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Chapter 1

Introduction

1.1. Introduction: Catalysis

In early 19th century when the industrial revolution started there was a huge concern about the
control of a chemical reaction. Almost all industrial reactions were carried out at higher
temperature and pressure which sometime caused the degradation of reactants as well as energy
loss. The major aim was to achieve maximum output of products at milder reaction conditions
for the ease of operation. Thus catalyst came into the frame of study. J. J. Berzelius, a Swedish
chemist, first coined the term catalysis in 1836 after which Redeal and Taylor translated it in
English.' Later it was Ostwald who was one of the pioneers in chemical thermodynamics,
brought in thermodynamics for defining a catalyst where he stated that catalyst is a material that
will leave the equilibrium of a reaction unchanged.? According to International Union of Pure
and Applied Chemistry (IUPAC), catalyst increases the rate of the reaction without modifying
the overall standard Gibbs Energy change in the reaction.’

The broad regime catalysis is divided into two major categories which are i) Homogeneous
catalysis, where catalyst and the reactant molecule will be in same phase and ii) Heterogeneous
catalysis, where catalyst and the reactant molecule will be in different phase. Adsorption is the
key phenomenon in heterogeneous catalysis and on the catalytic surface there are several sites
called active centres, in which adsorption taking place. Majority of the industrial processes
employ heterogeneous catalysts as the separation of catalyst from the reaction medium. By the
end of nineteenth century the concept of catalysis from academia transferred to industrial
processes. The demand for bulk chemicals increased with a focus on reducing the by-products by
catalysis which had tremendous economic advantages.* In the earlier 20th century the
commercial applications of catalysis were done without a firm grasp of the science and principles
like equilibrium. When the fundamentals of catalysis were understood majority of the chemical
industries started depending upon the catalysts for production of inorganic chemicals such as
sulphuric acid, ammonia, and nitric acid. Although the interest was driven by the need for NH3

as a component in production of agricultural fertilizer also especially for manufacturing
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Chapter 1: Introduction

explosives in World War 1. Later the usage of catalysts was probed much deeper in socio-
economic pathways to minimize the wastage generated.” Almost after a century in ammonia
synthesis which is now widely applied at very large scale, the molecular basis of catalytic
processes has been understood by works of Gerhard Ertl. Later in the mid of 20th century
various catalytic processes were developed which includes selective hydrogenation,
hydrogenolysis, dehydrogenation, oxidation, isomerization, polymerization. These developments
emphasized that catalysis is ubiquitous and the backbone of various chemical synthesis which
led to our societal prosperity.

1.2. Dehydrogenation of hydrocarbons

Olefins are the building blocks for the synthesis of variety of polymers and consequently for the
production of numerous number of commaodities and specialties for day today life. A major part
of today’s olefin is produced by steam and thermal cracking of respective hydrocarbon or
petroleum products. In present day context the worldwide production of olefins is by three
processes; they are i) thermal cracking (pyrolysis or steam cracking), ii) catalytic cracking and
iii) catalytic dehydrogenation. These processes are highly endothermic and possess
thermodynamic limitations.

1.2.1. Steam Cracking

Around 90 % of current olefin production is from thermal cracking of respective hydrocarbon or
LPG and naphtha, in which the common process employing steam is referred as pyrolysis or
steam cracking. The main products that are obtained in this process are ethene, propene and to

some extent higher olefins. The typical dehydrogenation setup® is shown in Fig. 1.1

gas separation

steam

\_/ Y olefins
paraffin unreacted paraffin '\ byproducts/fuel
(H, G, C)

air

heater e
con-
fuel
idense
—

water

oxy-
steam
oven reactor | oven eactol

L oxygen

Fig. 1.1. A typical Steam cracking setup
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Chapter 1: Introduction

The stream of hydrocarbons and steam are preheated in a convection section. The preheated
stream of hydrocarbon is passed through a fired tubular reactor where at desired/controlled
reaction parameters like residence time, temperature, and partial pressure, hydrocarbon is
cracked. Usually it is heated at the temperature range of 500 - 650 °C to 750 - 875 °C for few
milliseconds of contact time and the hydrocarbons in the feedstock are cracked into smaller
molecule.

1.2.2. Fluidized catalytic cracking

Fluidized catalytic cracking (FCC) is the most common catalytic cracking process. In this
process, in a fast moving gas stream, the catalyst powder which by virtue of its inherent
properties behaves like a fluid and will be raised in fluidized form through the system. Fig. 1.2 is
the schematic profile of typical FCC process. In this, the catalyst flows down from the
regenerator which is combined with feed and steam and elevated up through the riser into the
reactor and fluidized by hydrocarbon vapors. The catalyst coming out after reaction is directed

towards stripper followed by regenerator where it is regenerated by combustion gases.®

Flue gas
(to final dust
collection)
A Regenerator
> Fractionator
) Cold
- waler
’ Reactor s
_ | as to recovery
Waste | o Stripping steam
heat ) —
boiler ' -' Spent catalyst — Water
v ! Gasoline
Regenerator ‘A Rir — —l_g—u Light gas oil
catalyst * e
L Piy ~
Fresh feed - ~
Y

Air blower

-

Recyle

> Heavy gas oil
y

» Slurry decant oil

Fig. 1.2. A typical FCC setup used for cracking hydrocarbons
1.2.3. Catalytic dehydrogenation
Dehydrogenation is a typical endothermic equilibrium reaction which is mostly catalyzed by a
noble- or toxic heavy-metal catalyst. By the principles of thermodynamics, elevated temperatures
and low pressures increase olefin yield. In other hand high process temperatures invariably cause
pyrolysis (cracking) of hydrocarbon to coke in addition to olefin. As a consequence of this there

is a possibility of feedstock wastage and the coke formed induce rapid catalyst deactivation.
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Chapter 1: Introduction

The dehydrogenation of alkane is one of the most complex chemical processes to realize
industrially as the thermodynamic equilibrium affects the conversion per pass and due to
endothermic nature of this process large amount of heat must be supplied to the reactant system.
Fig. 1.3. shows the temperature required for equilibrium conversion of alkanes. It is clearly
evident that temperatures between 500 and above 700 °C are needed to reach a conversion rate of
50 % in case of short chain alkanes.” Moreover high temperatures also enhance an undesired

parallel process, i.e., thermal cracking reactions that reduce the selectivity to the desired product.

o)

100
90 4
80
70
60 -
504
40 4
301
201
101

equilibrium conversion (*

°%0 400 500 0 700 800 900
temperature (°C)
Fig. 1.3. Equilibrium conversion as a function of reaction temperature

1.3. Oxidative dehydrogenation

Oxidative dehydrogenation is usually carried out in the presence of an oxidant or in other words
a hydrogen acceptor such as molecular oxygen. This process has the budding advantages to
surpass the major technical glitches associated with pure dehydrogenation.® In this process there
are two added advantages: (1) by the principle of law of mass action as the equilibrium
concentration is driven towards products the conversion of reactants to products is increased; (2)
the added exothermicity during water formation supplies the needed heat of reaction. Even
though it is advantageous over normal dehydrogenation it suffers from technical drawbacks like,
i) runaway reactions-like over oxidation and oxygenated intermediates which reduce the overall
selectivity, ii) the flammability limits is an important factor which restricts the flow parameters
of the reactants and iii) difficulty in removal of the heat of reaction which form hotspots. Till
date there are no commercial plants for the oxidative dehydrogenation of hydrocarbons although
pilot or demonstration plants have been built and operated.’ ODH provides an improved energy

Ph. D Thesis Ashok Kumar V CSIR-NCL Page 4



Chapter 1: Introduction

efficiency as it is exothermic, while dehydrogenation and cracking are endothermic and process
simplicity are effective incentives. To demonstrate the effectiveness of the process with an
example, the production of acrylonitrile from propane - a yield of 60 % is sufficient to obtain a
cost equivalency with the current technology from propylene (due to the difference in cost
between propane and propylene), and also the propylene synthesis by propane ODH should
provide better olefin yields than those obtained with current technologies.® The present scenario

for ODH reactions are given in the table below.*

Hydrocarbon Product Stage of development
Ethane 1,2-Dichloroethane Pilot scale
Vinyl chloride
Ethane Acetaldehyde Lab scale
Ethane Ethanoic acid Lab scale
Ethane Ethene Lab scale
Propane Propenal, acrylic acid Lab scale
Propane Propanol Lab scale
Propane Acrylonitrile Demonstrative plant
Propane propene Lab scale
n-Butane Ethanoic acid Lab scale
n-Butane Maleic anhydride Lab scale
n-Butane 1,3- Butadiene Industrial abandoned

Table. 1.1. State of art of ODH processes worldwide

1.3.1. Catalyst system selection and their workability
The catalysts that are been employed for ODH of hydrocarbons can be divided into three broad
regimes they are,’
1. Metal oxides with redox sites (obviously, d-block metal oxides)- Redox mechanism
2. Non reducible metal oxides i.e. catalysts which are very difficult to reduce

under the reaction conditions
3. Metal supported catalyst systems generally noble metals
1.3.2. Mars-Van-Krevelen Mechanism
Majority of ODH reactions follow Mars-Van-Krevelen (MVK) mechanism (Fig. 1.4). According

to this mechanism first the reaction happens between the oxide catalysts and the hydrocarbon, in
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Chapter 1: Introduction

which the later is oxidized and the former reduced, which is then followed by the reaction of the
reduced oxide with oxidant to restore the initial state. The oxygen which is restored back from
oxidant is formed via series of electron transfer steps . As shown in Scheme.1.1. there are two
types of oxygen species usually formed during this process which are electrophilic and
nucleophilic species. In this the electrophilic oxygen species like 0%, 0,>, and O are responsible
for the total oxidation. The nucleophilic lattice oxygen species (O%) species is associated with

selective oxidation.

