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ABSTRACT

Gas phase paraffin oxidative dehydrogenation (ODH) has been explored extensively using
medium chain paraffins such as n-hexane and n-octane as feedstock over various catalytic
systems. Among these systems, the activity and stability of magnesium vanadates have been
studied during the ODH of these paraffins. In most cases, it was found that 15 wt% vanadium
was the optimum loading on the support, i.e. magnesium oxide. In addition, it was found that
the morphology of the magnesium oxide influenced the performance of the catalyst. However,
this has not been explored in much detail.

In this work, magnesium oxide was synthesized using several methods to produce surfaces that
differed morphologically, such as materials with a cubic morphology, denoted MgO-A,
spherical morphology (MgO-B) and MgO with a nano-sheet type morphology (MgO-C).
These supports were then loaded with 15 wt% vanadium by wet impregnation method using
different synthesis methods. They were characterized using X-ray diffraction (XRD),
Brunauer-Emmet-Teller  technique, inductively-coupled  plasma-optical ~ emission
spectroscopy, Raman spectroscopy, scanning and transmission electronic microscopy,
temperature programed reduction (TPR) and temperature programed desorption (TPD).
Electron micrographs generated for all the catalysts confirmed their respective morphologies.
The XRD and Raman results showed the formation of magnesium orthovanadate and
pyrovanadate phases for the cubic MgO. Only the orthovanadate phase was present for the
other VMgO catalysts. This was confirmed by TPR which showed two reduction peaks for
VMgO-A and one reduction peak for the other catalysts. The catalysts were tested for the ODH
of n-octane at 450 °C using air as an oxidant. At an iso-conversion of 14 + 1 %, VMgO-B
(water), whose support had a spherical morphology was more selective towards ODH products,
whereas VMgO-A (oxalic acid) where a cubic morphology was observed for the support,
carbon oxides (COy) were the dominant products and this correlated well with the ammonium-
TPD results which showed that catalysts with weak and medium acidic sites promoted the
formation of ODH products, whereas catalysts with strong acidic site were more selective
towards COy, in agreement with published results. Scanning electron microscopy images of
the used catalyst showed agglomeration of particles while XRD showed a peak for the reduced
phase of magnesium orthovanadate. This study has shown that catalysts with the same
formulation but with different morphologies synthesised by methods modified to suit its

physical and chemical properties, influenced the variance in the catalysis.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

The increase in price together with the decrease in olefin availability have developed an interest
in research to investigate the supply of olefins and to replace them as a feedstock in many
chemical processes. Alkanes can be used as an alternate feedstock to produce value added
products such as olefins and oxygenates through oxidative dehydrogenation (ODH) due to their
abundance [1, 2]. Currently, heterogeneous catalysts appeal to industry as they provide good
activity and selectivity towards their desired products and can easily be separated from the
reaction mixture, post reaction [3, 4]. Table 1.1 shows a list of some of the heterogeneous

oxidation reaction processes in the petrochemical industry.

Table 1.1 Catalytic oxidation processes in industry [5-7]

Reagents Product Conversion (%) Selectivity (%)
methanol formaldehyde 99 94
n-butane maleic anhydride 75-80 75
benzene phthalic anhydride 100 79
naphthalene phthalic anhydride 100 84
propene (with NHs)  acrylonitrile >99 73-77
propene acrolein >90 80-85
acrolein (propenal) acrylic acid >95 90-95
isobutene methacrolein >97 85-90
methacrolein methacrylic acid 70-75 80-90
ethene ethene epoxide 90 80
ethene (with HCI) 1,2-dichloroethane >95 >95
cyclohexanone cyclohexanoneoxime >99 95-98

In catalytic oxidation reactions, a catalyst activates molecular oxygen forming electrophilic
oxygen species and to some extent, nucleophilic oxygen species. Much of the nucleophilic
oxygen species reside in the lattice of the catalyst. These oxygen species control the selectivity

of the products; electrophilic species activate alkanes to form degraded oxygenated and



completely oxygenated products, while nucleophilic oxygen species typically activate the
alkane to form olefinic products [3].

Figure 1.1 shows both electrophilic and nucleophilic catalytic oxidation of n-butane [4]. The
reaction for electrophilic oxidation proceeds through the activation of molecular oxygen to
form Oz, 0% and O". This process results in the formation of epoxides or saturated ketones.
Nucleophilic oxidation, on the other hand results in the formation of olefinic species via the
abstraction of hydrogen from the parent alkane. Depending on chain length, poly-unsaturation
can take place forming dienes and aromatics. Oxidative dehydrogenation of alkanes to alkenes,

dienes and aromatics is thus one of the best examples of nucleophilic oxidation [4].

Ho H
H3C_C_C_CH2

CHa \/ ——> H3C—C=—=C—CH,—OH
Electrophilic | / © Ao
oXygen species C Ho H
Y | — » HyC—C—C—CH, H,
0,7,0,,0 C\ —— H3C_C_ﬁ:O + H,C==0
0—oO
CHs \ H H
HzC—C—C—CHj HaG—CH>
— > HC—C=—0 + \/
0—0 H O
HaC—C=—=C—CH
“H & 3
CHj / oy
2
o* é HpC=C—C~—CH,
Nucleophilic  + 2|8 HC—CH ———> H,C=C—C=CH,
oxygen species Y —— H
\ HC—CH
CHs

H,C=—=CH; H,C=CH,

Figure 1.1 Scheme showing catalytic oxidation via electrophilic and nucleophilic oxygen. [4]

1.1  Oxidative dehydrogenation using vanadium oxides

Gas phase paraffin oxidative dehydrogenation (ODH) has been carried out on lower chain
paraffins, as well as hexane and octane feeds employing a wide range of possible catalytic
systems [8-13]. Literature has shown that the most used catalytic materials for ODH are

vanadium phosphorus oxide (VPO), vanadium oxides, vanadium oxide together with nickel



oxide and molybdates, supported vanadium oxide and other metal oxides, such as mixed
systems of Pt, Rh and Pd; Li-MgO; Mo-V-Nb and Cr,03/Al,03 [14-22].

Vanadium oxide has shown good activity in paraffin activation due to its ability to perform
hydrogen abstraction at milder reaction conditions than other metal oxides [8]. Vanadium
pentoxide, V20Os, exists in a number of forms with varying coordination of vanadium and
oxygen atoms since it can exist in many valence states, from +2, to +5. The size of V205 is
controlled by the ionic radius of the vanadium atoms with respect to the oxygen atoms, which
are small enough to form four coordinated structures but too small to form a six coordinated
structure [4]. The coordination ability of vanadium can be controlled under specific synthesis
conditions, e.g. pH and temperature [23].

A major drawback is that unsupported vanadium oxide favours the formation of total oxidation
products (CO and COy), but delivers high conversion at milder conditions [8]. Vanadium that
has been supported on various metal oxides has been shown to reduce the formation of total
oxidation products, thereby favouring the formation of dehydrogenated products, usually to the
detriment of activity [9-11, 23].

1.2 Unsupported vanadium oxide

Research done on oxidative dehydrogenation using unsupported vanadium oxide catalysts [23]
has been reported to show high activity in paraffin activation at low temperatures compared to
other metal oxides. The major concern is that unsupported vanadium oxide favours combustion
products due to its potential to be reduced when the lattice oxygen in the metal oxide
responsible for hydrogen abstraction, is removed [23]. The introduction of external gas phase
oxygen replaces the lattice oxygen lost in the catalyst. The reduction-oxidation cycle can be a
limiting step since is depends on the redox properties of the material as well as the rate of re-
oxidation. Supported vanadia (vanadium oxide) has been prepared and extensively studied in

an effort to understand and manipulate the properties of vanadium oxide for ODH reactions.

1.3  Supported vanadium oxide systems

The main use of supports in catalysis is to increase the surface area, reduce sintering of the
active material and improve thermal stability of the catalyst. When the active metal oxides are
synthesised, the application of relatively high temperatures during calcination results in
significant sintering, which lowers the surface area. A few key factors to look for when

3



choosing a support is that it must act as a heat sink, have good interaction with the active metal
as this would aid in minimizing or preventing sintering, and good thermal stability [24]. This
is particularly important during exothermic reactions, such as oxidation reactions. The high
thermal conductivity helps to remove the heat from the reaction sites and reduce hot spots,
which otherwise might activate the desired product to react further and decompose.
Supported vanadium oxide has been tested for short chain alkane feeds in various studies [25-
26]. The researchers showed that these catalytic systems can give good activity and selectivity
towards oxidative dehydrogenation products and in turn suppress complete oxidation of ODH
products. Supports have shown to improve the mechanical strength, increase the thermal
stability and the dispersion of vanadium oxide [4, 27]. In some literature, the activity of the
supports were not always considered as they were believed to be catalytically inert [28].
However there are reports on the considerable influence of the support on the catalytic activity
of such systems [29]. An interaction between vanadium oxide and a support can result in
several outcomes which include: [4]

e The crystallite formation of active vanadium oxide

e The monomolecular dispersion of the active component

e The diffusion of the active vanadium oxide into the lattice of the carrier to form a solid

solution
e New component formation (various metal vanadates)

e Disruption of the morphology of the support

Supports are usually metal oxides which can be classified into two broad groups, viz. reducible
metal oxides (transition metal oxides) and non—reducible metal oxides (alkali and alkaline earth
metal oxides). The reducible transition metal oxides are reported to activate paraffin chains at
low temperatures than those of alkali and alkaline earth metals [21]. The transition metal
oxides have lattice oxygen which are easily removable and create oxygen vacancies. These
lattice oxygen species are involved in ODH reactions under oxygen-free conditions. However,
lattice oxygen has also controversially been implicated in the formation of carbon oxides [21].
The alkali and alkaline earth metals oxides favour ODH over carbon oxides because of their
non-reducible character. The most studied supports, for vanadium oxide, for ODH, are metal
oxides such as SiO2, TiO, Al,03, MgO [23, 27], mixed metal oxides incorporating TiO2/ SiOz,
TiO2/ AlxOs, SiO2/ AlOs, including calcined hydrotalcites [28-31], molybdates [32] and

monolithic ceramic supports and inert ceramic membranes [33].



Magnesium oxide as a support for vanadium oxide has interested researchers due to its non-
reducibility, potential to stabilize acid-base properties of V20s, form vanadate phases at
different loadings of V20s and can be synthesized with different morphologies. All these
characteristics of MgO make it a suitable support for vanadium oxide, thus providing an
efficient ODH catalytic system for various alkanes [12, 13, 23, 27, 30, 33].

Corma et al. [34] studied the effects of various supports with vanadia on propane ODH. They
loaded 19 % vanadia on silica, alumina and titania supports and obtained similar activities as
those of unsupported V20s. They also supported vanadia on Sm>03, MgO and Bi»O3 and
obtained higher selectivities towards ODH products, 35, 26 and 23 %, respectively, due to the
presence of the bulk orthovanadate phase when supported on these basic oxides. This showed
that the support had a significant influence on directing the formation of orthovanadate and
crystalline vanadium pentoxide phases, which resulted in a change in the catalyst activity and
selectivity. The reducible supports behaved like unsupported vanadium pentoxide, while the
non-reducible supports tended to favour the desired products.

The effect of the support when vanadium oxide was supported on Al>O3, AINbO4, AIPO4 and
MgSiOs was also compared in the oxidative dehydrogenation of propane by Eon et al. [35].
Only two variables were considered during the evaluation of the catalysts. These were the
structure of the surface species and the chemical nature of the support. Isolated and associated
vanadate species were both present on the catalysts, the proportion changing with the nature of
the support. Isolated vanadate species were dominant on MgSiOs, while associated vanadate
species were abundant on y-alumina followed by aluminium niobate. A summary of the

catalytic results of these catalysts are shown in Table 1.2 [35].

Table 1.2 Catalytic properties in propane oxidative dehydrogenation of dispersed vanadate

species supported on different oxide materials [35].

Catalyst 02 T (K) CsHs/ O Conversion Selectivity Ref.
(molar) (%) (% /gu)°
VOx / Al,Os 0.28 673 2/19.6 7.5 2590 58.4 [35]
VO / AINbO4 0.23 773 2/19.6 9.2 7080 65.0 [35, 38]
VO / AIPO4 0.23 773 42184 7.0 700 48.0 [39]
VOy / MgSiOs 0.22 773 4.0/8.0 7.5 190 56.7 [34]

a Extent of vanadia monolayer coverage of the support, ® Propane conversion per gram of vanadium.



Comparing each catalyst, it is observed that the VO/AINbO, catalyst showed higher activity
than VO,/Al203 and VOx/AIPOs while VO,/MgSiO3z gave the lowest activity. The overall
activities of the catalysts listed in Table 1.2 are more related to the influence of the support
than to the structure of the active species. In principle, the bonds formed between the support
and vanadate species influence the reactivity of the vanadate species [35].

