
catalyst is defined as a substance that increases the rate of a reaction without modifying
the overall standard Gibbs energy change in the reaction whereas the process is called
catalysis [1]. The term catalysis was coined by Jons Jakob Berzelius (1779-1848) in 1835
[2]. He stated that catalysis is “the property of exerting on other bodies an action which
is very different from chemical affinity. By means of this action, they produce
decomposition in bodies, and form new compounds into the composition of which they
do not enter”. Catalysts function by altering the reaction pathway and lowering the energy
barrier (activation energy) that is required for the reaction to occur. The importance of
catalysts in the chemical industry was reflected by its global market value of U$ 18.8
billion in 2018. This value is forecasted to rise to U$ 23.9 billion by 2024 according to the
Industrial Catalyst Market: Global Industry Trends, Share, Size, Growth, Opportunity and

Forecast 2019-2024 report [3].

Catalysts can be divided into three groups: homogeneous, heterogeneous and
biocatalysts (Figure 1.1). Homogeneous catalysts exist in the same phase as the reactants
(gas or liquid). In contrast, heterogeneous catalysts exist in a different phase from that of
the reaction mixture (e.g. solid-liquid or solid-gas). Heterogeneous catalysts can either be

metal-based or metal-free. Biocatalyst refers to the use of enzymes, which originally



function to catalyse biochemical reactions in living organisms. The enzymes are three-

dimensional proteins containing active binding sites for substrate binding and catalysis.

Compared to homogeneous catalysts and biocatalysts, heterogeneous catalysts are
considered a better choice to catalyse various industrially important chemical reactions

due to their ease of recovery and cost-effectiveness.

Catalysts
[ |
Homogeneous Heterogeneous ,
Biocatalysts
catalysts catalysts 4
|
| ]
Metal-free Metal-based

Figure 1.1 Schematic illustration of the types of catalysts.

1.2 Alkene epoxidation

Selective or partial oxidation of hydrocarbons, including saturated alkanes and
unsaturated alkenes and alkynes, are of great commercial and synthetic importance. The
presence of weak carbon-carbon double bonds in olefins have made them more susceptible
towards oxidative functionalization, which is vital to produce valuable products such as
epoxides, alcohols, diols, aldehydes, and ketones [4,5]. Nevertheless, catalysts are needed

for these chemical reactions to be commercially viable and sustainable. Demands for



active yet affordable catalysts for oxidation reactions has attracted the interest of the

research communities since the 1930s.

Alkene epoxidation is the process used to produce reactive epoxide intermediates
for pharmaceutical and chemical industries. Due to the instability of the epoxide, mild and
clean conditions are particularly important for selective epoxidation processes. Optimum
catalyst and oxidant combination are therefore needed to alternate the reaction pathway to

a lower activation energy route, which enhances the selectivity and yield of the epoxide.

1.3 Epoxidation of styrene

Styrene oxide (StO) is an epoxide that is of industrial importance. Similar to
ethylene oxide and propylene oxide, styrene oxide used to be prepared via the
chlorohydrin epoxidation route [6,7]. This process needs to be replaced by a more efficient
and greener alternative to comply with regulations and increasing demand. So far, various
catalytic systems with different combinations of catalysts have been investigated (Section

1.6).

Selectivity is the key to the production of styrene oxide. Styrene oxide, which
contains strained epoxy ring and higher bond energy than styrene, is unstable and can be
further oxidized to benzaldehyde and benzoic acid through a radical mechanism in the
presence of excess oxidant and at higher reaction temperature (Figure 1.2) [8]. In the
presence of acid sites, epoxides are prompt to be isomerized to phenylacetaldehyde [9].
The existence of acid sites can also lead to the formation of styrene glycol [10]. Therefore,
the design of a catalyst that is selective to the formation of styrene oxide under mild

conditions is vital in order to avoid the complication of the product mixture. This can be



achieved by enhancing the rate of StO formation and synthesis of the catalyst with unique

surface-active sites that have limited interaction with oxidant or StO.

0]
[O] Benzaldehyde (PhCHO) Benzoic acid
OH
OH
Styrene Styrene oxide (StO) Styrene glycol

l[Hﬂ

\O
Phenylacetaldehyde (PA)
Figure 1.2 Possible products of styrene epoxidation [8-10].