Fig. 1.4. MVK mechanism

040 T € — Oy oz
(ads) 2 (ads)
CnH2n+2 > CnHZn
05 @as) T € — 207444
0,,0,%, O
O‘(ads) e — Oz-(lattice) CO’COZ

Scheme. 1.1. Different stages of oxygen activation on catalyst surface and their role in
product formation

Based on this mechanism it is evident that the metal ion in the catalyst must be in the higher
oxidation state to oxidize the hydrocarbon in the first step. In contrast, if a lower oxidation state
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for the metal ion is present in the catalyst it corresponds to a surface which is poorer in oxygen
ions and these generate more of electrophilic oxygen species when oxygen is adsorbed.
1.3.3. Oxidants
The usual oxidant employed in most of the ODH reactions is oxygen as it possess an added
advantage in combusting the coke formed during the reaction. In higher temperatures there is a
possibility of oxygen induced over oxidation and cracking. In past two decades the usage of soft
oxidants has come into existence where oxidants like N,O, CO,, Air, etc. are been employed.
The utilization of carbon dioxide (CO,), major contributor to the greenhouse effect is an
important value addition in focus with principles of green chemistry. Unlike using CO, as a
carbon source it can be employed as a soft oxidant, which is a non-traditional oxygen transfer
agent.

CnHznsz + CO;— CpHan + CO + H,0 1.1
The activation temperature is usually higher for CO, when considered to oxygen which is the
only drawback in using carbon dioxide as oxidant. Krylov et. al have reported the usage of
carbon dioxide as oxidant where the reaction temperature was 830 °C which gave ethane
conversion of about 80 % with 76 % selectivity and employed K-Cr/Mn/SiO, as catalyst.* The
above mentioned catalyst was active for ODH of butane also but the reaction temperature was in
the range of 600-630 °C which gave conversion around 66 %. In case of propane Ga,O3; was
effective when compared to other catalysts which gave around 30 % conversion at reaction
temperature 600 °C.
In case of Nitrous oxide employed as oxidant the selectivity is usually higher when compared to
oxygen because the over oxidation does not happen in the earlier case.'®** The reaction happens
as given below,

CsHg + NJ O ———» C3Hg + H,O + N, 1.2

1.4. Mixed metal oxides
Mixed metal oxides are an important class of catalysts which are extensively employed for
various chemical transformations. Generally mixed metal oxides possess two characteristics that
distinguish them from metals which are i) absence of metal-metal bonds and ii) non-zero valent
metal. Three striking features that describe oxides are (i) oxidation state of metal at the surface,
(ii) coordination environment of surface atoms and (iii) redox properties of the oxides.** In

addition to catalysts as such, metal oxides are widely employed catalyst supports even. In general
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metal oxide surfaces are more complex in their structure and are highly heterogeneous. Metal
oxide surfaces exhibit redox properties and both basic and acidic characters based on their
composition, which is important for some reactions in catalysis. In catalytic oxidation or ODH
reactions oxide catalysts have to undergo oxidation-reduction cycles. In selective oxidations or
ODH reactions gaseous oxygen reacts with substrate to form oxygenates or water. Incorporation
of oxygen from oxidant to reactant molecule takes place in two ways. They are (i) Transfer of
electrons to adsorbed oxygen to form the species like O, O,> and O,, which on the
incorporation of oxygen in to a product molecule and its subsequent desorption, return to the
solid (ii) the other is direct incorporation of lattice oxygen of the oxide in to product molecule
and lattice oxygen getting rejuvenated from oxidant. The later phenomenon is usually referred as
Mars-Van-Krevelen mechanism. There are a variety of important factors that influence the redox
cycle of the metal oxides which are metal-oxygen bond strength, presence of cation vacancies,
ability to form shear structures, optimal density of active oxygen, acid base properties, electron
binding energy of lattice oxygen and the crystallographic plane.*®

1.4.1. Perovskites

Perovskites with general formula ABO3 are a major group of functional materials which provides
a vast scope and varied stoichiometric options making them the most studied mixed oxide
system. Perovskite (ABOj3) is the name for a big structural family whose structure is derived
from the mineral CaTiO3; The mineral was discovered by German mineralogist Gustav Rose in
rural mountain of Russia in 1839 and it is named after Russian mineralogist Lev Perovski. In the
ABOg; structure “A” site is generally a cation with 12-fold coordination which can be a
lanthanide, alkaline, or alkaline-carth cation and “B” site is generally a cation with 6-fold co-
ordination which can be a transitional metallic ion with 3d, 4d or 5d configuration. The great
advantage with perovskites is that it provides a scope for variety of substitution with same or
different valences which can be expressed as Al_XA’XBl_yB’yOH16 In perovskites the degree of
substitution of the A- and/or B-site cation cannot be random because would lead to irregularity
of framework and finally collapse the matrix structure. The Goldschmidt tolerance factor decides
the possibility of perovskite structure formation which should be 0.75 < t <1.0, where t = (ra +
ro)/{N2(rg + ro)} is the tolerance factor, and ra, rg, and ro are the radii of the respective ions.*’
The oxygen vacancy can be tuned in a controlled way when desired foreign cation is used and

this offers a appropriate and viable way of correlating physicochemical properties with catalytic
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performances of the materials.

Fig. 1.5. A typical perovskite unit cell
Perovskite type metal oxides are extensively studied for a wide range of reactions like oxidation
of NO™*, c0®#, NH5?* and hydrocarbons.?*?® Many reports with manganese and cobalt-
based perovskites have been reported which show a higher catalytic activity for oxidation
reactions.?”?® The 'B' cation in perovskites usually possess a variable oxidation state which
makes these materials as better oxidation catalysts. Generally the 'B' cations selected for CO and
hydrocarbon oxidation are Mn, Co, Ni, or Fe, which are the most active components in oxidation
reactions. The nomenclature usually followed for these perovskites are generally based on the 'B'
cation like manganites, cobaltite, ferrites, etc. These perovskites are well studied for total
oxidation reactions as it possess a rich oxygen vacancies and oxygen mobility.?>* Efforts are
being made to tune the properties of perovskites for selective oxidation like oxidative
dehydrogenation reactions. The substitution of 'La’ with 'K' in LaMnOj3 suppressed the formation
of superoxide and peroxide species in surface which are responsible for total oxidation of
ethane.®* PrCo0O; and SmCoO; was investigated for oxidation of ethane in which the former was
active for ODH and the latter was active for total oxidation. In this Praseodymium stabilizes Co**
ions and prevents their reduction to Co®* and Co° which prevents the increase in oxygen
vacancies thereby making it active for ODH reaction.® Yi et al. showed that in ODHE when
SrFeO; 5 perovskite was employed 43 % selectivity towards ethylene was obtained.*® In this
same catalyst Dai et al. showed that the selectivity doubled when LajgSrosCuOsgsy,
Lay 6Srp4CuO3gs5F0.143,and  Lag 6Sro4CuO3856Clo126  perovskites were studied for oxidative
dehydrogenation of ethane. The authors have explained that the incorporation of halide ions,
with similar ionic radii to O* promotes the lattice oxygen mobility and reduces surface oxygen

defects.®
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1.4.1.1. Synthetic routes for preparation of Perovskites

1.4.1.1.1. Ceramic method

The ceramic method which is also known as solid-solid method is based on solid-state diffusion.
As the solid state diffusion state is slow in this method the oxide powders of desired metals are
calcined at very high temperatures (above 1000 °C) and for long reaction times forms the
perovskite structure.®® Due to this harsh conditions there is grain growth and low specific surface
area which are not suitable for catalysis applications.* In addition to that repeated heating and
grinding must be done to obtain a homogeneous and pure perovskite with a surface area of 1-2
m? g * and the crystal sizes in the range of 10-100 pm.*

1.4.1.1.2. Hydroxy acid Complexation method

This is the classic method for the synthesis of perovskites which is also called as Pechini method
which was introduced by Pechini back in 1967 for synthesis of niobates and titanates.**
Chelation of hydroxy acid with metal ions is the key phenomenon in this synthesis. When the
water evaporates a gel forms which later forms a foamy material during baking at 180 °C. The
foamy material when ground and calcined at temperature ranges between 600-800 °C forms
perovskites. Among the hydroxy acids employed citric acid is used extensively for synthesis of
perovskites as phase pure materials are obtained when citric acid is employed. Usually the
stability of the gel depends upon hydroxycarboxylic acid used and among all citric acid
complexes shows best stability toward auto-oxidation in the presence of oxidizing cations.
LaCoOg3 prepared with little amount of Ethylene glycol along with citric acid showed a improved
catalytic activity. This is due to slight modification of material surface crystallinity when EG is
added. Also EG acts as a stabilizer of the citric acid-metal chelate which reduces the rate of

combustion of the gel.*?