Some factors which control the catalyst activity are the oxidation state of vanadium, the metal-
support interaction, surface area and acidity [36, 37]. Therefore this causes the interaction of
vanadate species and various supports to differ because they become highly dependent on acid—
base properties of both the vanadate phase and the support [36].

The preparation method of the support is also an important consideration for improved
dispersion of vanadia. The AINbO4 support showed that the acidity of hydroxyl groups is a
function of the calcination temperature, which was much higher for crystallized oxides than for
amorphous solids [38]. Therefore, the amorphous solids were seen to be more active and
selective. The y—alumina adsorbs different vanadate species at different pH, i.e. tetrahedral
vanadate species adsorb on y—alumina at pH 7, while octahedral vanadate species adsorb at pH
2.5-4.5 [35]. Another feature that influences the vanadate phase is temperature of calcination.
Vanadium changes to the tetrahedral species during calcination at high temperatures, however

depending on the vanadia loading, isolated or associated structures exist [35].

1.4  Properties of magnesium oxide

Apart from advantages mentioned previously, magnesium oxide has been used by researchers
in many catalytic reactions as it is a relatively cheap material to purchase or synthesise. The
hygroscopic white powder of magnesium oxide (MgO) can occur naturally or obtained by
various synthetic methods, including calcination of magnesium hydroxide, magnesium
carbonate and magnesium chloride [13]. These different magnesium oxide synthetic
processes can result in different morphologies, thus showing varying catalytic activity [13].
Calcining at different temperatures can also have an effect on obtaining different morphologies
of MgO. These features have attracted much attention because of their potential application in
catalysis, water treatment, sensors and electric power generation [40, 41, 45-51].

The morphology of nano structured material such as MgO is an extremely important feature
that has a direct impact on their physical and chemical properties [40-44]. Therefore,
researchers have considered the synthesis of MgO with different morphologies, such as

nanocrystals, nanoparticles, spheres, nanocubes, nanowires and nano-sheets [52-58]. Various
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methods are used to synthesise MgO with different morphologies. MgO characterised as
nanoparticles and nanowires are synthesised using the Polyol Mediated Thermolysis (PMT)
process, where the concentration of magnesium acetate, polyvinyl pyrrolidone (PVP; capping
agent) and ethylene glycol (EG; solvent as well as reducing agent) are monitored to obtain the
nanoparticles and nanowires. SEM and TEM images of nanoparticle and nanowire MgO are

shown in Fig 1.2 and Fig 1.3 respectively [52, 53].
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Figure 1.2 SEM (a) and HRTEM (b) images of MgO nanoparticles [53].
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Figure 1.3 SEM image (a), TEM image (b), corresponding selected-area electron diffraction
(SAED) pattern (¢) and HRTEM image (d) of MgO nanowires obtained from the PMT process
[52].



Figure 1.4 TEM image of nanosheet magnesium oxide [57].

Nanosheet MgO can be synthesised by dissolving magnesium ribbons in methanol under a
static atmosphere of argon and mixed with 4-methoxybenzyl alcohol (BZ), then dried and
calcined (Fig. 1.4) [57].

Nanocubic and spherical MgO are synthesised using a sol-gel method; were magnesium
acetatetetrahydrate is treated with oxalic acid (nanocubes) and tartaric acid (spherical) in
ethanol to form a gel that is calcined. The SEM images of these materials are shown in Fig.

1.5 while Fig. 1.6 shows the morphology more closely by the use of TEM [58].

100nm JEOL

X 50,000 3.0kV SEI SEM WD 5.8mm X 50,000 3.0kV SEI SEM WD 5.8mm

Figure 1.5 SEM images of (a) nanocubic MgO and (b) spherical MgO [58].



Figure 1.6 TEM images of (a) nanocubic MgO and (b) spherical MgO [58].

1.5  The effect of vanadia loading on different supports

1.5.1 Vanadium oxide supported on alumina

There have been many studies with alumina supported vanadia catalyst systems due to the
thermal stability of alumina. As mentioned previously, there are many possible types of
vanadia species. It has been reported that at low loadings of vanadia, amorphous phases of
vanadia are observed whose structure form isolated vanadia tetrahedra with high dispersion on
the surface [59]. On the other hand, high loadings of vanadia results in the formation of
crystalline V205 with some amorphous vanadia being present [59]. Catalytic activity and
selectivity of monolayer vanadia supported on alumina for the oxidative dehydrogenation of
lower alkanes [35, 59] are shown in Figure 1.7. The reviewed data was obtained at different
temperatures (from 673 to 753 K) with alkane to oxygen ratios ranging from 0.27 to 0.9 in the
reaction mixture. The results obtained show the increase in the rate of alkane conversion with
the increase in vanadia monolayer coverage, but with a subsequent decrease in the selectivity
to butene [59].
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Figure 1.7 Catalytic activity and selectivity to lower olefins over the alumina-supported
vanadia monolayer in the ODH of lower alkanes. Key: (*) ethane, 753 K, (0) propane, 673 K,
(A) butane, 673 K [23].

The uneven distribution of vanadia on alumina also affects the ODH selectivity. The uncovered
surface of the alumina support directly influences the ODH selectivity by adsorption of alkenes
or other products giving rise to secondary reactions. Using infrared spectroscopy in the DRIFT
mode and flushing the alumina—supported vanadia catalysts with ethane/air, adsorbed
carbonates on uncovered alumina were observed [59]. The resulting acetate species present
were suggested to be formed by uncovered alumina along with Brgnsted acid groups of the
vanadium oxide layer because they were not detected in bulky vanadium pentoxide. Therefore,
it was proposed that uncovered alumina contributes to the formation of total oxidation products
[23].

1.5.2 Vanadium oxide supported on silica

Silica is the most commonly used support for catalysts since it enables high dispersion because
of its high surface area [23]. The interaction of silica with vanadia was studied using various
techniques, such as IR, X—ray absorption, Raman, XPS, UV, oxygen chemisorption and TPR
[60-70]. These techniques report that vanadia exists as highly dispersed VOx monomeric units

at low loadings.
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Figure 1.8 Catalytic activity and selectivity to alkenes over silica-supported vanadia and bulk
V20s in the ODH of alkanes. Key: (¢) ethane, 800 K, (o) ethane, 813 K, (A) butane, 793 K [23].

Figure 1.8 shows the catalytic activity and selectivity towards olefins for the oxidative
dehydrogenation of ethane and butane over silica—supported vanadia catalysts [23]. The figure
shows a decrease in the overall activity when vanadia loadings increase, for the range of data
obtained. Le Bars et al. [60] studied the oxidative dehydrogenation of ethane on silica—
supported vanadia, while Owens and Kung [11] used butane as a feed. Both reports agreed
that lower vanadia loadings showed higher selectivity to alkenes than the higher loadings, while
the conversion increased with higher vanadia loading. The decrease in selectivity as the
conversion increases occurs much slower over these samples than over higher loaded samples,
which indicates that secondary reactions proceed faster on the crystalline V205 [23]. The data
presented in Fig. 1.8 were obtained in a tight temperature range (from 793 to 813 K) but with
different reaction mixtures. The graph showed, more importantly, that the varying coverage
led to varying vanadate phases which effectively had an impact on the selectivity and activity.
Other authors have also shown that the presence of different vanadyl species supported on silica
led to a variance in ODH selectivity [11, 71, 72]. The production of carbon dioxide was
attributed to the presence of V20s species, while ODH product selectivity was attributed to the
presence of well dispersed isolated vanadia at low loadings. It was proposed that for low
loadings, the vanadyl group was bonded to three oxygen ions from the support, as shown in
Fig. 1.9.
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Figure 1.9 Vanadyl group bonded to three oxygen ions from the silica support

This structure was confirmed by °'V spin echo and MAS NMR [67], where distorted vanadium
tetrahedra were observed. This structure was more selective to ODH products than crystalline
V205 (where the vanadium ion is octahedrally co-ordinated) because it provides reduced
availability of electrophilic lattice oxygen. When VOx species are in contact with air, they
react with atmospheric moisture yielding a surface hydrated form and result in acidic hydroxyl
groups [60]. The conditions of this surface hydrated form of VOx closely resemble those
observed for bulk crystalline V20s [38]. These catalysts would then exhibit a more acidic
character which enhances the rate of alkane conversion and oxidative dehydrogenation but does
not affect the selectivity to the olefin [23].

The silica—supported catalysts with low loading of vanadia were reported [70, 73] to be reduced
more easily by hydrogen and ethane more easily than bulk V2Os and crystalline V.Os supported
on silica. The mobility of oxygen for the isolated vanadia species can give a higher activity
but not higher selectivity to dehydrogenation products [74]. The crystalline V205 contains
V=0 bonds, which has been reported to be non-selective towards ODH products and favours
complete oxidation [75].

1.5.3 Vanadium oxide supported on titania

It has been reported [34, 76] that VV2Os supported on titania was highly active at relatively low
temperatures (500 — 600 K) in the oxidative conversion of propane. However, the selectivity
obtained was poor, decreasing from 28 % at low loading (5 monolayers) to 12 % for the higher
loading (20 monolayers). The V20s/ TiO, catalyst promoted with potassium was reported to
decrease the overall activity, but increase the ODH selectivity [77]. This was explained by
proposing that potassium hinders the formation of the electrophilic O™ species that are

responsible for total oxidation.
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Butane oxidative dehydrogenation yielded only carbon dioxide over both monolayer and
multilayer vanadia-titania catalysts with no formation of ODH products being reported [77].
The rate of the reaction at various concentrations of oxygen was found to be proportional to
the amount of V=0 species in the catalyst [78]. The TiO2 support was reported to retard the
activity, since both anatase and rutile supported catalysts were shown to have lower activity
than unsupported V.05 [78, 79].

When TiO> supported vanadia was compared with the SiO, and Al>O3 supported vanadia
catalysts, the TiO2 supported catalyst was less selective to oxidative dehydrogenation products.
Haber et al. [78] reported that the nature of a vanadia monolayer on TiO; is different from those
of silicaand alumina. A high concentration of monovandate species form on the titania support
which gives a higher overall oxygen capacity to the vanadia monolayer. The oxygen is easily
removed from the catalyst and replaced eventually by gas phase oxygen. The removed oxygen
from the catalyst were then assumed to be inserted into the reaction molecule, favouring the

formation of oxygenated products [23].

1.5.4 Vanadium oxide supported on magnesium oxide

The activity and stability of magnesium vanadates have been investigated in considerable detail
for ODH reactions [80]. They are reported as active and stable catalysts and their activity
significantly increases from 750 K upwards. The main reactions taking place are oxidative
dehydrogenation and combustion. Different researchers have investigated the activity and
selectivity of VMgO catalysts in the oxidative dehydrogenation of propane [8, 22, 32, 81] as
shown in Figure 1.10. In this figure, the overall activity is expressed by the conversion and
reaction rate for different vanadia loadings (0-100 %). The vanadia loading from 15 — 20 %
had high reaction rates and conversion (above 65 %). The selectivity to propene was maximum
at a vanadia loading of approximately 60 % [22].

The data for butane using the same catalysts is shown in Figure 1.11. Corma et al. [34] found
a low selectivity towards butene for butane ODH due to a higher oxygen to butane ratio in the
reaction mixture. In another study, Baes and Mesmer [22] obtained a butene selectivity of 60

% with a 30 wt% V205 loading on the magnesium oxide.
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Figure 1.10 Catalytic activity and selectivity over VMgO in the ODH of propane at 813-823

K as a function of the vanadia content in the catalysts. Key: (A), VMgO synthesised using wet
impregnation by Chaar et al. [9]; (¥), VMgO synthesised using citrate method by Gao et al.
[80]; (0), VMgO synthesised using wet impregnation by Sam et al. [81]; (*), VMgO

synthesised using wet impregnation by Blasco and Lopez Nieto [27].
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Figure 1.11 Catalytic activity and selectivity over VMgO in the ODH of butane at 773-823 K
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as a function of the vanadia content in the catalysts. Key: (*), VMgO synthesised using wet
impregnation by Corma et al. [34]; (A), VMgO synthesised using wet impregnation by Chaar
etal. [9].
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Tetrahedral VMgO species are believed to be part of the active centers for ODH reactions,
where the reaction mechanism takes place through the reduction—oxidation cycle between V°*
and V#* [82]. Three VMgO phases can form using different synthetic methods, viz magnesium
orthovnadate (MgsV20g), magnesium pyrovanadate (Mg2V207) and magnesium metavanadate
(MgV20e).