1.4 Applications of styrene oxide

Styrene oxide has been widely used as a precursor or an intermediate in the
production of cosmetics, surface coatings, and in the treatment of fibres and textiles. A
study by Imai and co-workers [11] reported the use of styrene oxide-based
macromonomers in the synthesis of discrete polyethylene oxide-polystyrene oxide
microsphere through dispersion copolymerization. Another study by Wu et al. [12] has

demonstrated that the cycloaddition of CO: to styrene oxide to form alternating



polycarbonate with Co(lll) metal complex. Apart from polymerization, the five-
membered cyclic styrene carbonate produced via CO> addition to styrene oxide can also
be used as a solvent and fuel additives [13]. In the pharmaceutical industry, styrene oxide

Is an ingredient for the synthesis of antidepressant and anti-HIV agent [14,15].

1.5 Catalyst for styrene epoxidation

1.5.1 Biocatalyst

In nature, enzymes are used to epoxidize styrene with high yield, excellent chemo-,
regio- and enantioselectivities at mild conditions [16]. Styrene monooxygenases bearing
either one or two components, which were expressed in microbes such as Escherichia coli
(E. coli), Pseudomonas sp. and Rhodococcus opacus, have been investigated for
biotransformation of styrene to styrene oxide. The relative activity and selectivity of the
epoxidation reaction can reach >99% [17,18]. Besides that, cell-free styrene epoxidation
has also been studied using monooxygenase and cytochrome P450 enzyme [19,20].
Nevertheless, the high cost of enzyme and reducing equivalents for reductive activation
of molecular oxygen are two major limitations for their application in large scale industrial

production.

1.5.2 Homogeneous catalyst

Typically, homogeneous catalysis can achieve a good yield at mild conditions.
Metal complexes have been frequently employed as homogeneous catalysts. A
comprehensive review of the use of transition metal complexes to catalyse epoxidation

reactions has been published as early as 1989 [21]. Recent work reported by D iaz-Requejo



and colleagues showed that styrene epoxidation by dihydridobispyrazolylborate copper(l)
complex and ozone could yield 70% of styrene oxide with >85% of selectivity [22].
However, the complexity of catalyst synthesis, separation of the catalyst from the reaction
mixture and catalyst reusability are the challenges need to be overcome when applying

homogeneous catalysis in industry.

1.5.3 Heterogeneous catalyst

Heterogeneous catalysts possess several advantages compared to homogeneous
catalysts and biocatalysts. Since heterogeneous catalysts are not in the same phase as the
reactants and products, the catalysts can be separated easily and reused several times, and
thus making the chemical production process more cost-effective. However, this type of
catalysts often suffers from poor catalytic activity and selectivity than their homogeneous
counterparts. Much effort has been dedicated in developing new heterogeneous catalysts
or improving the existing heterogeneous catalysts for better catalytic performance. These
catalysts can be grouped into metal complexes, metal oxide, supported metal and

nanoporous catalysts.

1.6 Metal-catalysed styrene epoxidation

Numerous works have been done on identifying metal-based catalysts that are
cost-effective, environmentally-friendly as well as feasible for industrial application. The
following subsections discuss various examples reported in the literature that contributed
to the development of styrene epoxidation catalysts. A summary of the catalyst with the

best catalytic performance of each type was displayed in Table 1.1.



Table 1.1 Types of styrene epoxidation catalyst and the best performed candidate discussed in the text.

Styrene Epoxide  Epoxide

Catalyst Oxidant Lc()ra:]dl)n g (O-E) (rt]) Styrenrzlt%mdant Conversion  Selectivity ~ Yield Ref
| (%) (%) (%)