Even though the hydroxylation method using citric acid is a pretty old
process but it is an efficient and versatile synthesis route and the materials prepared by this
method possess satisfying textural properties.*?

1.4.1.1.3. Auto combustion Method

The auto combustion route which is called as self-propagating high-temperature synthesis (SHS)
is an efficient alternative route to synthesize nanocrystalline mixed oxides. This approach is
widely employed for the synthesis of variety of materials like carbides, nitrides, oxides, and
mixed oxides. The main striking advantages of this synthesis are i) using chemical energy rather

than electrical power, ii) fast synthesis and iii) easy scale up. In an autocombustion reaction after
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solvent evaporation the gel is placed on a hot plate or in a muffle furnace. Autocombustion can
be done under three different synthesis conditions which are fuel-deficient (oxidizing),
stoichiometric and fuel-rich (reducing) conditions. This fuel/oxidizer ratio has a great impact in
final material properties as they influence the heat release in the materials and in other way
controlling the maximum temperature in the material during combustion.***® Hence the selection
of an optimum fuel-to-oxidizer ratio is necessary to ensure formation of a pure crystalline phase
(Fig. 1.6 B).”” For example in synthesis of LaFeOj3 by the glycine combustion method the surface
areas of the prepared materials varied from 6.5 to 27.8 m? g the highest surface area was

obtained at a glycine-to-nitrate ratio of 2.44
" 7
_——1La S g m; : . ."l
o / C’) Q"' g e Crvstall'l,r;:'z::ovskne :
CJO Q <) ‘Q‘ B 600 perovskite
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Q 0 C? \ / o E residue
\ / O QQ C CJO g 500 Stoichdiometric !
Q g conditions ':
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Fuel-to-oxidiser ratio
Fig. 1.6. (A) Complexation occurring between manganese and citric acid during precursor
formation: case of LaMnOs> (B) Impact of the fuel (urea) to oxidizers ratio on formation of
LaMnO3.*’
1.4.1.1.4. Other preparation methods
The other preparation methods are i) Nonaqueous Solvothermal method where a mixture of
alcohols like 2-methoxyethanol and benzyl alcohol are employed,® ii) Hard templating method

to synthesize mesoporous perovskites,®*>

iii) Periodic macroporous perovskites by using
polymer beads and many more.”>*® These methods are not so well practiced as the earlier
methods.

1.4.1.2. Oxygen Vacancy and B-site substitution in Perovskites

It is evident from the structural features of perovskite oxides that the oxygen vacancy can be
generated by substituting an external cation without destroying the matrix of the parent structure.
The oxygen vacancy or the oxidation state of 'B'-site cation can also be tuned by substituting A%*
cation by a A’** one in the A% A*,BO; structure. Tuning the oxygen vacancy or the control of
the oxidation state of 'B'-site metal cation are important parameters because the catalytic cycle

proportionally depends on the redox property of B-site metal cation and in other hand oxygen
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vacancy provides the sites for substrate adsorption and activation. The below figure (Fig. 1.7)
shows the different vacancies generated when 'A' and 'B' site oxidation states changes. Fig 1.7.

also explains the mode of oxygen activation on the surface of the catalyst.
O* B¥* O* B* O* Q¥ B+ O* B* O O* B* O» B* 0> 0O* B 0O» B* O~

A™ O A¥ OF A® A% O A O A¥ A OF AZ OF A AT O A% OF A®

0> B* O* B* O O» B* O ,B* O* O* B* O B* 0> 0* B* [0 B* O*
A O AY O A A3 QO A':z+ 0> A% A% O A!z+ O A¥ A¥ O A!3+ o* \Az+

a) ABO, b)A’ A, B* B*0;, A A B*V,0,, OAA B* B*V,0;;
L=x/2 L= (xty)2

0, (gaseous) —g——=— 0, (physically adsorbed) ——"= 0", (chemisorbed)

A /

O (dissociative adsorption) ——==— 072" (oxygen ion adsorbed)

O? (lattice oxygen ion)

Fig. 1.7. Oxygen vacancy in perovskite on 'B'-site substitution and O, activation on its surface®’
An equilibrium in B*-(0*)-B* = B¥-0-B* + 1/20, (“0” represents oxygen vacancy) is
maintained when there is an increase in oxidation state of 'B'-site metal cation. In other words
oxygen vacancy can be generated by losing one lattice oxygen, or vice versa. By virtue of this
cycle molecular oxygen can be adsorbed and activated (by receiving electrons) on the oxygen
vacancy which is subsequently transformed into chemically reactive oxygen species. This
substantiates that oxygen vacancy acts as a bridge for the transformation of molecular and lattice
oxygen.

1.4.2. Hydrotalcites

Hydrotalcites (HTIcs) which are also called as layered double hydroxides (LDHSs) or anionic
clays are a vast group of naturally occurring materials which can also be readily synthesized
when suitable mixtures of metal salts precipitated with calculated amounts of base. These

materials usually possess hydroxide layers of metal cations which possess an overall positive
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charge which is counter balanced by the incorporation of anions of exchangeable nature. They
have general formula [M;-Z" M3 (OH)][Aw™ T, where M** and M®* are bi- and trivalent
metal cations, respectively, and 'A" is an inter lamellar anion with charge n— and x is equal to the
ratio M**/(M?*+M**). A" is termed as gallery ion. Pure HTlcs are obtained for x values 0.2-
0.33. The acid-base properties of these solid bases can be easily controlled by varying its
composition.”® Variations in 'Al' content can modify the basic properties of the material by
altering the ratio of acid:base site distribution through the introduction of AI**, O sites which
are of moderate Lewis acidity and only medium basicity. Strong basicity of alkali metal oxides
can originate from O, medium strength from O species near hydroxyl groups and weak one
from OH groups.™

The key parameters which determines the usage of hydrotalcites are its degree of crystallinity
and textural properties. The property and nature of the bivalent and trivalent cations and along
with their ratio, the nature of the anions, the concentrations of metal salt solution and alkali
solution, the rate of addition of metals and alkali solutions, the reaction pH, the aging
temperature and time, and the drying temperature of the obtained precipitate affects the above
mentioned two properties. The specific surface area, morphology, and particle-size distribution
of the hydrotalcite also depend on the synthesis method.®

1.4.2.1. Structure of hydrotalcites

The structure of LDHs are similar to brucite (Mg(OH),;) and natural hydrotalcite
(MgsAl,(OH)16C03.4H,0). Brucite type structure consists of neutral host layers which is
composed of M centred octahedra coordinated with six hydroxyl groups located in the vertices
whereas each OH" is surrounded by three metal cations. (Fig: 1.8) These sheets are kept together
by van der Waals force along with hydrogen bonds. It is the basic form of layered double
hydroxide and other phases may be considered as derived from this type. Here M* cations are
partially substituted by M®" and the electroneutrality is balanced by anions, usually carbonates,
chlorides, nitrates, sulphates, organic anions and water molecules arranged in interlayers.®* A
number of synthetic hydrotalcite like compounds (HTlcs) can be prepared by isomorphous
substitution of di- and trivalent metal cations having more or less equivalent ionic radii. This
results in an expansion in the dimension along layer stacking direction, whereas the structure
framework is still maintained. (Fig: 1.10) A number of synthetic hydrotalcite like compounds

(HTlIcs) can be prepared by isomorphous substitution of di- and trivalent metal cations having

Ph. D Thesis Ashok Kumar V CSIR-NCL Page 13



Chapter 1: Introduction

equivalent ionic radii.