These phases are active centers in VMgO systems for ODH reactions. However, there are
contradictory opinions regarding these phases as active centers. Kung and Kung [83] suggested
that magnesium orthovanadate (MgsV2Og) is the active phase, while Sam and co-workers [81]
reported magnesium pyrovanadate (0—Mg2V207) to be the active phase and the orthovanadate
phase to be responsible for total oxidation. The catalytic results for VMgO phases to propene
selectivity for ODH of propane at isoconversion reportedly decreased as follows: Mg>V207 >
MgV-0s > MgsV20s. The stability of V4* ions associated with oxygen vacancies in magnesium
pyrovanadate has been related to the high selectivity obtained for this phase [84].

Table 1.3 show the catalytic properties of the vanadate phases as well as V,0s with respect to
H-abstraction selectivity and oxygen insertion ability. The isolated VO units are said to be
responsible for the high selectivity associated with the orthovanadate phase. These isolated
VO units are separated from each other by MgOs units. The V°* and Mg?" are bridged by
lattice oxygen atoms. The orthvanadate phase does not have V°*-O- V°* groups which are
associated with total oxidation and are typically present in the metavanadate and pyrovanadate
phases [8].

Table 1.3 Catalytic properties of vanadium based catalysts [8]

Phase Vanadium species H-abstraction Oxygen insertion
selectivity power
MgsV20s (Magnesium orthovanadate) Isolated VO4
MgV:0s (Magnesium metavanadate) Isolated VOs
Mg.V-0; (Magnesium pyrovanadate) V0O;-0-VO;
V,0s (Vanadium pentoxide) V0,-0-VO,

The report on selectivities of pyrovanadate and orthovanadate are at times, contradicting. This
controversial subject suggests that one phase alone inadequately explains catalytic

performance. The co-existence of orthovanadate phase, either with pyrovanadate phase or with
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an excess of the magnesium oxide phase, is considered to give optimum catalytic performance
[8].

Typically, physical mixing of V.05 and MgO, followed by calcination is the easiest method to
prepare magnesium vanadates [8]. Differential thermal analysis (DTA) studies have confirmed
the formation of pure magnesium vanadates using physical mixtures, however, this synthesis
results in a low surface area material [85]. To obtain high surface area materials, the preferred
technique is impregnation [8]. Different synthetic methods for magnesium vanadates have been
reported that influence the formation of different vanadate phases thus affecting the surface
areas. To achieve this, magnesium precursors such as ammonium metavanadate, magnesium
hydroxide [82], magnesium oxide [85] and magnesium oxalate were studied [86]. Kung and
Kung [83] also used a method that included KOH in the synthesis of the magnesium vanadates
to try and achieve a high surface area phase. They found that only the orthovanadate phase
was formed in samples prepared without KOH, however a large amount of the pyrovanadate
phase was observed in samples prepared with KOH, even though the aim was to prepare a pure
orthovanadate phase. They found that residual potassium lowered the ODH selectivity,
especially for reaction with butane.

VMgO has been analysed by XPS [32, 81] and the results show that magnesium and vanadium
are present on the surface mainly as Mg?* and V°* species respectively. In the catalysts
prepared by a citrate method, a small amount of reduced vanadium species, probably V**, was
detected [87]. This is because the citrate method has been reported to form the pyrovanadate
phase with a vanadia loading of more than 60 wt%, whereas those prepared by wet
impregnation [32] contain the orthovanadate phase, however at much lower concentration of
vanadia. The V°*/ V* surface atomic ratios were constant for catalysts prepared by both the
citrate method and wet impregnation, indicating that the difference between this ratio on the
surface and bulk compositions is probably small. A surface enrichment in magnesium was
observed for catalysts with a vanadia content greater than 50 wt%. The surface composition
and binding energies did not change after catalytic reactions, implying that the catalyst was
stable.

Gao et al. [80] reported that the coexistence of magnesium orthovanadate and pyrovanadate
phases or excess magnesium oxide during the ODH of propane can improve the selectivity to
ODH products. The conversion and selectivity to propene obtained from the coexistence of
magnesium pyrovanadate and metavanadate phases were typically from the metavanadate

phase. Gao et al. concluded that the phase purity affects the catalytic behaviour of the vanadate
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phase and one phase being present in the VMgO system is not enough to improve the catalytic

performance.
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Figure 1.12. Catalytic activity and selectivity over VMgO in the ODH of propane vs. V/ Mg

surface ratio. Symbols and reaction conditions as in Figure 1.10 [23].

Cormacet al. [34] studied the effect of the VV/Mg surface ratio on the catalytic behavior of VMgO

catalysts in the oxidative dehydrogenation of propane. Figure 1.12 shows that the surface ratios

had no impact on the selectivity to propene at constant conversion. They also reported that

there is a relationship between the selectivity and surface oxygen energy; if the binding energy

of the 1s orbital improves, the selectivity to propene also improves.

Therefore, if the

nucloephilicity of lattice oxygen is high, the catalyst will favour the ODH products of propane.

The mixing of magnesium oxide and vanadium oxide forms a mixture of magnesium

vanadates, viz magnesium orthovanadate (MgsV20s), magnesium pyrovanadate (a-Mg2V207)

and magnesium metavanadate (MgV20s), depending on the method used in the preparation.
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When ammonium vanadate reacts with magnesium hydroxide below 1173 K, the following
phase transitions are possible [81]:
2NH4VO3(s) — V20s(s) + 2NHz(g) + H20(g)
Mg(OH)z(s) — MgO(s) + H20(9)
MgO(s) + V20s5(s) — a-MgV20s(s)
2MgO(s) + V205(s) — a-MgV2017(s)
3MgO(s) + V20s(s) — MgzV20sg(s)
a -MgV206(s) — B -MgV20s6(S)
V205(s) — V20s5(1)
2B-MgV206(s) — a-Mg2V207(s) + V20s(1)
a-MgV207(s) — B -Mg2V2017(s)

The oxygen atoms around the vanadium atom arrangement in these vanadate phases are shown

in Figure 1.13.
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Figure 1.13 The local environment of vanadium in (a) MgsV20g, (b) a-Mg2V207, (c) MgV20s
and (d) V20s (distances are given in nanometres). The black spheres represent vanadium and

the brown spheres represent oxygen (Redrawn from [81]).

The structure of a—Mg2V207 has V207 units formed by corner—sharing VOs tetrahedra [8]. The
V207 units form rows that have long vanadium—oxygen bridges within them (Figure 1.14) [41].
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The V207 groups have the terminal oxygen atoms that are shared with two magnesium atoms,
but the oxygen with the shortest bond (0.163 nm) is shared with one magnesium atom [8]. The
pyrovanadate vanadium—oxygen bonds are less covalent than orthovanadate vanadium—oxygen
bonds [81].

Figure 1.14 Structure of the magnesium pyrovanadate phase (a-Mg>V207) [88].

The structure of MgV20e has VOs octahedra joined by bridges and connected together through
MgOs octahedra (Figure 1.15) [89]. The bonds of vanadium and oxygen possess ionic

character

Figure 1.15 Structure of the magnesium metavanadate phase (MgV20s) [90].
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Figure 1.16 shows the structure of MgsV20s which is made up of MgOs octahedral units
sharing corners linked by isolated VO4 tetrahedra [8]. Vanadium and magnesium atoms are
bridged by oxygen atoms and all the oxygen atoms in the structure are involved in this bridging.
The packing of oxygen atom layers in this structure is near cubic with the magnesium atoms in
octahedral sites and the vanadium atoms in tetrahedral sites [91]. The bonding between

vanadium and oxygen atoms are covalent.

Figure 1.16 Structure of the magnesium orthovanadate phase (MgsV20g) [89].

Magnesium orthovanadates have shown to be good in converting alkanes to their respective
alkenes and other products, but the behaviour of active sites and chemistry that occur on the
oxide’s surface is not well understood. In catalysis, there are inter-related parameters of
composition that influence the reactivity, e.g. the crystal morphology and size. Large single
crystals of magnesium orthovanadate are difficult to grow with the flux method because
Mgz (VO4)2 does not melt uniformly [92, 93]. The flux method involve the heating of
synthesised Mgs (VO4); at 1220°C and subsequent cooling to 1100 °C at 2°C h™. The material
is further cooled to room temperature at 60°C h't. However, the crystals obtained with the flux
method are too small (< 2 mm) to define it crystallographic orientation [92]. Pless et al. [91]
reported the growth of large single crystals of magnesium orthovanadate by the optical floating
zone technique. The peak positions of the diffraction patterns matched the calculated pattern
taken from Krishnamacheri and Calvo [93]. The growth of single crystals were in the [010]
direction and developed facets in the [201] direction during the crystal growth.

The structure of magnesium orthovanadate is similar to its reduced phase, MgsV20s [92, 93].
The oxide surface can undergo multiple redox cycles, where the cation deficient spinel,
MgsV20s can be formed, under reduction conditions with hydrogen [92]. During this

reduction, there is a migration of vanadium atoms from tetrahedral sites to octahedral
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interstices, where the octahedral magnesium atoms rearrange to equally occupy the tetrahedral
and octahedral sites [92, 93].
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Figure 1.17 Comparison of magnesium orthovanadate and pyrovanadate and other metal
oxides for propane conversion [8].

The catalytic performance of the orthovanadate phase and pyrovanadate phase in comparison
to other vanadia catalytic systems are shown in Figure 1.17 for the oxidative conversion of
propane. Comparing the orthovanadate and pyrovanadate phases from the graph, the
pyrovanadate phase shows a higher conversion, but lower selectivity. The orthovanadate phase
is already in a partially reduced state, hence its oxygen species would be likely nucleophilic
compared to the pyrovanadate oxygen species, therefore it is reported to be more selective
towards propene [94].

Some catalytic processes have been known to be structure sensitive, which influences the
catalytic activity and selectivity [95]. The change of the structure of the catalyst depends on
the method used for the preparation. The structure sensitivity on ethylene to ethylidyne
conversion has been studied by comparing the chemical reactivity of single crystal platinum
(Pt) exposed surfaces with different orientations [96, 97]. These studies were also extended to
catalytic rate measurements using pressure cells [98-100]. The sintering of nanoparticles
limited study of the surface of the material in terms of structural shape evaluation, as a result,

the idea of metal nanoparticles dispersed on a model oxide surface was implemented [99, 101].
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Figure 1.18 Onset temperature for 2-propanol oxidation over Pt nanoparticles (NPs) dispersed
on a y-Al,O3z nanocrystalline support versus the average number of missing bonds at the
nanoparticle (NP) surface, calculated by using the idealized model shapes shown in the insets
[102].

Mostafa et al. [103] worked on platinum with similar size distribution, around 1 nm in diameter,
but with different shapes. These prepared nanoparticles were dispersed on a y-alumina support.
The summary of the different shapes is shown in Figure 1.18. The catalytic activity of these
nanoparticles was tested for 2-propanol oxidation. The conclusion from the study showed that
un-coordinated Pt atoms are the most active sites for 2-propanol oxidation. The effect of
surface structure and nanoparticle shape of platinum was also investigated on selectivity
associated with the isomerisation of olefins, shown in Figure 1.19 [95]. The TEM images and
isomerisation conversion graphs conclude that the tetrahedral platinum particles favour the cis-
isomer, while more rounded particles display a reverse selectivity towards the trans-isomer [95,
104].
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Figure 1.19 Kinetic catalytic data and TEM images showing the correlation that exists between
the structure (shape) of platinum nanoparticles and their selectivity in alkene cis—trans

isomerization conversions [104].

The physical properties of various MgO morphologies have been reported, but for Claison-
Schmit reactions, involving benzaldehyde with acetophenone [104]. Table 1.4 summarises
how varying the MgO morphologies resulted in catalysts with different surface areas and
crystallite sizes, which ultimately impacted on catalytic performance. It is clear from the data
that the morphology does impact such characteristics as surface area, but may also influence

other characteristics, such as acid-base properties.
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Table 1.4 Textural and catalytic properties of synthesized MgO with various morphologies
[104].

Morphology Surface area (m?/g) Crystallite size (nm) 2Yield (%)
Rod 115 6 99
Big flowers 82 7 99
House of cards 91 6 97
Small flowers 87 6 94
Random flowers 97 6 96
Spheres 62 8 83
Cubes 33 9 57
Plates 75 7 89
Bulk 28 27 23

2Yield of 1,3-diphenyl propenone in Claisen-Schmidt condensation.

Li et al. [105] studied the oxidation of benzyl alcohol to benzaldehyde using gold (Au)
supported on nanoactive MgO and nano-sheet MgO (111) with surface areas of 230 and 146
m?/g, respectively. When Au was added to the support, the surface areas reduced to 74 and 33
m2/g for nanoactive Au/MgO and nanaosheet Au/MgO (111), respectively. The catalytic
results for this study are shown in Table 1.5. Due to similar lattice constants of Au (111) and
MgO (111) planes, the interaction of Au with nanosheet MgO influenced the activity and
selectivity towards benzaldehyde more significantly compared to nanoactive Au/MgO. The
high activity of Au/MgO (111) is due to the partial removal of the hydrogen passivation from
the MgO(111) support (which has significant hydroxyl coverage), as well as to the electronic
transfer that occurs at the Au-MgO (111) interface. The former showed higher conversion at
all temperatures studied, however, selectivity decreased as the conversion increased because
of the over oxidation of benzyl alcohol.
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Table 1.5 Comparative data for oxidation of benzyl alcohol over Au supported on different
morphologies of MgO [105].