Insoluble Organometallic
Complexes
Nickel lysine salen complexes ~ TBHP 50 90 10 1:1 91.5 92.0 84.2  [23]
with TBHP
Metal Oxides
CaO H202 60 60 10 1.7 99.2 97.5 96.7  [25]
Supported Metals
Ag/maghemite TBHP 20 80 15 1:3 89.6 89.7 80.4  [26]
Sr on Co(ll)-exchanged zeolite (07) 200 100 4 - 100.0 85.0 85.0 [27]
C8-POM/SBA-15 H202 500 65 2 1:3 100.0 100.0 100.0 [28]
Au/BaTNT TBHP 50 80 15 1:1 60.5 80.1 48.5 [29]
Auzs/Hydroxyapatite TBHP 50 80 12 1:5.8 100.0 92.0 920 [30]
Ag/MgAl-LDH TBHP 100 82 8 - 80.8 91.1 73.6  [31]
MgO/Carbon TBHP 100 100 18 1:2 84.0 82.0 68.9  [32]
Metal-Organic Framework
(MOF)
Polytungstate MOF H20: 39 50 6 1:1.25 73.0 83.0 60.6  [33]




1.6.1 Organometallic complexes

Many works have been conducted to prepare insoluble organometallic complexes
for the liquid phase epoxidation processes. A series of period four transition metal lysine
salen complexes have been studied for their styrene epoxidation performance with tert-
butyl hydroperoxide (TBHP) [23]. The nickel complex achieved the highest conversion
and selectivity of 91.51% and 91.99%, respectively for styrene oxide while cobalt
counterpart was more selective towards benzaldehyde with a conversion and selectivity
of 89.11% and 95.23%, respectively. A unique tungsten-based reaction-controlled phase
transfer  epoxidation  catalyst  [(C18H37(30%)+C16H33(70%))N(CHz)3z]3-[PW4O16]
developed by Yang et al. [24] epoxidized styrene with up to 85% of conversion and >95%
of styrene oxide selectivity using H>O>. However, the catalyst was soluble in the presence
of H>O>. Despite that, the spent catalyst can be precipitated and recovered with 94.1%

recovery efficiency when the oxidant was completely consumed.



1.6.2 Metal oxides

On the other hand, metal oxides have also been frequently used for the epoxidation
of styrene. Study on the use of molecular oxygen with FesO4 shows that styrene
conversion and styrene oxide selectivity achieved 38.0% and 56.5%, respectively [34].
Another investigation carried out by Choudhary and co-workers [35] have also tested TiO»,
Cr203, MnO», Fe>03, CoO, NiO, ZnO, MoO, and UsOg using anhydrous and aqueous
TBHP. In their study, NiO showed the best performance (51.7% of conversion, 86.2% of
selectivity, 44.6% of yield and 14.9 g** h™! for TOF). When combined with Co3Os4, it was
found that NiO can transform 68.0% of styrene to styrene oxide at mild condition (air,
100 °C, 5 h) [36]. The selectivity of styrene oxide was 86.9%. Higher conversion (>80%)
was obtained using bimetallic Co304-SnOx and Co0304-ZnOx with the expenses of
selectivity under the same condition. It is worth to note that applying transition metal
oxides in combining with H20: in epoxidation reaction is challenging since the they have
high activity for the H20> decomposition and therefore, will give a higher selectivity

towards benzaldehyde [37].

Besides transition metals, alkaline earth metal oxides can function as epoxidation
catalysts as well. In 2006, Choudhary [38] published a report on the use of different
alkaline and rare earth oxides for styrene epoxidation by TBHP. Barium oxide
outperformed the others by achieving 40.7% of conversion and 78.7% of styrene oxide
selectivity. The reusability test revealed that although the change in styrene oxide
selectivity is negligible after five cycles of reuses, the catalytic activity of barium oxide
has declined as indicated by a 19% drop in styrene conversion. The authors attributed the

superior performance as the result of the relatively easier formation of barium peroxide



when reacting barium oxide with TBHP. Although the activities of magnesium oxide and
calcium oxide are low in this study, later investigations conducted using H>O> indicated
that both of these oxides are highly active and selective even at mild conditions [25,39].
The amount of very strong basic site and high basic strength were concluded as the two
key factors for their exceptional performance. These evidences suggested that alkaline

earth metal cations are active catalysts in the epoxidation of styrene.