OH

space

Fig. 1.8. Hydrotalcite structure showing the brucite like layers and interlayer anions®?
A number of synthetic hydrotalcite like compounds (HTIcs) can be prepared by isomorphous
substitution of di- and trivalent metal cations having equivalent ionic radii. These metal cations
in LDHSs can be Mg?*, Fe**, Co*, Ni?*, Zn®", etc., and AI**, Fe**, Cr®*, Ga®*, etc respectively.®*®
It is also possible to produce hydrotalcites containing large variety of different interlayer anions
like SO,%, WO,* and CrO,*. In M**-AI** category, particularly Mg?*-Al**is more dominated
due to the fact that hydrotalcite Mgs Al, (OH)16 (CO3).4H,0 is a widely known anionic clay
found in nature. Thus different combination of M?*, M** and A™ will results in a large family of

mixed hydroxides and derived mixed oxides whose physicochemical properties can be tuned for
67,68

various catalytic reactions.

_>» Brucite layer (positive charge)

Interlamellar counter ion
(negative charge)

Water molecules

Fig. 1.9. Double layered structure of hydrotalcite®®
The features of HTlcs therefore are tuned by the inherent properties of the brucite-like sheets, by
the nature and position of anions in the interlayer region and by the difference in the stacking of

the brucite sheets. The sheets containing cations are built as in brucite, whereas the cations
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randomly occupy the octahedral holes in the close-packed configuration of the OH" ions.
Generally M(11) and M(III) ions occupy in the voids of the close packed configuration of
hydroxyl group in the brucite-like layers as far as the ionic radii and the valence states are
allowed.”

1.4.2.2. Methods of preparation

The particle size, crystallinity and the base strength are extremely sensitive to the precise
preparative method/conditions. The general properties of hydrotalcites depends on the M(I11) and
M(I1) incorporated in it which comprises the degree of order of distribution of the different
cations along with exact mixing procedure and subsequent aging or other treatment which makes

13* also

it difficult to compare from different groups. In addition, the amphoteric feature of A
plays a very favorable role in promoting the precipitation and crystallization of M?*-AI**LDHs."
1.4.2.2.1. Direct synthesis

Direct synthesis or co-precipitation is employed for the preparation of hydrotalcites. In this
method while precipitating the metal ion solutions by base with required interlamellar anion the
nucleation and growth of the metal hydroxide is usually layer by layer. The key restriction in this
method is that this method is possible only if the required interlayer anion is held tightly as the
counter ion in the metal salts is held. In addition to this the anions which is used in HTIcs should
not readily react with constituent cations to form a stable or insoluble salts.”

1.4.2.2.2. Co-precipitation in non-aqueous solutions

Mixture of alcohols also can be employed during co-precipitation to form mixed
alkoxide/inorganic anion—intercalated HTIcs. On overnight hydrolysis of this solution forms
alkoxide anions which form transparent suspension of HTlcs and subsequently forms thin films
on drying. This method finds its use in synthesis of pillared anionic clays that which can be
utilized as precursors for the synthesis of transparent HTlcs films.” These method usually leads
to poorly crystallized solids.

1.4.2.2.3. Anion exchange method

The interlamellar anions in the hydrotalcites which are loosely held can be easily replaced with a
different anion by simply stirring the HTIcs in an aqueous solution with the replacement anion in
excess. Generally HTlcs with nitrate and chloride anions are utilized as starting materials in this
synthesis. In principle interlamellar anions of various types like organic and inorganic nature

possessing different charges, sizes or shapes are been successfully intercalated into HTIcs.
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1.4.2.2.4. Preparation from Oxides and Hydroxides

In this method the metal oxide or hydroxide are hydrated and during this desired anion is taken
in the solution which is need to be employed as interlamellar anion. In other way of the same
HTlcs which are synthesized with a thermally labile interlamellar anion can be calcined and it
can be rehydrated as earlier with different anion.”

1.4.2.2.5. Sol-gel Method

The preparation involves hydrolysis followed by polymerization of the sol containing metal
alkoxides. Here a mobile colloidal suspension (sol) is formed followed by gel due to internal
cross-linking. In a typical synthesis the alkoxides are first homogenised in an solvent usually
organic and refluxed. To this solution water is slowly added causing cross-linkage to occur.>®
Hydrotalcites synthesized by this method exhibit good homogeneity, relatively good control of
stoichiometry, high surface area and high porosity characteristics.”

Hydrotalcites contains aluminium magnesium carbonate hydrate which is an antacid which alters
the acidity of stomach juices, by binding to excess acid.”®" It has anion exchange capabilities,
high surface area, and basic properties and is stable up to 673 K and has memory effect to get
back its structure when contacting the mother liquor or atmosphere in prolong time. In
hydrotalcites modifications can be brought by di- and trivalent cations, their proportion, and/or
the interlayer anions which make them better catalysts. HTlcs find many applications such as ion
exchangers, adsorbents, ionic conductors, gene delivery vectors, ceramic precursors, polymer
stabilizers, catalysts and catalyst supports.” "

1.4.2.3. Hydrotalcite derived mixed oxides

There has been for the past years an increased interest in using HTlc-like compounds as
precursors for mixed oxide catalysts in various reactions.’® Hydrotalcites are excellent catalysts
for Baeyer-Villiger oxidation, epoxidation, Claisen Schmidt condensation, Knovengel
condensation, isomerization, alkylation of diketones and oxidative dehydrogenation reactions.
Different combination of M?**, M®*, and A" results in a large family of mixed hydroxides, the
physicochemical properties of which derived mixed oxides can thus be finely tuned for various
catalytic reactions.®®’ Layered hydrotalcites on heat treatment will give amorphous mixed
oxides and complex spinel type structures. The LDHs and their mixed oxides are potential
multifunctional catalysts possessing metals as redox sites and acid-base sites. Methods to

transform HTlIcs in a controlled pathway to respective mixed oxides retaining the properties of
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the parent material is still a point of concern till today. In addition to that, to synthesize a mixed
metal oxide catalysts with tailored properties lies in the control at the atomic level rather than at
the particle level. Yang et al. found that dehydroxylation is complete before decarbonation of
Mg-Al-CO3-HT"® and Kameda et al. noted similar decomposition behaviour for Mg-Al-CI-HT®
while Xu et.al observed that evolution of NO3™ in Mg-AI-NO3-HTlIcs usually happens along with
dehydroxyalation.®! Mixed metal oxides are generally formed due to the layer structure collapse
during dehydroxylation.”®# The nature of cation and interlayer anions play a vital role in
determining the thermal stability of HTlcs but the relationship is not well understood. Step by
step thermolysis of HTlcs was studied by thermal analyses, powder XRD of the products, and in
particular in situ from the onset temperature of their formation by many physicochemical
techniques.

Co-precipitation of metal salts solution with base at constant pH in the temperature range of 60-
70 °C is the commonly used method of synthesis of hydrotalcites. Layered hydrotalcites on heat
will give amorphous mixed oxides with complex spinel type structures. The formation of mixed
oxides from HTIlcs happen generally through thermal decomposition which involves many
intermediate steps like dehydration, decomposition of interlayer anions, and dehydroxylation of
layer hydroxide groups.®® Generally dehydration occurs initially at lower temperatures and at
higher temperature dehydration and dehydroxylation follow in competition or sequence.
Hydrotalcite decomposition to the mixed oxide goes through an intermediate highly disordered
layered phase, which is exclusively the product of interlayer water removal, causing a dramatic
shrinkage of the space between brucite-like layers.

A TGA-DTG curve of as-synthesized hydrotalcite is reported in the study of memory effect of
hydrotalcites by J. P. Ramirez et al. The first weight loss step in the TGA occurs below 500 K
and it is due to removal of water which is physically adsorbed and hydrogen bound water in the
interlayer which is evidenced by MS analysis.®* The event corresponding to dehydroxylation of
hydroxyl groups along with evolution of interlayer anions in the HT lattice is also observed in
the TGA analysis. The endothermic event above 500 °C is due to crystallization of rock salt
(MgO) and MgAl,O, spinel. As shown in Fig. 1.10, it is explicit that the water molecules possess
a direct interaction with interlayer anions and hydroxyl groups of the lattice and indirectly with

metal cations by electrostatic forces and these interactions determine the dehydration. Fig. 1.11
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Fig. 1.10. TGA-DTG curve of as-synthesized HT®
In situ XRD studies showed that the formation of the mixed oxide Mg(Al)Ox occurs at 623 K
with periclase structure. Characteristic reflections of the rock-salt periclase structure were
observed. As a consequence of the dehydroxylation of the brucite-like sheets the layered
structure collapses to oxide phase. This process occurs in the broad range 473-723 K according
to TGA and TPD-MS analysis.®
Heating stage Raman microscopy and infrared emission spectroscopy also have been shown very
useful tools to study the structural changes and reactions like dehydration, dehydroxylation, and
decarbonisation in crystalline materials like hydrotalcites during heat treatment in addition to the
conventional techniques as XRD and TG/DTA.%®
Mixed oxides derived from hydrotalcites have interesting properties like
High surface area
High thermal stability
Good metal dispersion
Basic properties
Homogeneous mixture formation

