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This study investigated the physicochemical and catalytic properties of mesoporous magnesium silicate
catalysts prepared at various Mg/CTAB ratios (0.25, 0.50, 0.75 and 1.00). The XPS analysis detected
a mixture of enstatite and magnesium carbonate species when the Mg/CTAB ratio was 0.25, and 0.50. A
mixture of forsterite and magnesium carbonate species were detected when the Mg/CTAB ratio was
0.75 whereas for the Mg/CTAB ratio of 1.00, enstatite and magnesium metasilicate species were
detected. A catalyst with the Mg/CTAB ratio of 1.00 demonstrated the highest catalytic activity in the
oxidation of styrene. The styrene conversion rate was 59.0%, with 69.2% styrene oxide (StO) selectivity.
The H,O, molecules were activated regio-specifically by the magnesium species to prevent rapid self-
decomposition while promoting selective interaction with styrene. All the parameters that influence the
styrene conversion and product selectivity were evaluated using analysis of variance (ANOVA) with
Tukey's test. The ANOVA analysis showed that the reaction time (h), Mg/CTAB ratio, styrene/H,O5 ratio,
catalyst loading (mg) and temperature (°C) affect styrene conversion and product selectivity (StO)

significantly (p < 0.05). The oxidation of styrene was well fitted to the pseudo-first-order model. The
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Accepted 18th November 2019 activation energy, E, of the catalysed styrene epoxidation reaction was calculated to be 27.7 kJmol™~.

The catalyst can be reused several times without any significant loss in its activity and selectivity. The

DOI: 10.1039/c9ra08024d results from this study will be useful in designing and developing low cost, high activity catalysts from
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1. Introduction

Styrene oxide is a useful precursor and intermediate in the
production of cosmetics, surface coatings, co-polymers and in
the treatment of fibers and textiles.»? Besides, it is also used to
synthesize antidepressants and anti-HIV agents.** Conven-
tionally, styrene oxide is synthesized via a chlorohydrin epoxi-
dation route.>® However, the use of hazardous precursors and
undesired waste products have urged the need for a greener
alternative synthesis route. Utilizing H,O, in a partial oxidation
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reaction has received a great deal of attention owing to its high
atom economy (48%), low cost (USD1.39 per mole, compared to
USD6.06 per mole for THBP and USD55.07 per mole for
dibenzoyl peroxide), and environmentally friendly nature.”
However, the poor epoxide selectivity due to the rapid decom-
position of H,0, at high temperature has limited its industrial
viability.*® This shortcoming can be overcome with the use of
catalysts. Metal-based catalysts are among the most extensively
studied catalytic systems in H,O, driven epoxidation of styrene.

Transition metals, for example, gold, indium, iron, manga-
nese, rhenium, titanium, tungsten, and vanadium, have been
frequently used in formulating active epoxidation catalysts with
or without support.’®* In contrast, studies on the catalytic
epoxidation performance of s-block elements are relatively rare.
Most researchers have focused on the use of alkali and alkaline
earth metals as promoters in transition metal-based catalysts. A
study conducted by Wang and his co-workers demonstrated
that wet impregnation of alkaline earth metals (Mg, Ca, Sr and
Ba) onto SBA-15 together with vanadium ion increased the
styrene oxide selectivity in photo-assisted styrene epoxidation
reaction." The alkaline metals were added to restrain the
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vanadium(v) ion and to prevent deep oxidation of styrene oxide
by inhibiting ring-opening reaction.

Sebastian et al. prepared a series of bimetallic zeolite X
containing cobalt(u) and s-block (Na, K, Rb, Cs, Mg, Ca, Sr and
Ba) metal cation pairs, for the epoxidation of styrene using
molecular oxygen." Barium exchanged Co-zeolite X catalyst
indicated highest catalytic activity with 100% styrene conver-
sion and 83% selectivity of styrene oxide. A high turnover
frequency of 32.5 h™" was achieved due to the stronger inter-
action between Co(u) cations and molecular oxygen and the
presence of barium cations. Previous studies have indicated
that alkaline earth metal oxides alone are active in catalysing
epoxidation reaction. Barium oxide has been reported to effec-
tively convert 40.7% of styrene to styrene oxide. The selectivity of
styrene oxide was 78.7%.° The conversion of styrene and the
selectivity of styrene oxide were 97.0% and 88.4%, respectively
when MgO was applied with H,0,."”” Almost complete conver-
sion of styrene with 97.5% selectivity of styrene oxide was ach-
ieved when CaO was used with H,0,."* The amount of strong
basic site and strength were concluded as the key factors for
their exceptional performance. However, alternative solution is
needed to replace these long reaction time (¢ = 10 h) and low
turnover frequency catalysis system (0.74 h™" for MgO and 1.34
h™"' for CaO at ¢t = 1 h).