Temperature Catalyst Conversion (mol%) Selectivity to
°C) benzaldehyde (mol%)
100 MgO (nano-active) 1.03 80.62

MgO (nano-sheet) 1.21 83.21
Au/MgO (nano-active) 1.17 70.45
Au/MgO (nano-sheet) 6.55 92.96
120 MgO (nano-active) 2.89 80.47
MgO (nano-sheet) 3.12 82.01
Au/MgO (hano-active) 3.05 78.21
Au/MgO (nano-sheet) 14.71 82.44
140 MgO (nano-active) 3.71 82.14
MgO (nano-sheet) 3.62 76.37
Au/MgO (hano-active) 3.59 76.84
Au/MgO (nano-sheet) 17.23 56.66

2 MgO materials were subjected to the same procedure as the Au/MgO catalysts, but without gold

1.6 n-Octane oxidative dehydrogenation over vanadium supported catalysts

The challenge with the long chain paraffins is to obtain a high selectivity to value added
products at high conversions. Therefore there is the tendency to use temperatures in the range
450-500°C to achieve low conversions, thus maintaining high selectivity towards value added
products [3].

Many studies have been carried out on n-octane oxidative dehydrogenation over vanadium
supported catalysts. Mahomed and Friedrich [106] have studied the oxidative dehydrogenation
of n-octane to styrene using catalysts derived from hydrotalcite-like precursors. The Mg and
V hydrotalcite-like compounds were prepared with different Mg/V ratios, ranging from 1:1 to
4:1. Various synthetic procedures were used to investigate the effect of precipitating agents
and temperatures. Styrene was the dominant product and the best results were obtained with a
Mg/V ratio of 2:3 giving a 19 % selectivity, corresponding to 14 % yield. The catalyst
synthesized from sodium salts performed better, compared to those synthesised from potassium

salts.
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Dasireddy et al [12] studied the activation of n-octane over supported vanadium alkaline earth
hydroxyapatites. The wet impregnation method was used to support vanadium pentoxide on
calcium, strontium, magnesium and barium hydroxyapatite with 2.5 and 10 wt% loadings. The
XRD and IR analyses showed the vanadium pentoxide phase for both loadings but the 10 wt%
loading had an additional pyrovanadate phase present. The catalysts were tested for the
oxidative dehydrogenation of n-octane. The phase composition of the catalyst as well as the
optimum n-octane to oxygen molar ratio were reported to be responsible for the selectivity
towards the desired products. The selectivity towards aromatics and octenes were obtained for
a n-octane to oxygen molar ratio of 1:0.5, whereas for aromatics and oxygenates it was obtained
at 1:2 [11]. The 2.5 wt% V20s loaded hydroxyapatite catalyst gave a high selectivity towards
octenes, whereas the 10 wt% loaded catalyst showed a decrease in octenes selectivity and a
significant increase towards aromatics.

Elkalifa and Friedrich [82] studied the oxidative dehydrogenation of n-octane using vanadium-
magnesium oxide catalysts with different vanadium loadings, prepared by the wet
impregnation method. The loadings of vanadia were: 5, 15, 25 and 50 wt%. Both textural and
chemical properties of the catalysts were reported to be affected by the vanadia concentration.
The vanadia concentration also affected the catalytic activity and selectivity towards the
desired products (octenes and aromatics). The crystalline MgsV.0g phase was observed with
all vanadia loadings, while crystalline Mg2V207 was only observed with 50 wt% vanadia
loading. A 15 % vanadia loading was found to have the best catalytic activity and selectivity
towards the desired products, especially towards 1-octene and styrene. This confirmed that the
orthovanadate phase was selective towards the desired products in coexistence with magnesium
oxide. The vanadia loadings with more than 15 wt% resulted in a catalyst with V20s,
orthovanadate and pyrovanadate phases. The used catalyst did not show any phase changes.
In another study, the oxidative dehydrogenation of n-octane was carried out using 15 % vanadia
supported on magnesium oxides obtained from different precursors (MgC204 and Mg(OH)2)
and different precursor treatments (under vacuum and under static air) [107]. Different MgO
precursors and precursor treatment led to changes in morphology, crystallite size, vanadium
dispersion, reducibility and surface acidity of the resultant VMgO catalysts. The performances
of the catalysts were also different [107]. The catalysts were reported to consist of magnesium
oxide and magnesium orthovanadate phases only. Different MgO precursors led to the
manifestation of a different orthovanadate phase. The orthovanadate phase with rough surfaces

was reported to favour ODH products [107].
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Figure 1.20 Scheme showing the pathway for various products formed from the nucleophilic

and electrophilic oxidation of octane.

1.7  Aim of the study

The aim of this study was to synthesise 15 wt% vanadium loaded catalysts with different
morphologies of the support (MgO). These catalysts were then used to obtain the
corresponding octenes and aromatics from n-octane via ODH. It is believed that a variation in
the morphology of MgO by using different synthetic methods can influence the surface
properties and thus improve catalytic activity and selectivity of the corresponding VMgO

catalysts.
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CHAPTER TWO
EXPERIMENTAL

2.1  Preparation of catalyst supports

2.1.1 Cubic magnesium oxide

The procedure used is similar to that previously reported by Elkhalifa and Friedrich [1]. A brief
description of the preparation of the material involves heating a magnesium acetate solution
(53.3 g inone litre of distilled water) in a 2000 mL beaker to 50°C using a hot plate. Thereafter,
a stoichiometric amount of hot aqueous solution of oxalic acid (31.52 g in 800 ml) was added
slowly, with stirring for 30 minutes, to obtain a precipitate of MgC20s. The magnesium oxalate
precipitate was filtered off and washed thoroughly with 20 mL of cold followed by 20 mL of
hot water, placed in an oven set at 110°C and left to dry for 12 hours. The dry magnesium

oxalate was calcined at 550°C for 6 h and the resulting material was labelled MgO-A.

2.1.2 Spherical magnesium oxide

The procedure used is a treatment of commercial MgO with citric acid according to a method
reported previously [2]. Citric acid (13.2 g) was added to 500 mL of distilled water and stirred
until the citric acid was completely dissolved. The MgO (12.7 g), purchased from Hopkin and
Williams Ltd. England, was added to the citric acid solution slowly while stirring and left to
stir continuously for an hour at 70°C to reduce the amount of water. The mixture was filtered
and washed with 20 mL of cold water followed by 20 mL of hot water. The mixture was then
placed in the oven set at 110°C for 24 h and thereafter, calcined at 550°C for 6 h. The white
powder was labelled MgO-B.

2.1.3 Nano-sheet magnesium oxide
The MgO (111) nanosheets were prepared by a modified sol-gel method [3] using 4-methoxyl-
a—methyl-benzyl alcohol to direct the formation of the (111) facet. In a typical synthesis, 1.0 g

of thoroughly cleaned (using sand paper) Mg ribbon was suspended in absolute methanol

overnight under the protection of an argon atmosphere to form magnesium methoxide. Then,
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2.32 g of 4-methoxyl-a-methyl-benzyl alcohol was slowly added to the methoxide solution
with continuous stirring for 5 hours, before the addition of a mixture of 1.48 mL H20 and 30
mL methanol. After a further 7 hours of stirring, the solution was transferred to a closed Teflon
container and dried by heating to 110°C for 3 days. The obtained aerogel was calcined for 6

hours at 550°C to remove the OH groups. This support material was labelled MgO-C.

2.2 Preparation of vanadium magnesium oxide

The magnesium oxide supports, viz. MgO-A, MgO-B and MgO-C were loaded with 15 wt%
vanadium by wet impregnation. A solution of ammonium metavanadate (0.799 g) dissolved in
an aqueous solution of oxalic acid (5.5 g in 200 mL distilled water) was added to the respective
magnesium oxide support (5.296 g), while stirring. The mixture was continuously stirred and
heated at 100°C to evaporate water until a paste formed. The paste was dried in an oven set at
110°C overnight and calcined for 6 h at 550°C obtaining VMgO-A, VMgO-B and VMgO-C.

An additional catalyst was prepared using water instead of oxalic acid. Here, ammonium
metavanadate (0.799 g) was placed in double distilled water (1000 mL) and heated up to 70°C
with stirring, until all the ammonium metavanadate dissolved. This solution was added to a
prepared paste of the spherical magnesium oxide, i.e. MgO-B. The mixture was stirred and
heated to 100°C to evaporate excess water until a paste formed. The paste was dried in an oven
at 110°C overnight and calcined for 6 h at 550°C. The resulting material was labelled VMgO-

B-water.

2.3  Catalyst characterization

2.3.1 Infrared spectroscopy

Infrared spectra were obtained using a PerkinElmer Spectrum 100 FT-IR Spectrometer fitted
with a Universal ATR Sampling Accessory. A small amount of the powdered catalyst was

placed on top of the ATR crystal (composite of zinc selenide and diamond) and a pressure of

about 120 Gauge was applied to allow for better contact between the sample and crystal.
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2.3.2 Powder X-ray diffraction

X-ray diffractograms were obtained using a Philips 1370/1 instrument operating at 40 kV and
25 mA Co Ko radiation on a long line focus (no filter). All data were captured by a Sietronics
122D automated microprocessor. The generator tension and current were 40 kW and 30 mA,
respectively and the irradiated length was 12 mm. Samples were scanned in the 5 to 70° 26

range at room temperature for 80 min.

2.3.3 Raman spectroscopy

The computer-controlled laser Raman equipped with a monochromator and a back thinned
mutli pinned mode (MPP) type charged couple device (CCD) was used. The laser was set to a
wavelength of 480 nm and an output level of 75 mW was used as an excitation source. The
focus of the laser beam in conjunction with the CCD (70 % quantum yield) provided a spatial
resolution of 0.6-0.8 pum [4]. The sample was placed on a precision X—Y stage and clamped to
stay stable during the analysis. An optical microscope allowed for visual identification of the
position from which the signal was obtained. The laser beam was focused on the sample surface
with a 100X microscope objective taking care to avoid resin tags, which would disturb the
measurement. The sample was moved perpendicular to the resin—bonding agent interface in
steps of 0.2 um, and the spectra were obtained at each position across the dentin—adhesive
interface with an integration time of 45 seconds for each measurement. The measurements

were done three times per sample [4].

2.3.4 Scanning electron microscopy

A small portion of the sample was mounted directly onto an aluminium stub that was covered
with double-sided carbon tape. The sample was then coated with gold and transferred directly
into the microscope for analysis. A Zeiss ULTRA 55 instrument was used for analysis and
imaging was performed at 3 kV. The working distance was set at approximately 5 mm and a
30 um aperture was used for the analysis. Images were obtained at different regions and at

various magnifications.
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2.3.5 Inductively coupled plasma-optical emission spectroscopy

The elemental composition of the catalysts was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) using an Optima 5300 DV PerkinElmer Optical
Emission Spectrometer. Standards (1000 ppm Mg and V), purchased from Fluka were used to
prepare (by dilution) the standards ranging from 0.5 to 100 ppm. These standards were used
to obtain the calibration graphs from ICP-OES analysis, which was done in triplicate. The
VMgO samples for ICP-OES analysis were prepared by digesting the powder (0.02146 -
0.02574 g) using 15 mL of concentrated sulfuric acid in a 50 mL beaker. A watch glass was

placed over the beaker which was heated on a hot plate to approximately 350°C.

2.3.6 BET surface studies

Nitrogen physisorption analyses were performed on a Micromeritics ASAP 2420 instrument.
The samples were accurately weighed (250 - 300 mg), loaded in the glass tube and degassed
under nitrogen at 90°C for a minimum of 1 hour, thereafter at 150 °C for an hour. The samples
were then heated under nitrogen at 200 °C overnight. After degassing, the samples were
weighed to correct for the change in mass. Measurements were carried out with nitrogen
adsorbate at -195°C and nitrogen adsorption and desorption isotherms were recorded over a
nitrogen pressure range using a preset range of relative pressures, p/po, ranging from 0.02 to
0.98. The surface area was calculated by applying the linearized Brunauer-Emmet-Teller
(BET) equation to the data between 0.05 < p/po < 0.30. Total pore volume, average pore
diameter and pore size distribution (PSD) of the materials were determined using the Barrett-
Joyner-Halenda (BJH) theory on the desorption branch of the nitrogen sorption isotherm. This
theory assumes that all pores are shaped as round cylinders.