Small crystal size

N o g s~ w D Pe

Memory effect, in which metal oxide resulting from the thermal decomposition of

hydrotalcite can be reconstructed into original hydrotalcite structure upon contact with

water or agueous solutions containing certain anions.%" 888
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Fig. 1.11. Hydrotalcite prior to hydration (A) and after hydration (B) octahedrons has one cation
in the centre. The shaded triangle means an M(l11) in the centre; otherwise M(I1) is in the center®
1.4.3. Ceria

Lanthanides or rare-earth oxides are extensively studied for their unique textural and electronic
properties which drive in improving the overall catalytic activity and stability of catalysts.
Among the rare earth oxides one of the important and most significant oxides in industrial
catalysis is Ce0,.*° Ceria possess a cubic fluorite structure (FCC) in which each cerium is
coordinated with eight oxygen in FCC arrangement and each oxygen has a tetrahedron cerium
coordination (Fig. 1.12). By the virtue of its oxygen vacancies ceria acts as an oxide ion
conducting material. Oxygen vacancies are of two types which are i) intrinsic and ii) extrinsic
vacancies. Among this the intrinsic oxygen vacancies are generated due to Ce (I1l) ions in the
fluorite lattice which are formed as a consequence of the reduction equilibrium of Ce**/Ce** and
the extrinsic oxygen vacancies are generated when a heteroatom is substituted in the lattice of
ceria.™*

Due to the high melting point of ceria (2400 °C) it is employed for high temperature applications
like total oxidation and combustion of natural gas.*> Ceria possess unique properties like high
dielectric constant, high reactivity high refractive index and high hardness.”® A remarkable
property of ceria is the extent of redox Ce**/Ce™* sites which has the ability to adsorb or desorb

oxygen (oxygen activation). This property of ceria can be fine tuned by the incorporation of d-
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block elements or transitional metal ions in lattice of ceria and also by promoting them by

dispersing noble metals. Therefore, ceria can be used as a promoter or support in industrial

catalytic processes.***

Fig. 1.12. The FCC cell of CeO, with fluorite structure

The acidic and basic properties of CeO, and CeO,-based mixed oxide materials are measured by
microcalorimetry, by pyridine and CO, adsorbed in situ IR study of adsorbed pyridine and model
reactions. From these investigations it was evident that the surface acidity is due to surface Ce**
and OH’" species and the surface basicity is due to O and OH’ ions. The amount of acid-base
sites on the surface is due to surface unsaturated cations and the hydroxyl groups which depends
on the method of preparation.”

Ceria and ceria based composites are widely applied in oxidation/combustion catalysis, catalytic
wet oxidation three way catalysis, water gas shift reaction, and solid oxide fuel cells.**** The
acid-base and redox properties of ceria plays a pivotal role in various catalyzed reactions. Ceria
possess a superior low temperature reducibility and remarkable oxygen storage/release capacities
(OSC) i.e. it has the ability to shift between Ce** and Ce** * in a stable fluorite structure and
hence finds its utility as an additive in three way catalysts (TWC) for automobile exhaust
treat.90’92'102

In all the applications and catalytic activity studies CeO, is not used alone and it is generally
used in combination with other oxides or with active metals (generally noble metals) and
thermally stable supports. Therefore these properties suggest that ceria may function as a
structural/electronic promoter or as a co-catalyst, but not as a true catalyst. The structural
instability prevents the usage of ceria in three way catalysis and as fluidized catalysts. Generally

there is a drop in specific surface area of ceria at elevated temperatures, although a high degree
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of textural stability can be obtained by doping and modifying the preparation procedure. Other
notable disadvantage is the cost factor of pure ceria which is comparatively higher than supports
like Al,O3 and SiO,. In recent years much efforts are being invested to find appropriate dopants
or co-catalysts which increase the high thermal stability of ceria retaining its distinct properties
like low temperature redox nature and its high oxygen mobility. In this context usually ceria is
evenly mixed with other thermally stable mixed oxides where noble metals also can also be used
to boost up the catalyst activity. One such option is mixed oxide derived from hydrotalcite where
they possess the ability to accommodate a large variety of di- and trivalent cations, and the
formation of high-surface-area and well-dispersed mixed oxides upon thermal decomposition,
are key aspects for the successful application of hydrotalcite-like compounds in catalysis. 3%

Ce0O, based mixed oxides can effectively catalyze oxidation of various hydrocarbons and remove
total organic carbon from polluted waters from different sources. Pure ceria undergoes sintering
at high temperatures and loses its OSC characteristics so it is not advantageous to use it as
such.’® By synthesizing appropriate ceria based composite oxides, its textural properties and
catalytic properties can be improvised. Ceria are generally employed for oxidation reactions due
to its redox nature and presence of labile oxygen species in surface.'® CeO, based or ceria
dispersed mixed metal oxides are better catalysts for oxidation of many hydrocarbons and for
removing total organic carbon from contaminated waters. CeO, present in lower amounts in
other oxide systems show a better activity for a wide range of catalytic reactions like CO,

107108 and CO/NO removal.*® Therefore ceria and ceria containing

activation'®, CO oxidation
materials are important class of materials due to the uniqueness such as low temperature
reducibility and oxygen storage characteristics of ceria (Ce*—Ce*") and to accommodate
variable levels of bulk and surface oxygen vacancies.’*® Due to these properties they are
employed as supports as well as catalysts in the pathways wherein redox reaction conditions are
required.

1.4.4. Rare-earth Orthovanadates

Rare earth vanadates are an important class of inorganic materials and owing to their outstanding
optical, catalytic, electrical and magnetic properties they have a wide applications as sensors,
catalysts and heat-resistant materials.****> Among these rare earth vanadates, CeVO, is widely
studied as these possess a diverse potential applications such as oxidation catalysts, luminescent

materials, gas sensors and electrodes.
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Vanadium based oxides are known for catalyst using several oxidation reactions.*** Even though
unsupported vanadia is an active catalyst deactivates fast due to which vanadium oxides are
generally supported on oxide supports. Ceria shows a promoting effect among various supports
like ZrO,, TiO,, Al,03, SiO,, CeO,, and Nb,0s.*****® As a consequence of this much efforts was
made in studying the characteristics of vanadia and/or ceria catalysts. During in situ
spectroscopic studies of V,0s /CeO, catalysts it was observed that, there was formation of
cerium orthovanadates (CeVVO,) upon activation and its formation increases proportionally when
vanadia loading increases on the CeO, support. The product distribution remained similar at
certain vanadia coverage for both V,0s/CeO, and for pure CeVO,. This observation emphasize
that there may be similar active site on both catalysts.**"*?

1.4.4.1. Structure of Cerium orthovanadates

CeVO, crystallizes in two types in which the stable phase is a zircon-type body-centred-
tetragonal structure with space and a metastable monoclinic huttonite-type structure which are
stable above 400 °C. The stable tetragonal structure is usually observed in majority of the
synthesis. In a typical tetragonal unit cell of CeVO, (Fig. 1.13), VO, tetrahedral form the sharing

corners and edges with CeOg dodecahedral chains.**

Along with that the chains are interrupted
by distorted VO, units, extended along the ‘c’-crystalline axis which are believed to stabilize the
Ce®" cations even in an oxidizing conditions. In addition to that the eight 'O' nearest neighbours
of Ce are divided into two groups of four atoms each and the bond lengths between them differ

slightly (0.09-0.13 A)*#°

Fig. 1.13. A typical unit cell of cerium orthovanadates
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1.4.4.2. Methods of preparation

1.4.4.2.1. Solid State method

In solid state synthesis CeVO, can be synthesized by two different ways using cerium
compounds and V,0s. Among the two, one is by reacting cerium oxide with Ce in the IlI
oxidation state (Ce,O3) with V,0s at high temperatures. In this method an inert atmosphere is

maintained as Ce,Os are highly unstable in air atmosphere at high temperatures.*?
1 1
3 C9203(5) + EVZOS () — CeVO4(5) 1.3

In other method CeVO, can be synthesized by the solid state reaction of CeO, with Ce in the IV

oxidation state and V,Os in air atmosphere.***?*

CeOgy+ V205 (5 — CeVOu (9 + 70209 1.4
1.4.4.2.2. Hydrothermal method
Hydrothermal method is one of the promising solution chemical methods which is widely
employed to synthesize various inorganic materials and is also a quick and useful method to
synthesize materials with unique morphology and unusual property. Yan et.al. prepared hollow
spheres of CeVO, using EDTA as a chelating ligand followed by hydrothermal treatment.™*?
CeVO, with different sizes and morphology can be obtained in changing the chelating ligands/
structure directing agents.**?" In hydrothermal synthesis the changes in pH induces distinct
modifications to bulk and surface compositions. These changes effect the catalytic properties and
in particular when the hydrothermal synthesis is done in a strong acidic medium. So during
synthesis when pH is reduced to ~1.8, VO?* species forms in which after stabilization cerium
precursor and NaOH is added and hydrothermally treated. Due to virtue of this precipitation
some amount of ceria phase forms as an impurity.*?
1.4.4.2.3. Other preparation methods
In addition to the above two methods there are certain methods like chemical vapor deposition
(CVD) method, sol-gel method, plasma chemical vapor deposition (PCVD) method and top-
seeded solution growth (TSSG) method, microwave synthesis are been employed for synthesis of

CeVO4.129'132
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1.5. Objectives and organization of the thesis

This thesis describes the preparation, physicochemical characterizations and activity studies of

different mixed metal oxides towards ODH of hydrocarbons. Substantial efforts were made to

investigate structure activity relationships for the selective conversion of the substrates taken.