Previously, metal, metal oxide and their complexes have
been incorporated onto various supports to improve their
catalytic performances.'** However, to the best of our knowl-
edge, the catalytic activity of supported magnesium cation for
styrene epoxidation has not been reported so far. Herein, we
report the one-pot synthesis of a series of magnesium silicate
catalysts from rice husk ash. This study focuses on the effect of
Mg/CTAB molar ratio on the structural, physicochemical and
catalytic properties of resulting catalysts. The collected physi-
cochemical data and catalytic data were used to propose the
catalysts surface structure, kinetics and possible reaction
mechanisms.

2. Experimental

2.1. Preparation of RHA

Rice husk ash (RHA) was prepared by first washing 40 g of rice
husk (RH) with tap water to remove the dirt.>> The washed RH
was then dried for 48 h at room temperature, followed by acid
treatment with 1 L of 1 M HNO; to reduce the metal impurities.
The acid treated RH was washed thoroughly with distilled water
until the pH of the rinsed water became constant. The acid
treated RH was dried at 100 °C for 24 h and then heated to
600 °C at a ramp rate of 5°C min~ " before calcining at 600 °C for
a duration of 6 h.

2.2. Synthesis of mesoporous silica support (MST)

A mixture of spherical and rod shape MST was synthesized
based on the reported method by Anwar et al. with some
modifications.?” Sodium silicate solution was first prepared by
dissolving 3.00 g of RHA in 100 mL of 3.10 wt% sodium
hydroxide solution (3.20 g of NaOH (QReC, 99%) in 100 mL of
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distilled water) under continuous stirring for 2 h at 80 °C. The
surface directing agent (SDA) solution was prepared by dis-
solving 2.90 g of hexadecyltrimethylammonium bromide
(CTAB, Sigma-Aldrich, 96%) in 50 mL of water at room
temperature. The SDA solution was then slowly added into
sodium silicate solution at 80 °C under vigorous stirring. The
reactant mixture was stirred for 5 min, followed by pH adjust-
ment from 14 to 10 using 2.0 M HNO;. The precursor mixture
was reacted under reflux condition for six days at 80 °C. At the
end of hydrothermal treatment, the resulting solution was
washed and centrifuged for five times using distilled water and
subsequently washed with distilled water and acetone. The
solid was dried at 100 °C for 24 h in an oven and subjected to
template-removing calcination at a heating rate of 1 °C min™"
from 30 to 550 °C, then a dwell time of five hours.

2.3. Synthesis of mesoporous magnesium silicate
nanoparticles

The synthesis of mesoporous magnesium silicates was similar to
MST, with an additional step of dissolving desired amount of
magnesium nitrate hexahydrate (Mg/CTAB ratio, x = 0.25, 0.50,
0.75, 1.00) in CTAB solution at room temperature under contin-
uous stirring before adding it into the sodium silicate solution.
The reactant mixture was stirred for 5 min, adjusted to pH 10 using
2.0 M HNO;3;, and refluxed for six days at 80 °C in a water bath
under continuous stirring. The resulting mixture was centrifuged,
washed with distilled water, and finally rinsed with acetone. The
samples were dried in an oven at 100 °C for 24 h before being
calcined at a ramp rate of 1 °C min~" from 30 to 550 °C, followed
by dwelling for five hours. The resulting solid sample were labelled
in accordance to their Mg/CTAB ratio, x (xMgMST).

2.4. Catalysts characterization

The structure and crystallinity of the synthesized catalysts was
characterized with both high and low angle X-ray diffraction
analysis (Bruker D8 Advance, Cu Ko = 1.5418 A, step size =
0.02° per step, step time = 1 s per step). The morphology and
texture of the materials were observed using scanning electron
(Quanta FEG-650) and transmission electron (Philips CM12
electron microscope) microscopy. The particle size of prepared
catalysts was measured using Digimizer version 4.6.1. Their
porosity was determined using nitrogen adsorption-desorption
and BET analysis (Micromeritics ASAP 2020 Porosimeter). The
total magnesium content was determined using inductive
coupled plasma-optical emission spectroscopy (ICP-OES, Per-
kinElmer OPTIMA 8000). The chemical environment of the
catalysts surface was analysed using X-ray photoelectron spec-
troscopy (High Resolution Multi Technique X-ray Spectrometer,
Axis Ultra DLD XPS, Kratos, Al Ko. = 1486.7 €V, Monochromator,
calibrated at C 1s 284.8 eV) and Fourier Transform Infrared
spectroscopy (FT-IR, PerkinElmer 2000, resolution = 4 cm™*,
scan range = 400-4000 cm ™', number of scans = 16).