For Group Il metal oxides, their styrene epoxidation activity and epoxide
selectivity are low except thallium. The study conducted by Patil and co-workers [40]
demonstrated that only T1>03 exhibits significant conversion and selectivity, both higher
than 50%. Styrene conversion by the first three Group Il metal oxides, namely Al2Os,
Ga203 and In20g, are all below 10% while their epoxide selectivity is between 3-15%. The
authors attributed the high catalytic activity and selectivity of T1>O3 as the result of its
high basicity and reducibility (E(TIP*/TI**) = +1.25 V), which results in redox-driven
styrene epoxidation mechanism. Meanwhile, the results also indicated that metal oxides
of lower period members perform better in further oxidising the epoxide to its secondary
oxidation products rather than producing the epoxide itself. Hence, it is clearly shown that
basicity and reducibility are important factors that decide the styrene epoxidation

performance of metal oxide catalyst.

1.6.3 Metal-Organic Framework (MOF) materials

Metal-organic framework (MOF) is an inorganic-organic hybrid material
consisting of self-assembly organic ligands and metal ions or clusters. They are promising

catalysts owing to their uniform but tuneable cavities, high surface areas, and component

10



diversification. Several studies have been reported on the catalytic performance of MOF

in styrene epoxidation using hydrogen peroxide as oxidant.

The activity of the polytungstate-MOF in catalysing styrene epoxidation was
measured by Haddadi and colleagues [33] in the presence of hydrogen peroxide and
acetonitrile. They managed to obtain 73% of conversion and 83% of styrene oxide
selectivity after 6 h of reaction using this catalyst. On the other hand, high styrene
conversion (~99%) and epoxide selectivity (~70%) was obtained by Hui and his co-
workers [41] in their study using nitrogen derivatized multicomponent Zn;Co:-ZIF and
TBHP in styrene epoxidation. Furthermore, a patent on the use of MOF in the epoxidation

of alkenes was filed by BASF and the Regents of the University of Michigan in 2003 [42].

1.6.4 Supported metals

Apart from directly acting as a catalyst, metal oxides can be employed as a support
for precious metals in catalysts design. Patil et al. [43] have introduced gold metal onto
transition metal oxides via the homogeneous deposition-precipitation method. Their
results showed that Au/TiO, achieved the highest conversion and styrene oxide selectivity
among twelve supported metal oxides studied. The catalyst can be reused with the
conversion and selectivity maintained closely at 55.9% and 56.3%, respectively for at least
six times. Au supported on MgO was shown to perform better than the transition metal
oxides and other alkaline earth metal oxides by achieving 67.0% of conversion and 66.1%
of selectivity [44]. A latter study by Dumbre et al. [45] on the use of nanogold supported
on CaO has managed to reach a higher conversion of 67.6% and 18% higher selectivity

than that of Au/MgQO. The catalyst containing supported gold on ytterbium oxide was

11



identified to be less active (58.1% conversion) but more selective (69.6% of styrene oxide
selectivity) than that of alkaline earth metal oxides [46]. Meanwhile, Pan et al. [26]
demonstrated that excellent styrene conversion and styrene oxide selectivity of 89.6% and

89.7%, respectively can be obtained using maghemite-supported Ag in ethyl acetate.

1.6.4(a) Zeolites as a catalyst support

Microporous zeolite is another option for supporting active metal centres. Silva et
al. reported that manganese(ll) salen complexes encapsulated complexes in zeolite NaX
and NaY were able to epoxidize styrene [47]. Meanwhile, Co(ll)-azamacrocyclic
complexes encapsulated zeolite Y can catalyse the conversion of styrene to styrene oxide
with 65.2% conversion and 86.5% epoxide selectivity [48]. Nevertheless, metal cations
can also be incorporated into zeolite by direct synthesis or ion exchange pathway. For
instance, cubic porous zeolite A supported Ag prepared via ion exchange in supercritical
carbon dioxide was proven active towards styrene epoxidation with up to 83% conversion
[49]. Similar zeolite 4A supported Ag catalyst prepared by one-pot hydrothermal synthesis
achieved 80.8% conversion and 89.2% epoxide selectivity [50]. A research conducted by
Tang and his co-workers [51] to investigate styrene epoxidation activity of cobalt
exchanged zeolite NaX revealed that the prepared cobalt zeolite X has moderate activity
and selectivity towards epoxide formation. Although the selectivity of this catalyst is
comparable when using molecular oxygen and hydrogen peroxide, its catalytic activity is

higher with molecular oxygen acting as oxidant.