Necessary optimizations and systematic investigation of spent catalysts was also studied by

physicochemical techniques.

Organization of thesis

The thesis is divided into six chapters. A brief description of the contents of each chapter is given

below.

Chapter 1: Introduction

A general and brief introduction about catalysis, commercial dehydrogenation processes with

their shortcomings is given. The importance of ODH pathway and their benefits when compared

to conventional and existing processes will be discussed. Overview of the mixed metal oxide

systems that was employed for our studies with their structure and synthesis pathways.

Chapter 2: Catalyst synthesis and experimental techniques for characterization

In this chapter the catalyst synthesis methods and the physicochemical techniques used to

evaluate the catalysts are discussed in detail. The characterization studies used for studying these

materials were carried out by Powder X-ray diffraction, BET surface area measurement, TPD,

TGA,XPS,EDAX etc. For each technique, theory and experimental procedure have been

described.

Chapter 3: Oxidative dehydrogenation of ethane to ethylene over Manganese substituted
Ca(Sr)TiOg3 perovskite type oxides

A brief literature overview for ODH of ethane to ethylene with pros and cons of reported

catalytic systems. An exhaustive investigation of the perovskite type catalyst using various

characterization techniques to study their structure and morphology. XPS was used to find out

the surface changes at various temperatures and extending it to correlate with the activity profile

obtained.

Chapter 4: Oxidative dehydrogenation of ethyl benzene (EB) to styrene (ST)

A brief literature background of the commercial and existing catalytic systems for ODH of EB to

ST is discussed Part A of this chapter deals with understanding the role of basicity, reducibility,

oxygen storage capacity and metal surface concentration in obtaining a better activity for ceria
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incorporated mixed oxide derived from hydrotalcites. Part B of this chapter emphasizes the role

of manganese substituted in Ca/SrTiO3 perovskites for obtaining a fairly better activity towards

EB to ST.

Chapter 5: Oxidative dehydrogenation of 1-butene to 1,3-butadiene over Cerium
orthovanadates

In this chapter the importance of 1,3-butadiene and the drawbacks of the reported catalysts in

open literature will be discussed. Synthesizing and systematically studying the role of hetero

cations in cerium orthovanadates in promoting the activity of the catalyst. Understanding the

role of 'Mn' in improving the activity of orthovanadates and tuning other parameters for better

and selective activity for ODH of 1-butene to 1,3-butadiene.

Chapter 6: Summary and conclusions

This chapter describes the inferences and conclusions drawn upon the investigations performed

with regard to different catalysts used for selective oxidative dehydrogenation of hydrocarbons.

The summary and conclusions obtained in the study associated with this thesis which includes

some suggestions for further research.
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Chapter 2

Experimental methods and characterization techniques

2.1. Introduction

In this chapter, detailed method of preparation of all the catalyst systems will be described along
with the characterization techniques that was employed to investigate the catalyst properties. The
proper selection and preparation of materials which are reproducible and easily scalable methods
are important for stabilizing a catalytic process. Three catalytic systems namely perovskite type
oxides, mixed oxides derived from hydrotalcites and cerium orthovanadates were taken for our
study for converting the desired hydrocarbons to their respective olefins. An extensive
physicochemical characterization of any material is required to investigate and understand the
specific properties of the catalyst. The textural properties of the materials like phase
composition, crystallinity, surface area, the acid base properties and catalyst morphology with
particle size are of considerable importance in tuning the activity. Techniques like powder X-ray
diffraction, Nitrogen adsorption, Temperature programmed techniques and Microscopic studies
help in probing these properties. Techniques like photoelectron spectroscopy provide a greater
insight to the nature and properties of surface of the catalyst. These physicochemical techniques
help in drawing out a structure activity relationship based on which various properties of catalyst

or reaction parameters can be modified or optimized.

2.2. Catalyst Synthesis

2.2.1. Preparation of Perovskite type oxides

2.2.1.1. Citrate gel method

Stronium nitrate (Alfa aesar), Calcium nitrate (Alfa aesar), Titanium iso-propoxide
(Spectrochem) and Manganese nitrate (Alfa aesar) were employed as metal precursors for
catalyst synthesis and Citric acid (Thomas Baker) as the gelation agent. The metal precursors
were dissolved in minimum amount of water along with citric acid (metal: citric acid in 1:3

ratio). After evaporation of water, the gel was kept in oven at 180 °C after which the dry gel was
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ground and calcined at 800 °C. Series of catalysts with different ratios of metal cations in 'A" and

'B' sites were prepared and denoted as given in table below.

S.No Molar ratio Code

1 CaTiOs CT

2 CaTiggMng 103 CTM

3 Srp3Cap 7 Tip9Mng 103 SC7/TM
4 Sro.4CagsTio9Mng 103 SC6TM

5 SrosCagsTipgMng 103 SC5TM

6 Srp6Cap4TiogMng 103 SC4ATM

7 Sro7Cap3Tip9Mng 103 SC3T™M

8 Sro5CapsTio.925MNg 07503 SC5TM-075
9 Sro5CagsTip 75MnNg 2503 SC5TM-25
10 SrTipgMng 103 ST™M
11 SrTiO3 ST
12 CaMnQO; CM

Table. 2.1. Perovskite type catalyst composition and their codes

2.2.1.2. Glycine combustion method

Perovskites were also prepared by glycine combustion method in which metal ions to glycine
ratio was maintained as 1:2. Appropriate amount of glycine was dissolved in 50 ml of distilled
water and to this solution a stoichiometric amount of metal precursors were added. The mixtures
were thoroughly stirred by magnetic mixer to eliminate the water at 80 °C until the homogeneous
sol-like solution was formed. Then the solution was ignited in air and then calcined at 800 °C for
6 hours. The obtained catalysts were ground and weighed.

2.2.2. Preparation of mixed oxide derived from hydrotalcite

The cerium containing hydrotalcites were prepared by a modified conventional co-precipitation
method.> Aluminium nitrate, magnesium nitrate (Merck), cerium(l11) nitrate (Alfa Aesar),
sodium hydroxide and sodium carbonate (Merck) were employed as precursors for catalyst
preparation. The metal nitrate precursors (Mg*, AI**, Ce®*) were dissolved in water and the

precipitating agent containing NaOH and Na,CO3z were added simultaneously drop wise at a
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constant pH (9.5 £ 0.2). After this, it was hydrothermally treated, where the precipitated solution
was taken in a teflon lined autoclave and placed in an oven maintained at 150 °C for 12 hours
without stirring. The precipitate was filtered and washed to remove excess base which was then
dried overnight at 110 °C followed by calcination at 450 °C for 6 hours. The cerium containing
mixed oxide (MgsAl,«CexOy) was prepared with various molar amounts of cerium (x = 0.01,
0.03, 0.05, and 0.5). The above catalysts are labelled as MAC-1, MAC-2, MAC-3 and MAC-4

respectively and MAC stands for magnesium, aluminium and cerium.

Mg:Al:Ce

mole ratio Code
Mg(AI)O (3:1) -
(3:0.99:0.01) MAC-1
(3:0.97:0.03) MAC-2
(3:0.95:0.05) MAC-3

(3:0.5:0.5) MAC-4

CeO, -

Table. 2.2. Mixed oxide catalyst compositions and their codes

2.2.3. Preparation of orthovanadates

CeVO4 was prepared by a pH modified hydrothermal route. Cerium (111) nitrate (Alfa Aesar),
Ammonium metavanadate (Merck), Manganese (I1) nitrate (Alfa Aesar), Chromium(lll) nitrate
(Alfa Aesar), Iron(ll) nitrate (Alfa Aesar), Cobalt nitrate (Alfa Aesar) were used as metal
precursors, Nitric acid (Merck) for stabilization and NaOH during precipitation. Ammonium
metavanadate was dissolved in 50 mL of warm distilled water under vigorous stirring and to this
solution drops of dilute HNO3; was added to reduce the pH to 1.8. After maintaining the pH
cerium nitrate was added to this solution. After homogenizing the metal salts, NaOH (1 M) was
added dropwise to precipitate cerium and vanadium ions as CeVO,. This solution with
precipitate was transferred to teflon lined autoclave and placed in oven for 24 hours which was
maintained at 180 °C. After cooling the precipitate was centrifuged and washed several times to
remove excess base. This precipitate was dried in oven for 12 hours after which it was calcined

at 600 °C. By this method during homogenizing metal ions other transitional metals like Cr, Mn,
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Fe and Co were added. The CeVO, were prepared with various heteroatoms were prepared and

denoted as given in table below.