2.5. Catalytic testing

In a typical reaction, 1.15 mL of styrene (10 mmol, 98%, Merck),
10 mL of acetonitrile (Fisher) and 50 mg of catalyst were mixed
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in a 50 mL round bottom flask. The reaction mixture was stirred
at 80 °C for 10 min to achieve thermal equilibrium. Oxidant,
H,0, (31%, QRec) was added to the reactant mixture to start the
reaction. Aliquots were withdrawn at desired time interval and
filtered with 0.2 um syringe membrane filter prior to GC-FID
analysis (PerkinElmer Claurus 600 Gas Chromatography
equipped with Flame Ionization Detector, Elite-5 column, inlet
temperature: 240 °C, detector temperature: 240 °C, carrier gas
(compress air) flow rate: 20 mL min ", programme: 80 °C to
240 °C, ramp rate: 5 °C min~'). The GC-MS was utilized to
identify the compounds presented in the mixture with the same
condition as that of GC-FID was applied using Elite-5MS
column. Acetonitrile was fixed as the solvent throughout this
study due to its capability to homogenize the immiscible polar
(water and H,0,) and non-polar (styrene) reactants.

2.6. Statistical analysis

All the parameters studied (reaction time, Mg/CTAB ratio,
styrene/H,0, ratio, catalyst loading, and temperature) were
performed in duplicate and the data were expressed as means £+
standard deviation (SD). The differences among means were
determined by one-way analysis of variance (ANOVA) with
Tukey's test by using JMP Pro 13 (SAS Institute Inc., USA). The
statistical significance was established at p < 0.05. The test was
performed to validate the conversion and selectivity of StO only
since it as the targeted product.

Tablel Magnesium content of MgMST catalysts measured using ICP-
OES and XPS

Mg content (wWt%)

Mg/CTAB ratio ICP-OES XPS
0.25 1.88 4.20
0.50 3.20 6.69
0.75 5.06 8.23
1.00 5.57 14.41
()
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3. Results and discussion

3.1. Synthesis and characterization

The ICP-OES was used to determine the total quantity of
magnesium cations incorporated whereas XPS was used to
determine the concentration of magnesium on the catalysts
surface. From Table 1, the overall concentration of magnesium
increased significantly up to the Mg/CTAB molar ratio of 0.75,
followed by a slight increase to 5.57% when Mg/CTAB = 1.00.
Meanwhile, the surface Mg concentration continuously
increase up to the Mg/CTAB molar ratio of 1.00.

From Fig. 1(a), the small angle XRD pattern of MST was
found to be identical to MCM-41. Four diffraction peaks can be
observed at 26 = 2.1°, 3.7°, 4.3° and 5.7°, correspond to the
planes of (100), (110), (200) and (210), respectively. The
diffraction peaks started to disappear as the Mg/CTAB molar
ratio was increased, indicating the reduction in the number of
ordered hexagonal pore channel with the incorporation of
magnesium cations. The wide angle XRD diffraction patterns
(Fig. 1(b)) showed a diffraction peak at 26 = 23° referring to the
amorphous nature of silica.®® Since no apparent crystalline
peaks of MgO were detected, it is rationalized that no crystalline
MgO cluster was formed.****

The unit cell parameter (a,) was calculated using the formula
ao = 2dy00/v/3, where dy, is the pore to pore distance in nm.?
The dyoo value was obtained from the peak given by Bragg's
equation, A = 2d sin ¢, where A = 0.15406 nm for the Cu Ka line
and 6 is the reflection angle. The values are given in Table 2.

The chemical environment and coordination of magnesium,
silicon and oxygen atoms on the surface of catalysts were
investigated using X-ray photoelectron (XPS) spectroscopy. The
position of the peaks after deconvolution are presented in
Table 3. All spectrum was calibrated in accordance to adventi-
tious carbon (284.8 eV). Additional carbon peaks between
286 eV to 288 eV are assigned as C-O and C=0O0, respectively.>”*

The deconvolution of Si 2p core region resulted in a broad
peak at the binding energy of 103.6 eV. The broadness of the
peak indicates the presence of Si-O-Si and Si-OH bonds.*®
Deconvolution of O 1s core region indicate the existence of

229
cl W SeE
&
= 0.25MgMST|
] s
O -
0,73MeMST]
1.00MgMST]
T v T T T T T
20 40 60 80
26 degree

Fig. 1 The XRD diffractogram of MST and MgMST catalysts at (a) small and (b) wide angle.
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Table 2 Lattice parameters of MST and MgMST catalysts

Sample 20 (degree) d100 (Nm) a, (nm)
MST 2.13 4.15 4.79
0.25MgMST 2.08 4.25 4.90
0.50MgMST 2.21 4.00 4.62
0.75MgMST 2.10 4.21 4.86
1.00MgMST 2.06 4.29 4.95

Table 3 The XPS data of Mg 1s, Si 2p, O 1s and C 1s of the catalysts.
Energy calibrated with hydrocarbon C 1s peak position at 284.8 eV