2.3.7 Temperature programmed analyses

A Micromeritics 2900 AutoChem Il Chemisorption Analyzer was used for temperature-
programmed reduction (TPR) and NHs-temperature-programmed desorption (TPD)
experiments. Before reduction, the catalyst was pretreated at 400°C under a stream of Ar (30
mL/min) for 30 min and then cooled to 80°C still under Ar. For the TPR experiment, 5% H: in
Ar was used as the reducing agent at a flow rate of 50 mL/min. To account for the difference

in vanadium concentrations across the catalysts, different weights were used in the analysis
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(1894 mg). The temperature was ramped to 950°C at a rate of 10°C/min. In the TPD
experiments, the catalyst was pretreated under a stream of He at 350°C for 60 min. The
temperature was then decreased to 80°C and a mixture of 4.1 % ammonia in He at a flow rate
of 30mL/min was passed over the catalyst for 60 min. The excess ammonia was removed by
purging with He for 30 min. The temperature then was raised to 950°C by ramping at 10°C/min

under the flow of He and desorption data was recorded.

2.4  Catalytic testing

Oxidative dehydrogenation reactions of n-octane over various catalysts were carried out in a
continuous flow fixed bed reactor (down flow mode). The catalysts were placed in a stainless
steel reactor tube with an internal diameter of 10 mm and a length of 220 mm. The catalyst
with a volume of 1 mL was sandwiched between layers of glass wool and the void spaces in
the tube were filled with carborundum. The pellet size of the catalyst ranged between 300 pm
and 600 um. The reactor tube was heated with an electrically heated block, equipped with a
temperature controller and a thermocouple. The catalyst bed temperature was controlled with
a centred thermocouple which was placed in the middle of the catalyst bed. The n-octane
concentration in the gaseous mixture was 7% (v/v) and the molar ratio of carbon to oxygen was
8: 2. Air was used as the oxidant and nitrogen as the make-up gas to give a total flow of 100
mL/min. The n-octane was delivered to the system by an HPLC pump. The unreacted octane
and liquid products were collected in a catchpot which was cooled to ca 2.5°C. The volume of
the gaseous effluent was measured by a Ritter drum-type gas meter. All products were
analyzed, off line, using a gas chromatograph (PerkinElmer Clarus500) equipped with both
FID and TCD. The TCD was used for carbon oxides, hydrogen and oxygen analyses and the
FID for all the other products in both the gaseous and liquid phase.
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CHAPTER THREE
CATALYST CHARACTERIZATION

In this chapter, the characterisation of the various forms of magnesium oxides that were
synthesised and the subsequent vanadium magnesium oxides prepared from them is discussed
using various physico-chemical techniques. This was done in an effort to establish the success
of the synthesis methods used and to determine the microstructure of the materials synthesised.
Ultimately, the characterisation techniques that were carried out were necessary to help us
understand how the catalytic behaviour could be correlated to the physical structure and
chemical composition of the catalysts prepared. The techniques included XRD, IR, Raman,
SEM, TEM, physisorption studies and temperature programmed methods, as well as ICP-OES.

3.1  Powder X-ray diffraction

Figure 3.1 shows the XRD pattern of magnesium oxide obtained from the calcination of the
three different magnesium precursors. MgO-A (cubic) was obtained from the magnesium
oxalate precursor, MgO-B (spherical) from magnesium citrate and MgO—C (nano-sheets) from
the magnesium 4-methoxy—o—methylbenzyl alcohol method of preparation.
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Figure 3.1 XRD diffractograms of (a) MgO-A, (b) MgO-B, and (c) MgO-C supports.
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The diffractograms of all three support materials show three dominant peaks attributed to pure
magnesium oxide, found at 36.5°, 44.2° and 62.5°, corresponding to the crystal planes (111,
200 and 220) respectively [1]. In addition, Figure 3.1 suggests that essentially pure magnesium
oxides were synthesised since there were no additional peaks and phases belonging to
magnesium precursors that were observed. MgO-B gave shaper peaks than the other systems,
followed by MgO-C and then MgO-A. It can also be characteristic of materials with different
lattice strain, which could be caused by the lattice dislocation due to the finite growth of the
crystal [2].

(a) VMgO-A

E ® MgO
(b) VMgO-B-oxalic g B MgsV20s
(e) VMgO-B-water

1 (d) VMgO-C

T
40
2-Theta scale

Figure 3.2 XRD diffractogram of vanadium magnesium oxide catalysts.

The XRD diffractograms of 15 wt% loading of vanadium on the magnesium oxide supports
are shown in Figure 3.2. The major peak for the magnesium orthvanadate phase was observed
for VMgO-A and VMgO-C at 26 equal to 35° and minor peak for magnesium orthovanadate
phase was observed at 20 equal to 37.5° [3, 4]. On the other hand the major peak for the
magnesium orthovanadate phase was observed for VMgO-B-water at 26 equal to 37.5°. This
suggest that VMgO-B-water is dominated with the magnesium orthovanadate that has a
different orientation compared to VMgO-A and VMgO-C. Therefore, catalytic results for
VMgO-B-water are expected to be comparable to those of VMgO-A and VMgO-C. For
VMgO-C, the vanadate peaks were of low intensity suggesting very small particles of this
phase. On the other hand, the vanadate peaks for VMgO-B-oxalic were not observed
suggesting that the vanadate phases formed, could be amorphous. The peaks characteristic of
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magnesium oxide were also observed for all the supports, at 20 angles of 44.2° and 62.5° [3,
4].

3.2 Infrared spectroscopy

Figure 3.3 presents the FT—IR spectra for MgO-A, MgO-B and MgO-C. Each has a barely
visible peak from 3332 - 3701 cm range, showing O-H stretching for physisorbed water on
the surface of the material [5]. The peaks for hydroxyl bending, bonded on the surface of the
material were observed at 1426 cm™, 1440 cm™, and 1409 cm? for MgO-A, MgO-B and
MgO-C respectively [5]. The magnesium oxygen vibration band appeared between 865-650

cmt in all the synthesised materials [5].
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Figure 3.3 IR spectra for magnesium oxide supports, (a) MgO-A, (b) MgO-B and (c) MgO-C.

Figure 3.4 shows the infrared spectra of the VMgO catalysts. VMgO-A shows a weak band at
809 cm!, which is attributed to the magnesium orthovanadate phase [3, 6]. VMgO-A also
shows a peak at 997 cm™® which is attributed to VOs asymmetric stretching indicative of the
pyrovanadate phase [7]. Examination of the spectra for VMgO-B-oxalic, VMgO-B-water and
VMgO-C, suggests the presence of only the orthovanadate phase. These peaks were observed

at 861, 838 and 832 cm™ respectively, confirming the observations made in the X-Ray
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diffractograms. The weak bands observed at 675 and 667 cm™ for VMgO-A and VMgO-C are
attributed to MgO.
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Figure 3.4 IR spectra of vanadium magnesium oxide catalysts, (a) VMgO-A, (b) VMgO-B-
oxalic, (¢) VMgO-B-water and (d) VMgO-C.

3.3 Raman spectroscopy

Raman spectroscopy was carried out to confirm the phases formed in the catalysts. Amongst
all laser line frequencies selected, a wavelength of 480 nm showed to give best results, which
was used to obtain the spectra presented in Figure 3.5. The Raman spectrum of VMgO-A
shows many sharp peaks compared to the other catalysts. This indicates that more than one

vanadate phase was formed, confirming the XRD data that complements this catalyst.
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Figure 3.5 Raman spectra of vanadium magnesium oxide catalysts, (a) VMgO-A, (b) VMgO-
B-oxalic, (c) VMgO-B-water and (d) VMgO-C

The cubic morphology of magnesium oxide lends itself to form crystalline vanadium
orthovanadate and pyrovandate phases [3]. VMgO-A shows strong peaks at 883 cm™ and 863
cm™® which were assigned to VO stretching attributed to the crystalline orthovanadate phase
[7-10]. The peaks at 440, 244, 205 and 121 cm™ are attributed to isolated species of VO,
dispersed on the magnesium oxide surface. The peak at 845 cm™ was assigned to VO3 isolated
species and peaks at 440, 403, 375, 281 and 244 cm™ were assigned to lattice VOs, attributed
to the pyrovanadate phase [7]. The additional bands at 1090, 1014, 992 and 525 cm™ indicates
the coexistence of isolated VVO4 species ascribed to both orthovanadate and pyrovanadate [7].

VMgO-B-oxalic show a major peak at 829 cm™ and a hump at 1090 cm™ which were attributed
to stretching in VO4 tetrahedra and the coexistence of VOs isolated species [7]. VMgO-B-
water and VMgO-C gave very similar Raman spectra. Peaks at 806 and 892 cm™ for VMgO-
B-water and 809, 865 and 892 cm™ for VMgO-C, indicated the formation of VO isolated

species ascribed to the orthovanadate phase [7].
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3.4  Scanning electron microscopy

Scanning electron microscopy was used to ascertain the morphology of the supports resulting
from the applied synthetic techniques. Figures 3.6 (a-c) shows the SEM images of the various
supports describing their morphology. The method that used magnesium oxalate as a
precursor, is observed to have formed cubic magnesium oxide (MgO-A) [11] as shown in
Figure 3.6 (a), magnesium citrate formed spherical magnesium oxide particles (MgO-B) [8]
and the use of magnesium-4-methoxyl-a—methyl-benzyl alcohol formed nano-sheet
magnesium oxide (MgO-C) [12], when calcined at 550°C.

Figure 3.6 SEM micrographs of different magnesium oxide supports, (a) MgO-A, (b) MgO-B
and (c) MgO-C.

Oxalic acid, citric acid and 4-methyl-methoxyl-a-methyl-benzyl alcohol complexing agents
play an important role in size and shape formation by fixing the metal ions prior to the
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formation of the MgO [13]. Figure 3.7 shows the complexation sites for all three complexing

agents used.

(©)

Figure 3.7 The complexation sites available in the complexing agents, (a) oxalate, (b) citrate
and (c) 4-methyl-methoxyl-a-methyl-benzyl alcohol.

(¢}
M'92+ + 6)5‘/0
(¢}

complexation
0 O
(0]
0 \ / 0
Mg
0 O
0

lpolymerization

0,
O
o Mg o) o) | Mg 0
N ~N
O/ N \ / “1 0
Mg
6}

O O

o
o

Linear Polymer Network

Jannealing
Mg Mg Mg Mg
/ N/ \/! \/} \
0] o) ) oOlJn ©

Figure 3.8 Growth mechanism of MgO using oxalic acid complexing agent
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Figure 3.9 Growth mechanism of MgO using citric acid complexing agent
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Citric acid shows the most number of sites compared to oxalic acid and 4-methyl-methoxyl-a-
methyl-benzyl alcohol. The oxalic acid, due to its two complexation sites, can fix less Mg?*
ions (Figure 3.8) compared to the larger citrate molecule, resulting in stacked polymerised
MgO, forming cubes. The citric acid molecule has more complexation sites and will be able to
fix a larger number of Mg?* ions (Figure 3.9), thus producing branched polymerized MgO. The
complex branching that subsequently arises from this arrangement results in the formation of
spherical particles. 4-methyl-methoxyl-a-methyl-benzyl alcohol has only one complexation
site, and coupled with the presence of the aromatic ring, this allows for the fixing of one Mg?*

ion (Figure 3.10) resulting in a layer of polymerized MgO, thus forming a sheet.
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Figure 3.10 Growth mechanism of MgO using the complexing agent, 4-methyl-methoxyl-a-

methyl-benzyl alcohol

The proposed mechanisms were further discussed by Mastuli et al. [13] as shown in Fig. 3.11,

who studied the effect of oxalate and tartrate as complexing agents. When oxalate complexes
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with magnesium, it forms a linear polymer network, while tartrate complexes to form a
branched polymer network at temperatures less than 450°C. At 450°C the oxalate complex
remain linear while the tartrate complex starts to decompose forming small crystals. Raising
the temperature to 500°C breaks the linear chain of the oxalate complex forming small seed
crystals, stacked to form the cubic MgO, and while spherical shaped MgO crystals grow after
the decomposition of the tartrate complex. The annealing at 950°C for 36 h results in small
cubic MgO crystals obtained from the oxalate complex and larger MgO crystals obtained from

the titrate complex.
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Figure 3.11 A schematic diagram for crystal growth of the MgO samples [13].
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Figure 3.12 shows the SEM images after impregnation of the respective MgO supports with
vanadium using ammonium metavanadate in oxalic acid. The morphology of the catalysts after
vanadium loading was changed somewhat when compared to the morphology of the respective
support. VMgO-A appears to have maintained a cubic morphology although the cubes do not
appear as sharp as the support (Fig. 3.6 (a)). VMg-B-oxalic is showing a prismatic morphology
which is far removed from the spherical morphology of the precursor support (Fig. 3.6 (b)).