Introducing more than one type of metal cation can generate a synergistic effect

on the epoxidation performance of zeolite supported catalyst. The single and most

12



successful example is the alkali earth metal promoted Co-exchanged X catalytic system
developed by Sebastian, and co-workers [27]. The outcome of their research showed that
cobalt cation is mainly responsible for the high conversion (~100%) while alkali and
alkaline earth metals can be introduced to enhanced styrene oxide selectivity. It is proven
that alkaline earth metals are more effective in enhancing the selectivity of Co-X than
alkali metal cations. Comparable selectivity of 83-85% can be achieved by exchanging
the framework sodium cation with calcium, strontium or barium. This method has been
patented in the United States and Europe [52,53]. The limitation in styrene oxide
selectivity is the high operating temperature of 100 °C, which facilitates the

decomposition of styrene oxide.

1.6.4(b) Mesoporous silica as catalyst support

Mesoporous silicas are silicate materials containing ordered mesopores, which
have pore size between 2-50 nm. Since the first discovery of MCM-41 by the researchers
of Mobil Corporation, various types of mesoporous silicas have been successfully
prepared, including MCM-48, SBA-15, SBA-16, KIT-6, and TUD-1. These mesoporous
compounds were extensively examined for their applications as support, catalyst, and
adsorbent. Numerous works have been reported on the catalytic activity of metal
supported on mesoporous silica in styrene epoxidation. Pachamuthu et al. [54] directly
synthesized foam-like disorder silica (TUD-1) containing copper cation for styrene
epoxidation. Their results showed that the mesoporous silica itself is inactive towards the
reaction. The inclusion of copper significantly improves styrene conversion. Although the
conversion is proportional to the amount of copper cation, a higher amount of copper will

adversely reduce the selectivity towards styrene oxide due to the formation of bulk CuO
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species. The highest conversion and selectivity achieved under optimum condition were
74.8% and 57.1%, respectively. On the other hand, incorporation of indium oxide on
TUD-1 can catalyse the epoxidation of styrene with up to 60% of epoxide selectivity and

approximately 25% of conversion when molecular oxygen was used [55].

Recent research by Li and his colleagues [56] using Cu(l1)-Co304 supported on
three-dimensional cubic mesoporous KIT-6 reveals that supported CosO4 spinel phase
doped with Cu perform better than supported mix phase of CuO and Co3O4. The catalyst
with a moderate molar ratio of Cu/Co=1/8 reached the highest conversion and styrene
oxide selectivity of 53.8% and 82.6%, respectively. Their findings evidenced that instead
of textural properties, the chemical environment of active metal sites dominates the
catalytic activity of the catalyst. Another research group reported the use of one-pot
hydrothermal synthesized Zr-Mn/MCM-41 for styrene epoxidation using TBHP [57]. It
was shown that Mn/MCM-41 achieved high styrene oxide selectivity with a little
conversion. Adding zirconium eventually increases both the conversion and selectivity of
the catalytic reaction. However, the improvement in conversion is more prominent than
that on the selectivity. In this system, 41.2% of conversion and 87.35% of styrene oxide

selectivity were attained.

Several studies have been done on the use of mesoporous silica encapsulated metal
complexes. Styrene epoxidation in the presence of peroxophosphotungstate/SBA-15
(POM/SBA-15) achieved total styrene conversion and 100% styrene oxide selectivity in
only two hours of reaction time and at mild condition [28]. Although this catalyst
experience negligible leaching of metal active sites, its selectivity drops to 60% after four

catalytic reactions. Moreover, the designed system required both H2O, and O as the
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oxidant for the reaction, which can incur extra cost on production set up, maintenance and
occupational health and safety investment. An experiment carried out by Rahiman et al.
[58] demonstrated the catalytic performance of iron(lll) porphyrin encapsulated into
Al/Ti/V-MCM-41 by ion-exchange method. The results indicated that FeTAPP achieves
46.0% of epoxide yield when attached to V-MCM-41. This result is higher than that of

using Ti-MCM-41 (39.2%), AI-MCM-41 (10.3%) and MCM-41 (17.3%) as support.