Binding energy (eV)

Sample Mg 1s Si 2p O1s C1s
MST — 103.6 532.7 284.8
533.4 286.7
535.7
0.25MgMST 1303.8 103.7 530.5 284.8
1304.6 104.3 532.9 286.2
533.9 288.4
0.50MgMST 1303.7 103.4 530.6 284.8
1305.2 103.9 532.7 285.8
533.5 288.1
0.75MgMST 1304.0 103.9 531.4 284.8
1304.7 104.3 533.0 286.1
533.6 288.5
1.00MgMST 1303.1 103.3 531.0 284.8
1304.0 103.8 532.3
104.2 534.2

more than one environment for the oxygen atoms. The peak at
binding energy of 532.7 €V is assigned to the oxygen atom of
siloxane bond (Si-O-Si) whereas the second peak at 533.4 eV is
ascribed to the oxygen atom of silanol (Si-O-H) bond.*® The
third peak at binding energy of 535.7 eV is assigned to gas phase
H,0 which was strongly adsorbed to the surface of silica and
was unable to fully desorbed during the pre-drying process.*"**

For Mg/CTAB ratio of 0.25, the deconvolution of Mg 1s core
region resulted in the appearance of two peaks located at 1303.8
and 1304.6 eV. These peaks refer to the magnesium species in
enstatite and magnesium carbonate, respectively (Fig. 2(a) and
(c))-**** The latter was resulted due the interaction between
atmospheric carbon dioxide and surface magnesium oxide after
calcination. The presence of carbonate is confirmed by the C 1s
peak at 288.4 eV.”® The enstatite species is an orthorhombic unit
coordinated by the oxygens of two opposite tetrahedral silicate
chains.*® The deconvolution of Si 2p region resulted in two
distinct peaks at 103.7 and 104.3 eV, which represent Si-O-Si
and Si-OH, respectively.”” The O 1s peak with weak intensity
found at 530.8 eV is referred to the non-bridging Mg-O-Si
bond.***” These information suggest that the Mg cations were
partitioned between anionic diffuse layer on micelles surface
and bulk liquid in the precursor mixture. Deconvolution of Si
2p, O 1s and Mg 1s peaks of 0.50MgMST showed similar pattern
as for 0.25MgMST. However, this sample contains much higher

This journal is © The Royal Society of Chemistry 2019
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quantity of enstatite-Mg (84.7%) than that of magnesium
carbonate (15.3%).

Further increase of Mg/CTAB ratio to 0.75 favors the forma-
tion of forsterite, a dense orthosilicate comprising of the
tetrahedral silicate and magnesium cation in 1 : 2 molar ratio,
in addition to magnesium carbonate. In forsterite, cations
occupy two distinct octahedral sites, in which one site has sili-
cates that share edges and corners with [MgOg]'°” while
another shares only corners (Fig. 2(b)).*® The magnesium in
forsterite environment is indicated by the presence of a peak at
1304.0 eV whereas the magnesium carbonate is indicated by the
peaks at 1304.7 and 288.5 eV. The deconvolution pattern of Si 2p
and O 1s of 0.75MgMST are similar to 0.25MgMST and
0.50MgMST. The O 1s binding energy of 531.4 eV appeared to be
higher than the corresponding peak in 0.25MgMST and
0.50MgMST, which was attributed to the presence of tetrahedral
silicates in forsterite surface group.

When the amount of magnesium is equal to that of CTAB,
the XPS analysis indicate the presence of magnesium in the
chemical state that resembles metallic magnesium (1303.1 eV)
and enstatite environment (1304.0 eV). Apart from Si-O-Si
(103.8 eV and 532.3 eV) group, Mg>"("O5SiR), can also be
detected on the surface of the catalyst. This was indicated by the
emergence of peaks at binding energy of 103.3 and 531.0 eV,
which correspond to metasilicate anions.*® These findings are
similar to the findings by Gui and his co-workers in their re-
ported work on the use of sandwich like magnesium silicate/
reduced graphene oxide.** Coordination of high electron
density ~0O;Si-R group to Mg>* reduces its effective nuclear
charge towards the inner 1s electron, which leads to the
decrease in Mg 1s binding energy to the value that resembles
the binding energy of metallic magnesium.

Fig. 3 depicts the N, adsorption-desorption isotherm of the
catalysts. Based on the IUPAC classification, the isotherm of
MST and 0.25MgMST are Type IV isotherms, which is typical for
mesoporous materials. This is associated with a small hyster-
esis loop that represents the capillary condensation step at P/P,
= ~0.4." A sharp increase at P/P, = 0.25-0.40 indicates that
MST has well-ordered uniform pore structure and distribu-
tion.** The steepness reduced and eventually flattened as the
magnesium cation concentration increased. These changes in
the isotherm shapes indicate that MgMST catalysts has
different structures as indicated by the XRD and XPS analyses.
All the catalysts exhibit H3 hysteresis loop due to the presence
of non-rigid plate-like particles that give rise to slit-shaped
pores. The amount of adsorbed nitrogen gradually decreased
as well when compared to MST due the reduction in the surface
area (Table 4).* The 0.25MgMST has the highest BET surface
area whereas 0.50MgMST has the lowest surface area.