Figure 3.12 SEM images of vanadium magnesium oxide catalysts, (a) VMgO-A, (b) VMgO-
B-oxalic, (c) VMgO-C and (d) VMgO-B-water.

Similarly, VMgO-C (Fig. 3.12 (c)) shows a transformation in its morphology after
impregnation with vanadium when compared to the morphology of the support (c.f. Fig. 3.6
C) from which it was prepared. In this case, a cubic morphology was observed not too
dissimilar from VMgO-A, however, with nano sheets visible on some of the cubes. VMgO-B
was then prepared using water only as the solvent as described in the experimental section
2.1.5, instead of the water-oxalic acid solvent mixture used to prepare VMgO-B-oxalic. After

this treatment, the morphology of the support appeared to be retained as shown in Fig 3.12 (d).
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However, the spheres appeared much larger when compared to the support, suggesting

agglomeration during the impregnation step.

3.5  Elemental analysis and surface studies

ICP-OES was used to confirm the weight loadings of vanadium on the MgO support as shown
in Table 3.1.

Table 3.1 Nitrogen physisorption, ICP and crystallite size analysis.

Catalyst Surface area  Pore volume Pore diameter Crystallite Wt% of
(m? gl (cm® g1) (A) size (nm)? V205
MgO-A 20 0.07 23.0 - -
MgO-B 22 0.1 38.7 - -
MgO-C 100 0.3 8.91 - -
VMgO-A 170 0.60 14.4 2.31 15.5
VMgO-B-oxalic 162 0.23 38.7 2.29 14.9
VMgO-B-water 78 0.45 19.2 10.82 15.6
VMgO-C 202 0.67 57.5 2.71 15.7

@ obtained from XRD

All the VMgO catalysts synthesised have a vanadium weight loading of approximately 15 wt%
+ 1%. Nitrogen physisorption was used to obtain information about the surface area and
porosity of the materials prepared. MgO-A and MgO-B had a similar surface area of
approximately 20 m?/g, while MgO-C, which are nano-sheets, gave the highest surface area of
100 m?/g. . MgO-C also showed a larger pore volume of 0.3 cm®g compared to the cubic
MgO-A and the spherical MgO-B which were 0.071 cm®/g and 0.11 cm®/g respectively

The loading of vanadium on the magnesium oxide supports resulted in catalysts with a higher
surface area. The obtained surface areas were 170, 162, 78 and 201 m?/g for VMgO-A, VMgO-
B-oxalic, VMgO-B-water and VMgO-C, respectively. VMgO-A, VMgO-B oxalic, VMgO-B
water and VMgO-C also have large pore volumes compared to their corresponding supports.
During loading of vanadium oxide, vanadium interacts with the support resulting in the
formation of magnesium vanadate phases, thus disturbing the morphology to some extent as

discussed previously, resulting in a change in the observed surface area [3]. The vigorous
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evaporation of the solvent during calcination may have created larger pores in the catalysts [3].
Closer inspection of the SEM images of the various catalysts also show that the particles
appeared to have a more rough outer texture when compared to the support. The surface area
increased with the pore volume for all the catalysts except for VMgO-B water, where the pore
volume was high, but the surface area is lower than other catalysts. We thus suspect that the
lower surface area of VMgO-B, despite having a high pore volume, was affected more by its

particle size growth, as shown by the SEM images.
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Figure 3.13 N adsorption/desorption isotherms of VMgO catalysts

The N adsorption/desorption isotherms of the VMgO catalysts are shown in Figure 3.13.
VMgO-A and VMgO-C show type IV isotherms, while VMgO-B-oxalic shows a type 1V type
isotherm but whose hysteresis closure point is at a much lower pressure than the saturation
pressure of the material. VMgO-B-water shows behaviour similar to materials with type Il
isotherms which is indicative of lower surface area material and unrestrictive coverage of the
adsorbent [15, 16]. Apart from VMgO-A, which shows typical behaviour of microporous
materials, all the other catalysts are indicating macroporous character [15, 16].
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3.6  Temperature programmed reduction

In Figure 3.14 (a), the broad peak for VMgO-A most probably indicates that vanadium exists
in two phases, viz. the orthovanadate and pyrovanadate phases. According to Elkhalifa and

Friedrich [3], the pyrovanadate phase was observed at higher loadings of vanadium pentoxide
and the reduction temperature increased as the loading increased. Therefore, orthovanadate is

reduced at a lower temperature compared to pyrovanadate.

5,55
(a)
5,4

TCD Conc
O
N
O

o

4,95
400 500 600 700 800 900

Temperature (°C)

13.4 —VMgO-B-oxalic =——VMgO-B-water =—=VMgO-C
’

(b)

w

TCD Conc.

12,6

12,2
300 400 500 600 700 800 900

Temperature (°C)

Figure 3.14 TPR profile of (a) VMgO-A and (b) VMgO-B-water, VMgO-B-oxalic, VMgO-C

The reduction peak at 584°C and broad peak at 733-773°C for VMgO-A confirms the

formation of octahedrally coordinated species, in addition to the tetrahedrally coordinated ones
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[19]. In contrast to VMgO-A, VMgO-B-water and VMgO-B-oxalic (Fig. 3.14b) show one
dominant peak indicating a monophasic material. VMgO-C also shows a dominant peak and a
broad hump. This may suggest a dominant phase with the possibility of minor amounts of a
second vanadate phase present. However, based on observations made from the previous
analyses, it is more likely to be composed of a single vanadate phase [20, 21]. The average
oxidation state of vanadium, as shown in Table 3.1, reflects the extent of reduction for each of
the catalysts. VMgO-A has the lowest average oxidation state of all the catalysts prepared
showing that the vanadium appears in a form that is more reducible, or perhaps a mixture as
has been already suggested from the host of previous analytical discussions [4]. The average
oxidation state of V for the other catalysts give a value closer to 4 or just above 4, showing
again the presence of a common vanadate phase which is difficult to reduce.

The reducibility of the vanadates is an important characteristic that affect the selectivity to
ODH products, i.e. the more reducible the catalyst, the less selective it is to ODH products [20,
21]. From this argument, it would appear that VMgO-A should show the lowest selectivity to
ODH products.

Table 3.2 Temperature programmed reduction and average oxidation state.

Catalyst Temp. (°C) Total moles of Average
H> consumed oxidation state of
Peak 1 Peak 2 Peak 3 (cm®/g STP) vanadium
VMgO-A 584 733 773 25.98 3.4
VMgO-B-water 641 - - 15.73 3.7
VMgO-B-oxalic 589 - - 13.95 4.2
VMgO-C 635 - - 23.45 3.9

3.7  Ammonia-temperature programmed desorption

The NH3-TPD profile and acidic sites distribution presented in Figure 3.15 and Table 3.3 show
that there are two types of acidic sites observed for VMgO-A, strong (790-806°C), and medium
acid sites (449-549°C) [4, 22] which is reported to be due to the presence of the pyrovanadate
phase [18]. VMgO-B-oxalic, VMgO-B-water and VMgO-C exhibit both weak and medium
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acidic character [3, 23]. VMgO-B-water has high total acidity, which is due to a high amount
of medium acidic sites being present, therefore the catalytic products favoured by medium

acidic sites are expected to dominate on this catalyst.
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Figure 3.15 Ammonia TPD profile of (a) VMgO-A, VMgO-B-oxalic and VMgO-B-water and
(b) VMgO-C

A high medium acid site content is beneficial from an ODH selectivity perspective, since it

allows for increased interaction with the parent alkane, while at the same time, it is not so

strong as to over oxidise the olefins that will form. VMgO-B-oxalic and VMgO-C have almost
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the same number of acidic sites and same total acidity. As the density of weak acidic sites

increases, the medium acidic sites also show an increase.

Table 3.3 Ammonia TPD acidic sites distribution of catalysts

Catalysts Weak acidic sites Medium acidic Strong acidic sites ~ Total acidity
(mmol NHs/g)  sites (mmol NH3/g) (mmol NH3/g) (mmol NH3/g)
(111-122°C) (445-549°C) (790-806°C)

VMgO-A 0.21 0.22 0.43
VMgO-B-oxalic 0.37 0.42 - 0.80
VMgO-B-water 0.64 1.24 - 1.87

VMgO-C 0.40 0.40 - 0.80
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CHAPTER FOUR
RESULTS AND DISCUSSION: CATALYTIC TESTING

The synthesised catalysts were tested in a fixed bed reactor as described in Chapter 2, to
determine their effectiveness towards n-octane oxidative dehydrogenation. VMgO-A was first
tested, over the temperature range of 350 °C-550°C with a temperature increment of 50°C at a
GHSV of 4000 h* and C:O ratio of 8:2. The activity of all the catalysts were compared at iso-
conversion of 14 + 1 mol C % under the same reaction conditions. The results shown in this
chapter are based on the steady state conversions, from time on stream experiments performed,
usually achieved after a few hours of start-up. Multiple samples were taken to monitor the
reaction to ensure steady state was reached before actual testing could begin. The carbon
balances were in the range of 98 %-101 %. The main products obtained by the catalysts were
octenes, C8 aromatics and carbon oxides. Cracked products and octadienes were also obtained,

but in lower amounts.

4.1  Activity and product evaluation of VMgO-A

Figure 4.1 shows the activation of n-octane over VMgO-A in the temperature range of 350°C
to 550°C. The data shows that the conversion of n-octane increased from 350°C up to 450°C
(8 % to 14 %), thereafter remained constant from 450 °C to 550 °C. The constant conversion at
the higher temperatures is likely due to insufficient oxygen being present, as deduced from the
almost complete conversion of O, at these temperatures. The octene selectivity increased
steadily from a value of 30 % at 350°C to 39 % at 500°C and then decreased slightly to 36%
at 550°C. ODH reactions can proceed via nucleophilic attack or electrophilic attack of the
paraffin [1]. This is dependent however, on the oxidation state of the cation and its
environment, which influences the polarization strength of the M=0O bond. Nucleophilic
oxygen species favour deprotonation of the paraffin, which then leads to ODH product
formation, while weakly polarized M=0O bonds will favour homolytic reactions as in allylic
olefin dehydrogenation [1]. In the case of electrophilic activation, electrophilic attack occurs
on conjugated bonds, i.e. double bonds or aromatic rings, by the M=0 bond, forming
oxygenates and COx [1]. Therefore in VMgO-A, we postulate that there were more
nucleophilic adsorbed oxygen species at the lower temperatures, up to about 400°C, which

controlled both the conversion and selectivity.
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Figure 4.1 Conversion and selectivity of ODH of n-octane over VMgO-A with GHSV fixed at
4000 h! and C:O ratio fixed at 8:2.

As the temperature increased beyond 400 °C, the selectivity towards ODH products increased
steadily with a concomitant decrease in COx selectivity. Since the characterisation of VMgO-
A showed that it possessed both orthovanadate and pyrovanadate phases, we surmise that the
orthovanadate phase is more active toward ODH activity at the higher temperatures, since it
has been reported to have more nucleophilic oxygen species associated with it compared to the
pyrovanadate phase [1].

The selectivity towards COx decreased from 59 % to 32 % as the temperature was increased
from 350 °C to 550 °C due to the arguments presented. The stable aromatic nucleus in styrene,
ethylbenzene and xylene represents the driving force for their formation and thereby reduces
the production of carbon oxides, especially the contribution from secondary combustion [2].
Pradham et al. reported that at lower temperatures, the non-selective oxygen species are more
active than selective oxygen species [3]. As the temperature rises, the selective oxygen species
are activated, which leads to a competitive relationship of selective and non-selective oxygen
species during ODH processes. Hence, an increase in temperature leads to an increase in octene

selectivity and a decrease in COy selectivity. The cracked products (C1 to C7 alkanes and
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alkenes) exhibit low selectivity (around 4%) at temperatures below 450°C, however, the
selectivity increases significantly between 500-550°C (7-16 %). Thus, at the high temperatures
(500-550°C) octene is less stable and more susceptible to cracking over the VMgO-A.

4.2  Comparison of catalyst selectivity at iso-conversion
All the catalysts were tested at iso-conversion at 450°C, since the lower temperature showed

to give the best selectivity to octenes and aromatics. Figure 4.2 shows the selectivity obtained

over the various catalysts at iso-conversion.
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Figure 4.2 Selectivity at iso-conversion of n-octane over VMgO catalysts at 450°C with C:O

ratio fixed at 8:2.