S.No Catalyst (molar ratio) Code
1 | Cevou(1:1) cVv
2 CeCrVvVQO, (0.8:0.2:1) CCrVv
3 CeMnV0,(0.8:0.2:1) CMV1
4 CeMnVO, (0.88:0.12:1) CMV2
5 CeMnV04(0.94:0.06:1) CMV3
6 | CeFeVO,(0.8:0.2:1) CFV
7 CeCoV04(0.8:0.2:1) CccVv

Table. 2.3. Orthovanadate type catalyst composition and their codes

2.3. Characterization techniques

The structure activity relationship can be understood and activity can be tuned based on the
properties of the catalyst. This emphasizes the importance of the characterization techniques
which play a pivotal role in understanding and tuning the activity. The theory and working
principle of the various characterization techniques are given below along with the detailed

procedure that we employed to study the materials mentioned above.

2.3.1. Powder X-Ray diffraction

In the early 20th century, Max Theodor Felix von Laue showed that crystalline materials behave
as 3D-diffraction gratings at particular X-ray wavelengths which are similar to that of d-spacing
of two planes in a crystal lattice.® Later W. H. Bragg and W. L. Bragg derived Bragg's law
according to which, when a X-ray possessing a wavelength similar to the d-spacing upon
incident on a sample that is crystalline and by the virtue of atom scattering undergo constructive
interference. The mathematical expression of the Bragg's Law is,

nA=2 d sin0 2.1
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in which A-is the wavelength of the X-ray, d- is the spacing between the planes, n-is the order

and 0-angle between incident ray and scattering planes.

hkl

hkl

Fig. 2.1. Principle of Bragg's law
After diffraction the detected X-rays are processed and counted. When the sample is scanned in a
wide range of 20 angles it provides the details of powdered sample based on all possible
diffraction directions of the lattice because of the random orientation of the material.
Mathematically deriving the d-spacings from the diffraction peaks to d-spacings helps in
identifying the material as each material has their own unique d-spacings. Usually the above
conformation is made by comparing it with standard reference pattern. PXRD is an important
tool that is used for determining the structure of materials that are characterized by long-range
order.® The width of the peaks obtained gives information about the dimension of the reflecting
planes. When the size of the crystallite is below 100 nm range the diffraction peak broadens and
based on this relation XRD patterns can be utilized to calculate the average crystallite size using
the Scherrer formula.
t=10.9)/ pCos 0 2.2

where t = thickness of the crystallite (A ), A-is the wavelength of the X-ray, 0-angle between
incident ray and scattering planes and B- is the full width half maximum of the diffraction peak
that is considered.

Powder X-ray diffraction (PXRD) data of materials that are reported in this thesis were collected
using a PANanalytical X pert Pro dual goniometer diffractometer. The data were collected with a

step size of 0.008° and a scan rate of 0.5° min™*. The radiation used was Cu-Ka (1.5418 A) with
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a Ni filter and data collection was carried out using a flat holder in Bragg-Brentango geometry.
In this geometry, the diffraction vector (s) is always normal to the surface of the material.

2.3.2. N, Physisorption

The N, physisorption is one of the most important techniques for measuring the surface area and
porosity of materials. Usually B.E.T analysis method is the standard method for deriving surface
areas from nitrogen adsorption isotherms and was initially determined for multilayer gas
adsorption on flat surfaces. The concept and calculations were made by the application of the
theory developed by Brunauer, Emmett, and Teller to nitrogen adsorption isotherms. The B.E.T
equation is derived based on certain assumptions like

(i) adsorbate physically adsorb on a solid in layers infinitely (ii) From zero coverage to full
coverage for all the layers of adsorbate, the adsorption energy remain the same (ii) there is no
inter molecular interaction between the adsorbate layers (iii) a new layer starts adsorbing when

the earlier layer is not completely covered.

2nd Layer 4th —ﬁ)"er\‘

SURFACE

Fig. 2.2. Surface adsorption

The B.E.T equation* is,

L _el(2), 1
v[(po/p) =1  ¥me \Po/ Ume
2.3
where,
Vm IS the volume of amount of gas adsorbed after a complete monolayer formation
p is the equilibrium pressure of adsorbate
Po is the saturation pressure of adsorbate

c is the BET constant

and v is the total amount of gas absorbed

Mathematically the above equation based on experimental results can be plotted as a straight line
with1/v [(po/p) -1] on the y-axis and ¢ in x-axis (¢- p/po) and this plot is called as BET plot. In
order to calculate the amount of Nitrogen adsorbed a linear relationship between 1/v [(po/p) -1] and

P/Po is needed. Generally a limited portion of the total isotherm is used for this i.e. 0.05-0.30. As
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shown in plot below (Fig. 2.3) The monolayer volume which is denoted as Vm is calculated by
1/(S+1), in which S is the slope and is equal to (C-1)/CVmand 1 is the intercept and is equal to
1/CVm*

{ B

Fig. 2.3. Graphical plot of B.E.T equation

By B.E.T method the total and specific surface area can be obtained. Specific surface area
obtained is generally expressed in units of area per mass of sample (m?/g). This is calculated by,
Stotar= (Vm*Ns)/V 2.4
Sesa = Stotall@ 2.5

in which, Siais the total surface area and SesaiS the specific surface area,

N-Avogadro Number, s-adsorption cross section, V- molar volume of the adsorbate and a- mass
of the adsorbent.

Nitrogen adsorption-desorption isotherms for the materials were collected from an
Quantachrome autosorb 1Q analyzer. After degassing the samples at 200 °C the adsorption was
done at liquid nitrogen temperature (77 K). The isotherms were obtained in the relative pressure
range, P/Py=0.005 to 1.0. The Brunauer-Emmett-Teller (BET) equation was used to calculate the
surface area from the adsorption branch.

2.3.3. Thermal Analysis

The process in which the change in property of the material measured with respect to

temperature is generally called as thermal analysis. Among thermal analysis methods thermo
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gravimetric analysis (TGA) is an important tool to study the change in mass of the solid in
response to change in temperature. This technique is widely employed for studying various
behavior of materials like its thermal stability, determining the volatile content in sample,
degradation characteristics, sintering behavior, etc. Thermogram obtained as a function of
temperature provides both qualitative and quantitative information. Thermogram curve provides
a relationship between the mass change and to the stoichiometry involved.

TGA of all the samples reported in this thesis were done using a METTLER-TOLEDO
TGA/SDTAS851e instrument. For weight loss measurements the sample was heated from room
temperature to 800 °C in presence of air and the weight loss was monitored. For Oxygen uptake
measurement the catalysts was activated in presence of Helium up to 800 °C and cooled. In next
step the catalyst was heated from room temperature to 700 °C in presence of oxygen.

2.3.4. Temperature Programmed Desorption

Understanding the nature of the surface and its adsorption properties, it is important in tuning the
properties of the catalyst as interaction of reactants with the catalyst surface which is an
important step in heterogeneous catalysis. Many techniques are usually employed for this
purpose and one among that is temperature programmed desorption (TPD). In this after cleaning
the sample surface a probe molecule is adsorbed in room temperature and desorbed at higher
temperatures. The desorbed molecules are detected by thermal conductivity detector and can be
quantified using a standard calibration.>® TPD is generally used to determine the acidity or
basicity of the material taken for study. For evaluating the acidity the usual probe molecule used
is ammonia and in some special cases primary and branched amines are also employed. For
evaluating the basicity the common probe used is CO,. Quantities desorbed under different Tmax
provide information on the number, strength and heterogeneity of the adsorption sites. The
amount of NH3/CO, desorbed is proportional to the acidity/basicity.

The basicity of the catalysts was measured by TPD of CO, using a Micromeritics Autochem-
2920 instrument. Prior to the experiment, the sample was activated at 450 °C in Helium flow (40
mL/min) for 1 h and was cooled down to room temperature. After which CO, was adsorbed by
exposing the sample t010 % CO, in Helium (30 mL/min) for 30 minutes. In order to remove the
physisorbed CO, the temperature was raised to 100 °C and flushed with He for 1 h. Desorption

of CO, was carried out in Helium flow (40 mL/min) by rising the temperature from 100 to 800
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°C at a heating rate of 10 °C/min. The amount of CO, desorbed was estimated quantitatively by
a TCD which was calibrated before the TPD study.