Zhang and his colleagues studied the encapsulation of chiral ruthenium porphyrin
[Ru(I1)(D4-Por*)CO] on silica, silica gel, MCM-41 and MCM-48 [59]. Optimum epoxide
yield of 86% was obtained with the use of three-dimensional MCM-48 support. The
challenges faced when using this MCM-48 supported catalyst include poor reusability,
tedious catalyst preparation protocol and the need to replace highly volatile
dichloromethane with greener solvent. In addition to network type, the catalytic
performance of the supported catalyst was also governed by the pore size, channel type
and adsorbent-adsorbate interaction. This is described by Wang and his co-workers who
studied styrene epoxidation with H2O> catalysed by alanine—salicylaldehyde Schiff base
chromium(111) complexes immobilized on mesoporous silicas [60]. After comparing the
result between MCM-41 and SBA-15 supported complexes, their works revealed that
methyl-containing alanine—salicylaldehyde chromium(lll) MCM-41, which possesses
smaller pore diameter and uniform parallel channel, achieved lower conversion but higher
epoxide selectivity than the crossed channel, big pore size SBA-15 counterparts. This is
because the latter exerts stronger adsorption on styrene and epoxide molecules, which
allowed these molecules to approach the active sites more easily. Consequently, higher

conversion of styrene and lower epoxide selectivity was observed in SBA-15 supported
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samples. The highest conversion and selectivity recorded were 80.2% and 77.0%. The
performance of catalyst gradually decreases for the first four cycles of reactions and
experiences dramatic decline since then. This is rationalized as the result of active site

blockage by residual adsorbed molecules.

The influence of metals on the catalytic performance of mesoporous silica
supported metal complexes has been investigated by different research groups. Sun et al.
[61] demonstrated that copper(I1) Schiff anchored onto amino-functioned KIT-6 achieved
the best catalytic performance of 98.6% of conversion and 97.8% of styrene oxide
selectivity when compared to Fe?*, Co?*, Ni?* and VO?* counterparts. The selectivity is
11.8% higher than the one grafted on MCM-41 [62]. It is expressed that the KIT-6 support
is responsible for the inhibition of dimerization, which enhanced the catalytic performance
of Cu-salen supported on it. This is consistent with the previous finding of Tang et al. [63]
who showed that Cu supported on mesoporous silica nanoparticles (MSN) achieved

higher conversion and selectivity that the Co-MSN and Mn-MSN.

1.6.4(c) Other supports

Apart from the above category of support, there is a vast variety of materials being
tested as a catalyst support in styrene epoxidation. Barium titanate nanotubes (BaTNT)
has been used to support gold particles for styrene epoxidation with peroxides. Nepak and
Srinivas [64] reported that 1 wt% Au supported on BaTNT can selectively convert 60.5%

of styrene with an epoxide selectivity of 80.1% by using TBHP.

Layered double hydroxides (LDH) comprising of a layer of metal cations

sandwiched by two layers of a hydroxide ion and intercalating anions is another type of

16



support that has been used to support metal active sites. It was reported by Wang et al.
[31] that Ag nanoparticles supported on MgAI-LDH with Ag loading of 2.76 wt% can
oxidize 80.8% of styrene with up to 91.1% epoxide selectivity at optimized conditions.
Meanwhile, gold nanoparticles supported on MgAI-LDH has demonstrated to be an
efficient catalyst in the epoxidation of styrene by achieving 51.5% of styrene oxide yield
and turnover frequency of 479.1 h at an Au loading of as low as 0.22 wt% [65]. Another
study using Y3 modified MgAl-hydrotalcite as a catalyst has shown that the catalytic

activity of the metal-supported LDH depends on its basicity [10].

Minerals can also be used to support metal active centres for styrene epoxidation
catalysis. Liu et al. [30] have investigated the catalytic activity of Aus cluster supported
on hydroxyapatite in the epoxidation of styrene. The catalyst efficiently converts 100% of
styrene at 92% selectivity when using toluene as solvent and TBHP as oxidant at optimum
condition. Nevertheless, mineral clay has also been used to support metal complex in
catalysing styrene epoxidation. Cationic manganese (111)-salen complex was supported on
K10-montmorillonite by Kuzniarska-Biernacka and her co-workers [66] and tested for its
catalytic activity in epoxidizing three different alkenes. They managed to obtain 99% of
styrene conversion and 93% of epoxide selectivity under a m-chloroperoxybenzoic acid
(m-CPBA) and N-methylmorpholine (NMO) oxidant system. Another group obtained 60%
of styrene conversion and 58% of epoxide selectivity when heteropolymolybdate
nanoparticles supported between silicate layers of bentonite was used [67]. On the other
hand, Wang et al. observed 65.5% of styrene conversion and 89.7% of styrene oxide

selectivity when Pd-palygorskite was used as catalyst in the styrene epoxidation [68].
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These examples demonstrated that minerals, especially clay materials, are potential

support to the preparation of metal-based catalysts for styrene epoxidation.