The rate of the reaction is determined by the ease of C-H bond breaking in alkane activation,
while the selectivity is determined by the reducibility of the catalyst, i.e. the more reducible,
the less selective the catalyst is towards ODH products [4, 5, 6]. However, this was further
found to be unlikely, rather the acid-base properties of the catalyst was thought to have more
influence. VMgO-B-water and VMgO-C show higher selectivity towards octene isomers (=
45 %) implying that the orthovanadate phase and magnesium interaction led to a change in the
acid-base characteristics of these systems compared to VMgO-A. This is indicated in the

acidity measurements as shown in Table 3.3. The data suggests that the higher density of weak

59



to medium sites favour higher olefin selectivity, while the strong acid sites in VMgO-A,
favours COy formation, even though its total acidity is low. This may imply a highly active
site associated with the strong acid sites. VMgO-B-oxalic, however, appears to go against this
trend. Further analysis of this material shows that the argument of reducibility may play a role
in describing this system. TPR data (Table 3.2) shows this catalyst to be least reducible with
the highest average V oxidation state, suggesting that nucleophilic species proliferate on the
surface leading to the higher COxy selectivity. Thus, the comparative difference in selectivity
for VMgO-B-water, VMgO-C and VMgO-A can be explained by the variance in acidity whilst
activity of VMgO-B-oxalic is controlled by the reducibility.

Figure 4.3 shows the Mars and van Krevelen (MvK) mechanism for the oxidative

dehydrogenation of paraffins.

substrate

product 1,0,

M,

Figure 4.3 Systematic description of the the MvK mechanism where oxygen is used as the

oxidant in the reaction [10]

The metal oxide catalysts lose oxygen from the lattice, which leaves a vacancy on the catalyst.
The vacancy is replenished by atmospheric oxygen [7, 8]. For a catalyst to be more selective
towards ODH products, a substrate must react with lattice nucleophilic oxygen from the surface
of the catalyst, while COy production is favoured by electrophilic oxygen on the surface of the
catalyst. Unfortunately, it is difficult to evaluate the contribution of the different pathways,
since there are equations describing only the overall reaction rate are known [9].

The rate of oxygen incorporation from gas phase to metal oxide and evolution of Oz gas is in

dynamic equilibrium. In this process, oxygen gas dissociates to both electrophilic and
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nucleophilic oxygen ions on the surface of the catalyst and recombine to form molecules that
desorb as dioxygen. Therefore, the catalyst with highest rate of dynamic equilibrium of oxygen
between catalyst and gas are highly covered with electrophilic oxygen species on the surface,
while the catalysts with no dynamic equilibrium are covered by nucleophilic oxygen species
on the surface [9].

All VMgO catalysts showed to have a dynamic equilibrium of O, and dissociated oxygen
species but with different rates, therefore there is a competition between electrophilic and
nucleophilic oxygen species on the surface of the catalysts. VMgO-A had the highest rate of
dynamic equilibrium as it produced more COy, followed by VMgO-B-oxalic and then VMgO-
C. VMgO-B-water showed to have the lowest rate of dynamic equilibrium as it was more
selective towards ODH products.

Figures 4.4 and 4.5 show the distribution of octene isomers and C8-aromatic compounds,
respectively. The octene isomers observed were 1-octene, cis-2-octene, trans-2-octene, trans-
3-octene and trans-4-octene.
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Figure 4.4 Octenes selectivity over VMgO catalysts at iso-conversion
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Figure 4.5 Aromatic selectivity over VMgO catalysts at iso-conversion

The aromatics were ethylbenzene, styrene and o-xylene. 1-octene and styrene were given
special attention as they are used as starting materials in the polymer industry [11, 12]. An
alternative arrangement of oxygen and magnesium species for nano-sheet MgO results in the
formation of polar monolayers of oxygen anions and magnesium cations, which makes the
surface of MgO to have a strong electrostatic field [13, 14]. Therefore, the MgO-orthovanadate
interaction resulted in VMgO-C having a high density of weak acidic sites, favouring octenes
selectivity. The proposed mechanism for alkane activation suggests that the transformation of
n-octane can be initiated by hydrogen abstraction, which is a slow step to form an octyl species
[7, 8, 15]. The second hydrogen is eliminated from the hydrocarbon from an adjacent carbon
atom (fast step), which leads to the formation of an octene isomer. In this process, the
selectivity is determined by the way the formed alkyl species reacts [8, 16]. The VMgO catalyst
has been reported to favour a dehydrogenation route, rather than routes which favour cracking
and oxygenates formation [8, 17]. Therefore, the formed octenes may either desorb from the
less acidic catalyst’s surface or go through more dehydrogenation steps that eventually lead to
cyclization and aromatics formation [11].

The formation of aromatics results from cyclization of octenes and octadienes via C1 to C6
(path 1'and Il in Figure 4.6) or C2 to C7 (path Il in Figure 4.6) to form a six membered carbon
ring [18-20]. It is reported that in this process, the C1 to C6 cyclisation might lead to the
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formation of ethylbenzene or styrene, while path 111 will form o-xylene [21]. The acidic sites

play an important role in this case because VMgO-B-water showed a selectivity shift from 1-

octene to ethylbenzene and styrene because of the high number of medium acidic sites present.

The other catalysts in Figure 4.5 showed a lower selectivity to aromatics than VMgO-B-water.

In comparison to the other catalysts, VMgO-B-water had the highest density of medium acidic

sites, which emphasizes the role these sites possibly play in allowing octenes to readsorb and

be further dehydrogenated, and then cyclising to form styrene.
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Figure 4.7 ODH selectivity versus COx selectivity over the various catalysts at iso-conversion
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Figure 4.7 shows a comparison of COx selectivity to ODH selectivity for the various catalysts.
In the figure, it can be deduced that VMgO-B-water, which has spherical morphology was
more selective towards ODH products compared to the catalysts having cubic morphology
(VMgO-A, VMgO-B-oxalic and VMgO-C). Thus, the morphology of the supports is shown
to have an influence on the selectivity of the products formed and is linked possibly to the
formation and distribution of the vanadate phases on these catalysts. VMgO-A was shown to
have both orthovanadate and pyrovanadate phases, which were heterogeneously distributed.
The distribution of these phases on VMgO-A led to it being more selective towards COx.

The data in Figure 4.8 compares the rate of depletion of n-octane, normalised against the
surface area of the various catalysts. The graph shows that VMgO-B-water is most active,
followed by VMgO-B-oxalic, VMgO-A and VMgO-C. This suggests that the arrangements of
the vanadate phases obtained from spherical MgO improves not just the selectivity, but also
the activity of this phase, thus providing a better yield. When looking at the SEM images in
Figures 3.3 and 3.7, the cubic morphology has a more organised and ordered shape, while the
catalyst having a spherical morphology shows to have a rough texture and is slightly more
disordered. The combination of these physical properties has shown a positive influence on

the selectivity of the desired reactions.
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Figure 4.8 Normalisation of activity with surface area
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4.3 Selectivity vs acidity of the catalysts

The acid-base character of vanadia-based catalysts is reported to have an influence on the
selectivity of the final products [7, 23, 24]. Referring to Table 3.2 in Chapter 3, NHs-TPD

results shows that VMgO-A has strong acidic sites.
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Figure 4.9 Comparison of selectivity of products vs weak acidic sites.
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Figure 4.10 Comparison of selectivity of products vs. medium acidic sites
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This resulted in VMgO-A being more selective towards COx compared to other catalysts. This
is probably because the strong acidic sites have high probability to adsorb olefins and therefore
enhance the formation of aromatics, or to further react and form COx [11, 25]. VMgO-B-water,
VMgO-B-oxalic and VMgO-C selectivities show a trend toward having more weak and
medium acidic sites. The graphs in Figures 4.9 and 4.10 show that the catalysts with more
weak and medium acidic sites are more selective towards ODH products. VMgO-C has a
similar distribution of medium acid sites as VMgO-B-oxalic, and also a similar morphology,
hence it shows a similar product selectivity profile when compared to VMgO-B-oxalic.
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CHAPTER FIVE
CHARACTERIZATION OF USED CATALYSTS

The used catalysts were analysed to establish the stability of the catalysts with respect to the
morphology of the supports and the corresponding VMgO phases that formed. In most cases,
when the MvK mechanism takes place during ODH, the catalysts are stable. However, there is
a possibility of restructuring of the catalysts since the rate of removal of oxygen may exceed
the rate of its replacement in the catalyst. In some cases, the catalyst may re-structure itself in
a different way before the replacement of the lattice oxygen, leading to the formation of new
reduced phases and the disruption of the morphology. Various characterisation techniques

such as XRD, IR and SEM were used to provide this type of information about the catalysts.

5.1  Powder X-ray diffraction

Figures 5.1 and 5.2 compares the X-ray diffractograms of the fresh and used catalysts. The
fresh catalysts (Figure 5.1) show the common magnesium oxide peaks at 44.2° and 62.5° and
the major peak for the magnesium orthvanadate phase was observed for VMgO-A and VMgO-
C at 20 equal to approximately 35°. The used catalysts in Figure 5.2 show the absence or lower
intensity (as in the case of VMgO-A) peak at 35° and the appearance of a peak representing a
new reduced form of magnesium orthovanadate at 37.2° [1]. A reduced form of magnesium
orthovanadate (MgsV20e¢) has a spinel structure that can re-oxidise to MgsV20s when the
oxygen gas is introduced. We surmise that during the reaction the cations migrate from VO4 to
VOgs sites in the cell transforming MgsV2.0g to MgsV20s (reduced orthovanadate) [1]. The
catalysts that were more easily reduced (cf. Table 3.2), showed a peak for MgsV20Os with higher
intensity. VMgO-A shows sharper peaks of the reduced orthovanadate phase compared to the
other catalysts. The used VMgO-B-oxalic also shows a peak for the reduced magnesium
orthovanadate phase, even though there were no vanadate peaks visible before the reaction.
This suggests that for this catalyst, the vanadate particles or phases present on the surface of

MgO were highly dispersed.
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Figure 5.2 XRD diffractograms of used VMgO catalysts
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5.2 Infrared spectroscopy

Figures 5.3 and 5.4 compares the spectra of the fresh and used VMgO catalysts, respectively.
Figure 5.4 shows that peaks for the magnesium orthovanadate phase for VMgO-A, VMgO-B-
oxalic, VMgO-B-water and VMgO-C at 854 cm?, 850 cm?, 863 cm? and 856 cm™,
respectively, are more prominent than the fresh catalysts. The peak for the pyrovanadate phase
for VMgO-A was not observed at 997 cm, suggesting that during the reaction the
pyrovanadate phase restructures itself to form the orthovanadate phase. The reduced
orthovanadate phase was not observed, which is known to appear around 619 cm?, although it
was observed in XRD. The bands in the region of 920-950 cm indicating V=0 stretching
were not observed [2]. The characteristic peaks of V20s in the region of 1020-1060 cm™* were

also not observed [3].
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Figure 5.3 IR spectra of fresh vanadium magnesium oxide catalysts, (A) VMgO-A, (B)
VMgO-B-oxalic, (C) VMgO-B-water and (D) VMgO-C.
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Figure 5.4 IR spectra of used vanadium magnesium oxide catalysts, (A) VMgO-A, (B) VMgO-
B-oxalic, (C) VMgO-B-water and (D) VMgO-C.

5.3  Scanning electron microscopy

The SEM images in Figure 5.5 compares the morphology of the catalysts after undergoing a
reaction cycle. The images show that the morphology of the used catalysts have changed
significantly and bear no similarity to that of the fresh catalysts. This shows that during the
reaction, the abstraction of lattice oxygen deforms the structure of VMgO, which leads to a
new morphology that presents itself as amorphous clumps. The SEM images show that the

particles agglomerated together during the reaction to form larger particles.
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Figure 5.5 SEM images of fresh and used vanadium magnesium oxide catalysts
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CHAPTER SIX
CONCLUSIONS

Varying the synthetic methods resulted in different magnesium precursors which were calcined
to obtain morphologically different magnesium oxides as follows; cubic (MgO-A) was
obtained from magnesium oxalate, spherical (MgO-B) was obtained from magnesium citrate
and nano-sheet (MgO-C) was obtained from magnesium 4-methoxyl-o—methyl-benzyl alcohol.
Varying the morphologies led to different physico-chemical properties for the various
magnesium oxides prepared. The number of complexation sites in the complexing agents used,
appear to direct the morphology of the prepared supports. All the MgO supports showed to be
pure after calcination, and after being analysed using XRD and IR. MgO-C had the highest
surface area (100 m? /g) because of its high pore volume (0.3 cm® /g). There was a significant
difference between surface areas and pore volumes of MgO-A (20 m? /g; 0.07 cm? /g) and
MgO-B (22 m? /g; 0.1 cm® /g) when compared to MgO-C.