The incorporation of Mg has also resulted in the change of
pore size and pore volume (Table 4). The pore size increased
when the Mg/CTAB molar ratio was increased to 0.50. However,
further increase in the Mg/CTAB ratio resulted in pore size
reduction. The BJH pore size of the catalysts was determined to
be in the range of 3.4-5.9 nm. The largest pore size and the
lowest pore volume was achieved when the Mg/CTAB molar
ratio was 0.50. The trend in the pore size distribution can be

RSC Adv., 2019, 9, 38760-38771 | 38763
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Fig. 2 The possibly structure of magnesium in (a) enstatite, (b) forsterite, (c) magnesium silicate-carbonate, and (d) Mg-OsSi based on XPS

analysis.
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Fig. 3 The nitrogen adsorption and desorption isotherms of MST and

MgMST catalysts.
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Table 4 The textural properties of MST and MgMST catalysts deter-

mined from nitrogen adsorption—desorption analysis

Sample Sper (m* g71) dgyu (nm) Veotar (cm® g77)
MST 1000 3.4 1.0888
0.25MgMST 870 3.6 0.9595
0.50MgMST 378 5.9 0.7880
0.75MgMST 558 4.9 0.9265
1.00MgMST 633 3.8 0.8168

attributed to the arrangement of magnesium atoms in enstatite,
forsterite and magnesium metasilicate.

The TEM micrographs of the catalysts are shown in Fig. 4. As
seen in Fig. 4(a), the MST contains longitudinal and spiral
architecture with long-ordered parallel pore channels as indi-
cated by the low angle XRD (Fig. 1(a)). The MCM-41-like feature,
hexagonally packed mesopores, can also be seen clearly in the
image. The pore structure became more disordered when more

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The TEM micrographs of (a) MST, (b) 0.25MgMST, (c) 0.50MgMST, (d) 0.75MgMST and (e) 1.00MgMST. Scale bar = 50 nm.

magnesium was added. The progressive disappearance of
ordered pore channels observable in the TEM micrographs of
the catalysts is in-line with the finding in small angle XRD
analysis, which depicts the weakening of (100) plane (Fig. 1(a))
also indicate the deterioration in the order of pore channels.
The SEM micrographs show that the catalysts were made up
by rod-shaped particles. Some of these nanorods were observed
to be bent. According to Volkov and co-workers, the bending is
the result of an equilibrium process involving entropically
bending of soft mesoporous silica by Brownian motion and
silica condensation to form cross-linked Si-O-Si.*” These bent
structures would later aggregate to form spherical particles, as
observed in Fig. 5(a). The mixture of nanorods and nanospheres
can still be observed in the 0.25MgMST (Fig. 5(b)). This obser-
vation supports the results of XRD and TEM, which deduced
that the addition of small amount of magnesium has limited
influence on the pore structure of the catalyst. Higher Mg/CTAB

This journal is © The Royal Society of Chemistry 2019

ratio has led to the formation of shorter irregular rods which
cannot be proceeded to develop spherical aggregates (Fig. 5(c)-
(e)). The images also indicate that the catalysts contain signifi-
cant number of textural pores.

The infrared spectra of the catalysts are presented in Fig. 6.
The broad absorption bands at ~3446 and 1638 cm ™' are due to
the stretching and bending vibration of O-H bonds in Si-OH
and of water molecules adsorbed on the surface of the catalysts.
The internal and external asymmetric Si-O-Si stretching
vibration of structural siloxane bond are indicated by the
presence of IR band at ~1090 cm™' and its shoulder at
1237 cm™.** The Si-O-Si bending modes of Si-O-Si is repre-
sented by the IR band at ~467 cm ™. It is observed that the IR
band at ~960 cm ™", which is often associated to the symmetric
stretching vibration of Si-OH, diminished as the concentration
of magnesium cation increased.

RSC Adv., 2019, 9, 38760-38771 | 38765
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Fig. 5 The SEM micrographs of (a) MST, (b) 0.25MgMST, (c) 0.50MgMST, (d) 0.75MgMST and (e) 1.00MgMST. Scale bar = 1 um.