Carbon-based support is another option that has been extensively investigated. An
experiment conducted by Lebedeva and her colleagues showed that fullerene-derivatized
Cu(Il) salen complex anchored inside hollow graphitized carbon nanofibers (GNF) can
completely oxidize styrene and yield 42% of epoxide in the presence tertbutyl
hydroperoxide [69]. Additionally, transition metal-based complexes, for instance,
oxovanadium(IV), iron(l11), copper(ll), and cobalt(ll) salen complexes immobilized on
native or functionalized graphene oxide have been used for aerobic epoxidation of styrene
[70,71]. Amongst these complexes, copper(ll) salen complex supported on graphene
oxide achieved the optimal yield with 73.5% of styrene conversion and 54.1% of styrene
oxide selectivity [71]. Other examples of styrene epoxidation catalyst with carbon-based
support include MgO-carbon composite [32], Ag/carbon nanofibers [72], Mn(ll1) salen
complex supported on activated carbon [73], CoFe Prussian blue analogue/carbon
nanotube [74], Co/carbon nanotube [75] and Au/carbon nanotube [76]. The catalytic
performance of these catalysts is between 21.4%-84.0% for styrene conversion and
between 45.2%-82.0% for epoxide selectivity. Ag/Carbon nanotubes have the lowest
activity and selectivity while MgO/carbon composite performs the best with 84.0% of
conversion and 82.0% of epoxide selectivity. This suggested that alkaline earth metal can

be a more active and more selective metal active site than transitional metal.
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1.7 Reaction mechanism

Understanding the reaction pathway is important for the formulation of an efficient
catalyst. The reaction pathway depends on the chemical nature of the metal active sites
and the oxidant system. The reaction mechanism involving the use of hydrogen peroxide
Is of particular interest since it is more reactive than molecular oxygen, safer to handle

and produces only water as the sole by-product.

The type of metal in a catalyst has a large influence on the behaviour of hydrogen
peroxides [77]. One-electron redox system will lead to the homolytic cleavage of
hydrogen peroxide which produces hydroxyl radical. In the presence of iron, the process
is known as the Fenton reaction. This was demonstrated by the work of Duarte et al. [78]
which used a C-scorpionate Cu(ll) complex to catalyse the oxidation of styrene to

benzaldehyde (Figure 1.3(a)).

Earlier review of the epoxidation reactions catalysed by transition metals (M) has
described the formation of M-OOH as the result of the heterolysis of hydrogen peroxide.
Complexes of transition elements in a high oxidation state, for instance, titanium(IV),
vanadium(V), molybdenum(VI1), and tungsten(VI1), can facilitate the heterolysis of
hydrogen peroxide by forming complexes analogous to the inorganic peracids (Figure
1.3(b)) [21]. These metals act as a Lewis acid and are labile to ligand substitution. The
hydrogen peroxide attracted to the metal centre can be coordinated through monodentate

or bidentate mode.

A separate example of hydrogen peroxide heterolysis was demonstrated by

Nakagawa and Mizuno [79] using a divanadium-substituted polyoxotungstate [y-
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H2SiV2W10040]* catalyst. The bimetallic catalyst dissociates hydrogen peroxide to form
hydroperoxide anion and proton. The latter was combined with the hydroxide ligand of
catalyst and removed as water molecules. A similar heterolytic epoxidation mechanism
was observed when using main group metal oxide. It was proposed that the surface
hydroxyl group of calcium will abstract a proton from hydrogen peroxide to form

hydroperoxide anion and water (Figure 1.3(c)) [25].
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a) One-Electron Transfer [79]
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Figure 1.3 Reaction mechanism of hydrogen peroxide activation through (a) one-electron
transfer [79], (b) formation of metal hydroperoxide complex [22], and (c) formation of
metal hydroperoxide [26].
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1.8 Mesoporous silica support