The loading of vanadium using oxalic acid as a solvent changed the MgO-B morphology,
therefore, water was used as a solvent for vanadium loading on MgO-B. Oxalic acid as
complexing agent directed cubic morphology, while water as complexing agent directed the
formation of spherical and sheet-like morphology. As a result, three types of morphologies
were obtained for the catalysts, viz. cubic (VMgO-A, VMgO-B-oxalic), spherical (VMgO-B-
water) and a mixture of cubic and sheets (VMgO-C). IR and Raman showed that VMgO-A
contained magnesium oxide, magnesium orthovanadate and magnesium pyrovanadate phases,
heterogeneously distributed, while the other catalysts contained magnesium oxide and
magnesium orthovanadate phases which were more homogeneously distributed. The catalysts
showed different physisorption properties and crystallite sizes. The vanadium loaded reacted
with the MgO to form vanadia phases, which increased the pore volumes resulting in VMgO
phases having higher surface areas compared to their respective MgO supports. VMgO-C
having the highest surface area (200 m?/g), influenced by the high pore volume and small
crystallite size (2.71 nm) while VMgO-B-water had lower surface area (78 m?/g) which is a
result of the larger crystallite size (10.82 nm). The pyrovanadate phase in VMgO-A resulted
in the catalysts having strong acidic sites and being more easily reduced, while catalysts with
only the orthovanadate phase had weak and medium acidic sites only. ICP-OES confirmed that
all the VMQgO catalysts synthesised had a vanadium weight loading of approximately 15 wt%
+ 1%.
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The chemical and physical properties of the catalysts influenced the catalytic performance of
each catalyst. The temperature influenced the oxygen species in VMgO-A. The selectivity
toward ODH products increased while COx production decreased as the selective oxygen
species were activated by an increase in temperature. There was no increase in conversion of
octane from 450 °C to 550 °C which was limited by a depletion in oxygen.

At iso-conversion, VMgO-B-water, which has spherical morphology was shown to be more
selective towards ODH products compared to the catalysts having cubic morphology (VMgO-
A, VMgO-B-oxalic and VMgO-C). VMgO-A was shown to have both orthovanadate and
pyrovanadate phases, which were heterogeneously distributed which led to it being more
selective towards COx. The strong electrostatic field perpendicular to the surface of VMgO-C
resulted in it having more weak acidic sites and was observed to be more selective towards 1-
octene compared to other catalysts. The spherical morphology of the support resulted in
VMgO-B-oxalic and VMgO-B-water having more medium acidic sites and thus being more
selective towards aromatics, and which also contributed to VMgO-B-water being more
selective towards ODH products. The reduction and acidity studies clearly showed that
VMgO-A consumed more hydrogen amongst all the catalysts, but because of its strong acidity,
it took longer for a substrate to desorb from the surface of the catalyst, hence causing
electrophilic oxygen species to form during the catalyst’s re-oxidation. Thus, these
electrophilic oxygen species further oxidised the substrate to favour COx production. There
was a high consumption of hydrogen by VMgO-C, while having a weak acidic surface,
therefore favouring octenes. VMgO-B-oxalic and VMgO-B-water consumed less hydrogen
but in combination with their medium acidic surface, favoured the aromatics. Therefore, the
catalytic activity and selectivity was influenced not just by the phases formed and the
distribution of these phases, but also strongly influenced by the redox properties and acid-base
characteristics of the catalysts. These properties of the catalysts were controlled, to some
extent, by the morphology of the supports and synthetic conditions.

The XRD and IR shows that the pyrovanadate phase observed in a fresh VMgO-A catalyst
restructured to the orthovanadate phase during the ODH reaction. The orthovanadate phase in
all catalysts was partially reduced from MgsV20gto MgsV20s. The TPR and XRD of the used
catalysts agreed to the assertion that the more reduced the catalyst was the higher the propensity
to form the MgsV20e phase. It also suggests that the catalysts with resistance to re-oxidise to

MgsV20g were less selective towards ODH products.
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SEM images showed that after reaction, the morphologies were changed and did not bare any
resemblance to the starting material. They all showed a powdery appearance suggesting that
ultimately the micro surface structure were very similar after a certain period of being exposed

to the oxidative/reductive atmosphere that is paraffin oxidative dehydrogenation.
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APPENDIX

Al. GC-Method used for analyzing organic (gaseous and liquid) samples
Channel Parameters:

Run Time: 30.00 min

Sampling Rate: 3.1250 pts/s
Carrier Parameters:

Carrier A Control: He (300 Kpa)

Column A length: 50.00 m

Vacuum Compensation: Off

Diameter: 530 um

Split Ratio: 150:1

Initial Set point: 2.0 mL/min
Valve Configuration and Setting:

Valve 1: SPLIT On

Valve 2: NONE

Valve 3: NONE

Detector Parameters:

Detector A
Detector FID
Range 1
Time Constant 200
Autozero ON

Polarity -
Detector A Gas Flows

Air: 450.0 mL/min
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Hydrogen: 45.0 mL/min

Heated Zones:
Injector A: CAP
Setpoint: 220°C
Detector A: 250°C

Oven Program:

Cryogenics: Off Total Run Time: 30.0 min
Initial Temp: 40°C Max. Temp: 300°C
Initial Hold: 15.0 min Equilibration Time: 0.2 min

Ramp 1: 20.0°C/min to 100°C, hold for 5.0 min
Ramp 2: 20.0°C/min to 200°C, hold for 2.0 min
Processing Parameters:
Bunch Factor: 2 points
Noise threshold: 50 uV
Area Threshold: 100.0 uVvV
Peak Separation Criteria:

Width Ratio: 0.2
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A2. GC-Method used for analysing carbon oxides

Channel Parameters:

Run Time: 7.0 min

Sampling Rate: 6.25 pts/s

Carrier Parameters:

Carrier B Control: He (300 KPa)

Column B length: 30.00 m

Vacuum Compensation: Off

Diameter: 530 um

Split Flow: 500.0 mL/min
Initial Set point: 6.0 mL/min

Valve Configuration and Setting:

Valve 1: SPLIT On
Valve 2: NONE
Valve 3: NONE

Detector Parameters:

Detector
Range

Time Constant
Autozero

Polarity

Detector B Gas Flows Helium:

Heated Zones:

Injector B: CAP

Detector B

TCD

3

200

ON

30.0 mL/min
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Set point: 220°C
Detector B: 250°C
Oven Program:
Cryogenics: Off
Initial temp: 40°C
Initial Hold: 2.50 min
1: 20.0°C/min to 80°C, hold for 2.5 min
Processing Parameters:
Bunch Factor: 2 points
Noise threshold: 1 uVv
Area Threshold: 100.0 pV
Peak Separation Criteria:
Width Ratio: 0.2

Valley-to-peak Ratio: 0.01
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Total Run Time: 7.0 min
Max. Temp: 250°C

Equilibration Temp: 0.5 min



Table Al Standards used for calibration

Chemical Supplier Purity (%)
n-octane Merck 98
1-octene Aldrich 98
trans-2-octene Fluka 98
cis-2-octene AlfaAesar 98
trans-3-octene Aldrich 98
trans-4-octene Fluka 98
cis-4-octene AlfaAesar 97
1,7-octadiene Fluka 97
ethylbenzene AlfaAesar 99
0-xylene AlfaAesar 99
styrene Aldrich 99
ethylcyclohexane Fluka 99
n-heptane Fluka 99.8
1-heptene Aldrich 97
n-hexane ACROS 99.5
1-hexene ACROS 97
n-nonane Fluka 99
cyclooctane Fluka 99
cis-cyclooctene Aldrich 95
1,5-cyclooctadiene Fluka 98
propylcyclopentane Fluka 98
2,4-dimethylhexane Fluka 99
2-ethyl-1-hexanol Fluka 98
1-octanol AlfaAesar 99
octanal Aldrich 99
2-octanone Fluka 97
3-octanone Fluka 97
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Table A2  Gaseous standards used for calibration

Mixture Component Percentage (%0)

Mixture 1 ethane 3.0
ethene 6.0
n-butane 9.2
nitrogen 81.8

Mixture 2 methane 2.0
propane 4.0
propene 6.0
nitrogen 88.0

Mixture 3 carbon monoxide 5.0
carbon dioxide 15.0
nitrogen 80.0
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A3. FID Sampling

SHIMADZU

' LabSolutions

<Sample Information>

Sample Name
Sample ID

Data Filename
Method Filename
Batch Filename
Vial #

Injection Volume
Date Acquired
Date Processed

:VMGOA
:VMGOA
1450_4000_26-8-15.gcd
- Majid_August 2015_Final Octane.gcm

1

1uL
1 2015/08/26 03:11:15 PM
1 2015/08/26 03:46:49 PM

Sample Type

Acquired by
Processed by

Analysis Report

» Unknown

. System Administrator
. System Administrator

<Chromatogram>
uv
5 FID1
o
-
E‘ § O
w T
3 T 8
w W-A—»——“"‘A . ]
N
2b 2|5 3|0 3|5
min
<Peak Table>
FID1
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 2.704 2806 3008 0.000| ppm V Methane
2 2.731 38768 22704 0.000| ppm V Ehene
3 2.843 53659 35528 0.000 | ppm Propene
4 3.124 39053 23242 0.000| ppm Butene
5 3.219 2392 1512 0.000 V
6 3.302 2969 1940 0.000
7 3.853 30687 17177 0.000 \
8 4.086 2396 1262 0.000
9 4.198 2287 1213 0.000
10 5.786 14846 6482 0.000 V
11 8.234 4696 1391 0.000 V
12 18.929 7688 2068 0.000
13|  20.123 3862 1071 0.000| ppm 1-Octene
14| 20.797 4851 1244 0.000| ppm Tr-3-Octene
15|  20.947 291263 90438 0.000| ppm V Octane
16] 21.242 3422 1046 0.000| ppm Tr-2-Octene
Total 505645 211325

Figure Al GC-FID chromatogram for a gaseous sample
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<Chromatogram>

uV
] ~ o FID1
40000 5 8 o
| N @ O,
I o @ﬁ 3
i ol &
30000+ i
_ i I
3 [& ‘
_ - 1|
20000+ ﬁ o
@ ‘ R el ﬂ .'I| o
b 2 < | (T.I o | || ‘
10000+ PR s 8 5| 3|
: 5 : 2 N0A &l |
_W‘ﬁwul L‘LALJA_}\_ALJ’L‘
T T | T T T | T T | T T T T | T T T | T T T T | T T T T |
5 10 15 20 25 30 35
min
<Peak Table>
FID1
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 5.282 2332 1007 0.000 |ppm vV Hexene
2 7.299 13624 4372 0.000 |ppm vV Benzene
3 14.564 8177 1658 0.000
4 17.066 7782 1330 0.000 vV
5 19.169 113023 16286 0.000 [ppm 1-Octene
6 20.169 69079 9296 0.000 |ppm Tr-4-Octene
7 20611 182384 20432 0.000 |ppm vV Tr-3-Octene
8 21133 12073618 1149514 0.000 [ppm \ Octane
9 21477 193571 37662 0.000 |ppm i Tr-2-Octene
10 22.059 5614 1269 0.000
11 22.385 152344 30886 0.000 [ppm Cis-2-Octene
12 22.882 11780 1902 0.000 i
13 23.157 6554 1361 0.000 \
14 23.983 10220 2103 0.000 \
15 25.502 10504 2904 0.000 |ppm Octadienes 01
16 25636 110515 27284 0.000 [ppm \ Ethyle beneze
17 25733 24603 6302 0.000 [ppm \ Octadienes 02
18 26.331 15320 4070 0.000 |ppm Octadienes 03
19 26.622 6396 1786 0.000
20 27.643 99325 27770 0.000 [ppm Styrene
21 27.963 37792 10412 0.000 |ppm vV O-xylene
Total 13154559 1359607

Figure A2 GC-FID chromatogram for an organic sample
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A4. TCD sampling
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Figure A3 TCD chromatogram for a gaseous hydrogen and COx analysis
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Figure A4 TCD chromatogram for a gaseous oxygen analysis before catalytic reaction
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Figure A5 TCD chromatogram for a gaseous oxygen analysis during catalytic reaction

A5. Analysis of temperature programmed reduction, oxidation and desorption
Calculation of average oxidation state of vanadium in TPR

o moles of hydrogen consumed
Degree of reducibility (%) = — x100
moles of vanadium in the sample

(moles of hydrogen consumed x2)

Average oxidation state of vanadium = 5- - -
moles of vanadium in the sample

Calculation of number of acidic sites from TPD

moles of ammonia consumed

No. of acidic sites (acidity) = mass of the catalyst
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A6. SEM Mapping

Mg Kal_2 V Kal

Figure A6 SEM images and mapping of VMgO-A
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Figure A7 SEM images and mapping of VMgO-B
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Figure A8 SEM images and mapping of VMgO-C
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A7. TEM images

Figure A10 TEM images of (a) MgO-A, (b) MgO-B and (c) MgO-C
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Figure A11 TEM images of (a) VMgO-A, (b) VMgO-B-oxalic,(c) VMgO-B-water and
VMgO-C
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