The disappearance of IR bands at 1237 and 960 cm™ " indi-
cates the formation of Si-O-Mg bond. As of the Mg/CTAB = 1,
a small absorption band emerges at 670 cm™ ", which arises
from the formation of Si-O-Mg bond.** The bridged bidentate
carbonate is identified by the distinct IR peaks at 1530-
1670 cm ™" and 1220-1270 cm ™. These peaks overlapped with
the absorption band of hydroxyl and siloxane groups.** The

38766 | RSC Adv., 2019, 9, 38760-38771

unique magnesium metasilicate surface group is evidenced by
the IR peaks at 670 and 1373 cm™ ".** The later was comparable
to that measured in the Ar environment.*

3.2. Epoxidation of styrene

In the presence of magnesium silicate catalysts, styrene oxide
(StO) was detected as the major product whereas benzaldehyde

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 FT-IR spectrum of mesoporous silica (MST) and mesoporous
magnesium silicate (MgMST).

(BZ) and phenylacetaldehyde (PA) were detected as the minor
products. The parameters that were studied are catalyst struc-
ture, reaction time, temperature, styrene/H,0, molar ratio and
catalyst loading. Based on the results of characterization and
catalytic activities, reaction mechanisms were proposed, and
the reaction kinetics was calculated.

The influence of reaction time on the catalytic activity is
presented in Fig. 7 and Table S1.7 From the Fig. 7 and Table S1,}
it can be noted as the reaction time from 1 to 2 h, the conversion
of styrene increased significantly (p < 0.05) from 16 to 23%,
respectively. The styrene conversion continued to reduce as the
reaction time was prolonged to 4 h. As the reaction time was
prolonged, more water molecules will be generated as by-
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Fig. 7 Evolution of styrene conversion and product selectivity with
respect to time using 1.00MgMST nanoparticles as catalyst. Reaction
condition: 50 mg of catalyst, 10 mmol of styrene, 20 mmol of H,O,,
10 mL of acetonitrile and reaction conducted at 80 °C.
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Fig. 8 Effect of Mg/CTAB ratio on styrene conversion and styrene
oxide selectivity of catalyst. Reaction condition: 50 mg of catalyst,
10 mL of acetonitrile, 10 mmol of styrene, styrene/H,O, ratio=1:2, T
=80 °C, t =1 h, stirring speed = 250 rpm.

product. The water molecules may had adsorbed on the cata-
lyst surface thus reducing its catalytic activity. The selectivity of
StO dropped after 1 h and remained constant (~60%) there-
after. The BZ selectivity increased with increasing reaction time
while the PA selectivity increased for the first 2 h and decreased
afterwards. Longer reaction time will promote the formation of
side products (BZ and PA), which reduces the selectivity of StO.
Due to the interest in StO and that high energy input is not
attractive from an energy saving point of view, subsequent
reactions were carried out at 1 h throughout this study.

From the reaction profile presented in Fig. 8 and Table S1,7 it
was demonstrated that increasing the number of magnesium
active sites from Mg/CTAB = 0.25 to 0.50 increased significantly
(p <0.05) the styrene conversion from ~16 to ~19% and the StO
selectivity from 59.8 to 63.3%. In the meantime, the BZ selec-
tivity slightly dropped from 18.1 to 11.7% followed by an
increase in the selectivity of PA from 22.0% to 24.6%.

In 0.75MgMST, magnesium cations in forsterite structure
were surrounded by anionic silicates in octahedral geometry.
The geometry had limited the access of O-O bond of H,0, from
interacting with the magnesium cation. As the result, the
styrene conversion dropped to 14.3%. However, the selectivity
of the products was not affected. In contrary to 0.75MgMST,
magnesium cations in 1.00MgMST were compensated by two
metasilicate anions to form rigid tetrahedral structure. This
structure has unsaturated coordination sites that is more
accessible to H,0, molecules. As the result, 1.00MgMST ach-
ieved better styrene conversion (18.4%) and StO selectivity
(66.3%) than its precedents. The selectivity of BZ and PA were
lower compared to 0.50MgMST and 0.75MgMST.

The effect of styrene/H,0, molar ratio was investigated using
1.00MgMST. The influence of the molar ratio and ANOVA
results on the conversion and products selectivity is shown in
Fig. 9 and Table S1,7 respectively. The styrene conversion

RSC Adv., 2019, 9, 38760-38771 | 38767
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Fig. 9 Effect of styrene/H,O, ratio on the styrene conversion and
selectivity of styrene oxide. Reaction condition: 50 mg of 1.00MgMST,
10 mL of acetonitrile, 10 mmol of styrene, T = 80 °C, t = 1 h, stirring
speed = 250 rpm.

increased significantly (p < 0.05) when the styrene/H,0, molar
ratio was increased from 1:1 to 1:10. However, varying the
styrene/H,0O, molar ratio has impacted the products
distribution.