Mesoporous silicas are silicate materials that contain mesopores (2-50 nm).
Numerous types of mesoporous silicas have been discovered since the discovery of MCM-
41, which includes MCM-48, SBA-15, SBA-16, KIT-6, and HMS-5. They are interesting
because of their tuneable pore diameter, large surface area, and uniform pore structure
[80,81]. These attributes overcome the shortcoming of zeolites which possess mass
transfer limitation [82]. The latter contains only small pore volume and pore size that make

it ineffective in catalysing reactions involving large molecules.

Typically, mesoporous silica, for example, MCM-41, SBA-15, and SBA-16 can
be synthesized through a liquid crystal templating method. The formation of MCM-41,
for instance, as illustrated in Figure 1.4 [83]. A structure-directing agent (SDA), which is
known as cetyltrimethylammonium bromide (CTAB), is added to produce micelles that
act as the template in the synthesis process [84,85]. As an amphiphilic molecule, the polar
head groups of the SDA will face towards the external aqueous environment while its
hydrophobic hydrocarbon tail will face inwards. Depending on the type and charges of
head groups, different silica sources can be introduced. The dissolved silicate species
undergo self-assembly by being electrostatically attracted to the surface of pre-formed
micelles. These silicates are then condensed to form a well-defined polysilicate framework
when subjected to hydrothermal conditions. At the end of synthesis, the excess template
can be washed away with solvent (water, acetone or ethanol). The filtered mesoporous
silica will then be subjected to calcination to remove existing liquid crystal templates and

recover the mesopores.

22



Calcination
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Figure 1.4 Schematic presentation of MCM-41 synthesis, an example of liquid crystal
templating synthesis of mesoporous silica [83].

Several factors have been identified to govern the formation of mesoporous silica.
It was found that the amount and chemical properties of SDA are the determinants of the
shape, pore size distribution, morphology and order of mesoporous silica [86]. In a study,
Renuka and her colleagues evaluated the influence of CTAB concentration on mesoporous
silica synthesis [87]. Their study demonstrated that SBA-16 was formed instead of MCM-
41 by simply diluting the CTAB solution while maintaining other experimental
parameters. Meanwhile, an experiment conducted by Lin et al. [88] showed the carbon
chain length of SDA could influence the structure and porosity of prepared mesoporous
silica. The pore size and wall thickness of resulting MCM-41 were found to increase with
increasing carbon chain length of SDA. Besides that, it was also proven that increasing
surfactant content can rise the unit cell parameter of MCM-41. The study concluded that

the optimum range of surfactant/SiO; ratio falls within 0.09-0.15.
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Additionally, synthesis temperature can also affect the lattice parameter of
mesoporous silica. A study by Corma and his colleagues[89] revealed that increasing
synthesis temperature from 135 °C to 175 °C improved the lattice parameter and shortened
the crystallization time of MCM-41. The same study demonstrated that stirring could
promote the formation of the ordered mesoporous structure while reducing crystallization

time.

1.8.1 Metal Incorporated Silica

Introducing metal into mesoporous silica can be used to modify their
physicochemical and catalytic properties. Approaches such as wet impregnation, ion
exchange, chemical vapour deposition (CVD), and direct one-pot synthesis have been
studied [90-92]. Among these methods, direct one-pot synthesis has been shown to be a
promising modification pathway owing to its simplicity. However, the influence of metal
on mesoporous silica formation needs to be determined and understood in order to produce

a catalyst with optimized efficiency.

Many works have been done to study the effect of direct metal incorporation on
the morphology of the resulting catalyst. An investigation reported by Mokhonoana on
the direct synthesis of Fe-MCM-41 demonstrated that the mesoporous long-range order
of MCM-41 diminished with an increasing amount of Fe added to the reaction mixture
containing water glass, CTAB, and H20 [93]. Although a long-range pore channel order
can be preserved when Fe metal was precipitated with hydroxide before being added to
the synthesis solution, undesired structural destruction and pore blockage occurred when

metal loading was beyond 20 wt%.
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