At styrene/H,O, molar ratio of 1:1, the selectivity of BZ
(67.1%) was higher compared to StO (18.6%). At this ratio, the
self-decomposition of H,0, to hydroxyl and hydroperoxyl radi-
cals might had happened at a faster rate. The initially formed
StO was further oxidized to BZ by these radicals. The selectivity
of PAwas the lowest (2.2%) in 1 : 1 ratio due to the lack of StO to
be isomerized. Increasing the molar ratio beyond 1 : 2 increased
the selectivity towards StO and accompanied by an increase in
PA selectivity. The StO selectivity started to drop when the
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Fig. 10 Effect of catalyst loading on the styrene conversion and
selectivity of styrene oxide. Reaction condition: 10 mmol of styrene,
10 mL of acetonitrile, styrene: H,O, ratio=1:6, T=80°C, t=1h,
stirring speed = 250 rpm.
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styrene/H,0, molar ratio was increased to 1:8 and 1:10
whereas the selectivity of BZ increased. Based on the results, it is
concluded that the catalyst can effectively utilize the H,0, when
styrene/H,0, molar ratios were in the range of 1 : 2 to 1 : 6. The
presence of magnesium cations has stabilized the H,0, from
homolytic self-decomposition and provided alternative path-
ways for the reaction to occur. The finding is consistent with the
findings of Sebastian et al. where incorporation of magnesium
cation was proven to increase the styrene conversion and
styrene oxide selectivity.'® Styrene/H,0O, molar ratio of 1:6,
which achieves the highest StO selectivity, has been chosen as
the optimum ratio.

Fig. 10 depicts the trend in styrene conversion and products
selectivity as the mass of catalyst was varied. The conversion of
styrene dropped from 48.8 to 37.5% when the mass of catalyst
was increased from 25 to 50 mg. The reduce in catalytic activity
could be caused by the adsorption of the styrene and products
molecule on the active sites.

However, the conversion of styrene increased significantly (p
<0.05) (Table S11) when the catalyst loading was increased from
75 to 125 mg due to the availability of excess surface area and
active sites for the reaction to take place. The products selec-
tivity was almost similar when the mass of catalyst was varied
from 25 to 100 mg. Increasing the mass to 125 mg increased the
StO selectivity to 69.2%. Further increase to 150 mg slightly
reduced the styrene conversion (54.1%) and StO selectivity
(68.3%). This suggested that the reaction rate was governed by
internal mass transport limitation when catalyst loading was
150 mg.*® Hence, 125 mg was employed as the optimal catalyst
loading in 1.00MgMST catalysed oxidation of styrene.

The influence of reaction temperature on the epoxidation of
styrene conversion and products selectivity were investigated in
the range of 60-100 °C for 1 h. The reaction profiles and ANOVA
results are shown in Fig. 11 and Table S1,} respectively. From
the reaction profile, it is indicated that the styrene conversion
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Fig.11 Styrene conversion and product selectivity after 1 h of reaction
at 60, 80 and 100 °C. Reaction condition: 125 mg of 1.00MgMST,
10 mmol of styrene, 60 mmol of H,O,, and 10 mL of acetonitrile.
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Table 5 Catalytic performance of mesoporous magnesium silicate,
magnesium hydroxide and mesoporous silica (MST) and blank®

Selectivity (%)

Catalyst Conversion StO BZ PA
Blank 16,1+ 0.2 2.0°4+0.2 922*+06 5.8°+0.4
MST 23.8%° +14 113°+06 703°+1.5 18.4%°+0.9

1.00MgMST  59.0° £2.8 69.2°+2.0 13.8°+0.8 17.6°+ 1.2

“ Results are average of duplicate analysis, with standard deviations in
parentheses. a, b, ¢ should be analysed vertically. Different letters
show significant difference according to Tukey test (p < 0.05).

increased significantly (p < 0.05) when the reaction temperature
was raised from 60 to 80 °C. This can be explained by the
collision model, in which increasing the reaction temperature
will increase the number of reactants molecules with higher
kinetic energy than that of reaction activation energy. Eventu-
ally, greater number of effective collisions occurred, and more
styrene was successfully oxidized.” The selectivity of StO
was calculated to be ~68% when the reaction temperature was
60-80 °C.

Further increase to 100 °C reduced the selectivity of StO to
61.6%. At 100 °C, H,O, rapidly decomposed to form hydroxyl
and hydroperoxyl radicals that can easily oxidize StO to BZ.***
This is evidenced by the highest selectivity of BZ (20.8%) at
100 °C compared to other temperatures. At 60 °C, the formation
of PA was higher compared to BZ. This observation indicates
that the direct isomerization of StO to PA required lower energy
compared to the secondary oxidation of StO to BZ. Based on the
results, it is decided that the consecutive reactions to be carried
out at 80 °C.

In conclusion, the optimum conditions required to selec-
tively oxidize 10 mmol of styrene to StO, BZ and PA with 69.2%
of epoxide selectivity are 125 mg of 1.00MgMST, styrene/H,0,
ratio equals to 1: 6, 80 °C and 1 h of reaction time, while the
amount of solvent used was 10 mL. The catalytic activity of
1.00MgMST was compared with blank reaction and MST. They
are presented in Table 5. In the absence of catalyst, the
conversion of styrene was 16.1% whereas the selectivity of StO,
BZ and PA were 2%, 92.2% and 5.8%, respectively. The
conversion of styrene improved significantly (p < 0.05) almost 2-
fold to 23.8% when MST was used as the catalyst. Slight
improvement in the StO selectivity can be observed. The selec-
tivity of PA (18.4%) was higher compared to blank due to the
weak acidic nature of MST. According to the Tukey's test, the
collected data suggest that magnesium cations played a signifi-
cant (p < 0.05) role in improving the styrene conversion and StO
selectivity.

3.3. Kinetic study

The experimental data were fitted into various kinetic model to
determine the order and rate constant of the studied reaction
(Table S27). At all temperatures, the reaction kinetic was best
fitted in pseudo-first-order model, with the adjusted R* falls in
the range of 0.9977 to 0.9982. The reaction rate constants (k),

This journal is © The Royal Society of Chemistry 2019

Table 6 Styrene epoxidation reaction activation energy of several catalyst systems and of current study

Activation energy,

E, (k] mol™)

Epoxide yield

Styrene oxide
(%)

Conversion

(%)

Temperature

(K)

Reference

selectivity (%)

Time

Solvent

Oxidant

Catalyst

Current study

49

353 59.0 69.2 38.15 27.7

345
273

1h
6h
2s

Acetonitrile

H,0,
TBHP

1.00MgMST

100.4
63.6

61.4

64.0

96.0

Acetonitrile

Cu-Co Prussian blue (PBA)

P450 (CYP102) Enzyme

50
50

70.0

Mixture of glycerol

Sodium

61.1

50.0

S

0.5

and phosphate buffer

peroxynitrite
solution

0,

P450 (CYP119) Enzyme

24

96.0 (<363 K),
18.0 (>363 K)

44.0 60.0 26.4
304

373

2h

N,N-Dimethylformamide

Co(u)-NaX

51

28.0

323

H,0, Ethylene dichloride 4 h

DTPA-CDMBAC
combination
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Fig. 12 Styrene conversion and product selectivity of 1.00MgMST
after being regenerated using calcination for up to four cycles.

calculated by multiplying the value of the slope with 2.303, were
gradually increased from 7.8073 x 107> s~ to 1.3367 x 10"
s, followed by 2.2811 x 10 * s~ when the reaction temper-
ature was increased from 60 °C to 100 °C. An Arrhenius plot of
In k against 1/T'was then plotted to obtain the activation energy,
E, (Fig. S5). By substituting the value of slope to eqn (1), the
activation energy of the reaction was determined to be 27.7
kJmol . This value is considered as relatively lower than most
of the activation energy reported in literature (Table 6).

In k vs.% , slope = f% (1)

3.4. Reusability test

The stability of 1.00MgMST was evaluated by continuously
reusing the catalyst for four cycles (fresh and 3 reuses). Based on
Fig. 12, the styrene conversion and StO selectivity reduced when
the catalyst was reused for the first time and remained constant
since then. Surprisingly, the selectivity of BZ started to increase
when the catalyst was reused. The phenomenon is currently
being investigated. Based on the reusability study, it is
concluded that 1.00MgMST is relatively stable and versatile.

4. Conclusions

A series of catalysts with various surface magnesium species
were successful synthesized using direct one-pot synthesis
method by varying Mg/CTAB ratios (0.25, 0.50, 0.75 and 1.00).
Catalysts with enstatite, magnesium carbonate, forsterite and
magnesium metasilicate surface active sites were observed by
increasing Mg/CTAB ratio. The introduction of magnesium
cation has shown to disrupt the order of catalyst pore channels.
1.00MgMST, which contains tetrahedral magnesium meta-
silicate and enstatite magnesium groups, was proven to be the
most active and selective catalyst among the four catalysts. The
conversion of styrene was 59.0% whereas the selectivity of StO
was 69.2% under optimum conditions (125 mg of 1.00MgMST,
styrene/H,0, ratio =1 : 6, 80 °C and 1 h of reaction time). It was
proposed that the catalyst reduces the reaction activation
energy down to 27.7 kJmol ' by catalysing the epoxidation
reaction via adsorption and regiospecific activation of H,0, on

38770 | RSC Adv., 2019, 9, 38760-38771
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the magnesium metasilicate species. The catalyst can be recy-
cled several times without losing its catalytic activity. The
ANOVA analysis showed that the reaction time (h), Mg/CTAB
ratio, styrene/H,0, ratio, catalyst loading (mg) and tempera-
ture (°C) effects the styrene conversion and product selectivity
(StO), significantly (p < 0.05).
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