Sample
Valve =

Vapor Generator
Assembly

Gold
Trap

t and Furnace 1 %
™ * * * intets to
Mass Fiow
Controliars Gas Blender
¥ g % =
Preparation Carrier Analysis Blender

Gas infet Gas Inlet Gas Inlet

Fig. 2.4. Schematic diagram of TPD instrument

2.3.5. Raman Spectroscopy

Raman spectroscopy is based on the findings of Sir C.V. Raman which was published in 1928.7 It
can be used for both qualitative as well as quantitative purposes. This technique can be
qualitative by identifying the frequency of scattered radiations and also can be quantitative if the
peak of scattered radiations is integrated. This technique is a scattering technique which follows
the principles of Raman Effect which states that frequency of a small fraction of scattered
radiation is different from frequency of monochromatic incident radiation. This is due to the
inelastic scattering of radiation and its interaction with molecules which are vibrating. By this
scattering the molecular vibrations can be probed.®®

In a typical experiment a monochromatic laser beam strikes the sample after which due to the
interaction of this light with molecules in a material taken a scattering occurs. This light that is
scattered which is of different frequency from that of incident light is employed to construct a
Raman spectrum. The spectra is obtained due to an inelastic collision between incident

monochromatic radiation and molecules of sample. Most of the scattered radiation has a
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frequency which is equal to frequency of incident radiation (Rayleigh scattering). A very less
fraction of this scattered radiation possesses a frequency different from frequency of incident
radiation (Raman scattering). In this there are two types of radiation in which the frequency of
incident radiation is more than frequency of scattered radiation (Stokes lines) and the frequency
of incident radiation lower than frequency of scattered radiation (anti-Stokes lines). Generally
Stokes lines are highly intense when compared to anti-Stokes bands. Thus stokes lines are used
in conventional Raman spectroscopy and anti-Stokes bands are generally used for fluorescing
samples as this fluorescence causes interference with Stokes bands.'® The selection rule for
Raman spectroscopy is that the sample should show a change in polarizability during molecular
vibration.

Raman spectra were recorded using a Horiba JY LabRAMHRS800 Raman spectrometer coupled
with a microscope in reflectance mode with a 514 nm and 635 nm excitation laser sources and a

spectral resolution of 0.3 cm™. The sample was pelletized into small discs for analysis.

Energy T CCD Detector g
i-
A Virtual energy Raman = 2_ I
level s — P Spectrum £ - T
A A (3‘ E-\ L
Raman Shift g
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...... > P B B B P I g
Mirror Mirror I B
o
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Rayleigh Stokes anti-Stokes Laser 1 /7
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Fig. 2.5. Different types of light scattering and Raman spectroscopy instrument schematic

2.3.6. Scanning Electron microscopy and Energy Dispersive X-ray Analysis (EDAX)

From Scanning Electron Microscope (SEM) information regarding the morphology and surface
topology of the material can be obtained by tracing a sample in a raster scan pattern with a beam
of electrons. Detection of the secondary electrons that are emitted from atoms in specimen is the
common method of analysis in SEM. The topography of the surface of the sample is created by
scanning and collecting the secondary electrons which are emitted by employing a special
detector. In a typical analysis the electron beam is focused with the help of probe and lenses
which scans the surface of material with the help of scanning coils. When the electrons strikes

the material it emits signal as electromagnetic radiation. This radiation which is generally
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secondary and backscattered electrons are received by the detector and later this resulting signal

is amplified and displayed.**

Electron Gun

Electron Lens
| — (1st Condenser)

Scan Coils
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Control [ Generator

Final Lens Aperture

Display
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Specimen

to
Vacuum
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Fig. 2.6. Schematic diagram of SEM instrument

Energy Dispersive X-ray Analysis (EDAX) is generally employed for elemental analysis and
finding the chemical composition. Usually high-energy electrons strikes and interacts with atoms
in a material in a number of ways and one among is the emission of X-rays. In this process an
electron strikes an atom which ejects an electron which was originally positioned in an inner
shell. To retain the atom to its original low energy state this vacancy is filled by an electron from
high energy shell. During this the electron releases some of its energy as X-rays and this energy
released is almost equal to the energy difference between the two levels. All elements in periodic
table except hydrogen and helium produce characteristic X-rays which can be used to identify
and to calculate the elemental compositions.'? Usually the EDAX is coupled with microscopic
techniques as these are electron beam based techniques which can be used to scan for EDAX
also.

The SEM images and EDAX of our materials were obtained using a FEI, Model Quanta 200 3D.
The catalyst were dispersed in 2-propanol by ultrasonication and drop casted on silicon wafer.

2.3.7. Transmission Electron microscopy
Transmission electron microscopy is one of the most important and powerful tool for
investigation of any material. In this technique a beam of electrons from the electron gun is

condensed into focused coherent beam by using multiple condenser lenses and these lenses also
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exclude high angle electrons. This electron beam later strikes the materials and is transmitted
depending upon the thickness and electron transparency of the specimen. By using objective lens
this transmitted electron beam is focused into an image on charge coupled device (CCD) camera.
High resolution Transmission Electron Microscope (HRTEM) is used to obtain information in

nanomaterials in atomic scale.
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Fig. 2.7. TEM Instrument schematic

An FEI TECNAI F30 electron microscope operating at 300 kV was used for recording high
resolution transmission electron microscopy (HRTEM) images of all materials. Samples were
powdered and dispersed in isopropanol before depositing onto a holey carbon grid.

2.3.8. X-ray Photoelectron Spectroscopy (XPS)

XPS is one of the powerful surface sensitive technique which helps in analyzing elemental
composition, chemical state and electronic state of a material. The XPS works on the Einstein's
photoelectric effect where when a beam of photons of desirable threshold frequency strikes a
material electrons are emitted. In XPS a beam of X-ray are shone over surface of the solid
surface and the kinetic energies of electrons are measured and counted which usually are emitted
from few nanometer depth of the surface. A typical XPS spectra is thus obtained by counting the
electron over a varied kinetic energies of electron. The peaks that appearing at particular kinetic
energy gives the qualitative information and on integration gives the guantitative information.

The chemical state and binding energy of a particular electron can be determined by measuring
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the kinetic energy of the emitted electrons. The binding energy depends upon i) The parent
element from which the electron is emitted along with the orbital from which it is ejected and ii)

The chemical environment of the atom from which the electron was emitted.
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Fig. 2.8. XPS principle and instrument schematic

XPS of our samples were analysed in a custom built near-ambient pressure photoelectron
spectrometer (NAPPES) (Prevac, Poland). This instrument has a monochromatic Al Ko X-ray
source (VG Scienta, MX 650), a dual anode (Al Ko, Mg Ka) source and a Helium UV discharge
lamp. The analysis chamber is equipped with a differentially pumped high pressure electron
analyzer (VG Scienta, R3000 HP). The analyzer aperture cone is of 0.8 mm and in this setup
XPS can be performed up to 1mbar.*®

2.4. Catalytic Activity

The catalytic activity of all the materials prepared were tested using a fixed bed reactor (FBR)
having two furnace zones. For ODH of EB, an inconel reactor tube with 13 mm internal diameter
and 510 mm length was used to pack the catalyst. For ODH of ethane and 1-butene an inconel
reactor tube with 8 mm internal diameter and 480 mm length was used. The temperature on the
wall of the reactor and in the catalyst bed was measured using a K-type coaxially centered
thermocouple. The catalyst was pelletized and sieved through the mesh size of 1.6-1.7 mm. The
catalyst charge was 1 cm® of sieved materials and was placed in the middle of the reactor using
glass wool. On the top and bottom of the catalyst bed the reactor was filled with inert ceramic

beads which does not possess any catalytic activity. The pre-heater zone is important to facilitate
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complete vaporization in case of ethyl benzene. The catalyst tests were conducted at different
temperatures and with various flow rates of oxidant and substrate. Ethyl benzene was pumped
using a precision isocratic pump (Lab Alliance Series I1) and the gases flow was controlled using
a Brook's make Mass Flow Controller (5890E series) of respective gases. The reactants flow was
up flow in case of EB and down flow in case of shorter chain alkanes. The liquid and gaseous
products were separated in a gas-liquid separator where the gaseous products were analyzed by

online GC.

. tm;ud.'ln.rx.:;.'n
i p
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Fig. 2.9. Multiple fixed bed reactor used for testing the catalysts

The liquid products were analyzed offline using an Agilent 6890N gas chromatograph with a BP-
5 (5.5% phenyl methyl siloxane) column along with an FID detector. The gaseous sample was
analyzed by Thermofischer 1110 Gas chromatography instrument equipped with chromeleon 7
software. In a typical online GC analysis the hydrocarbons were eluted by Restek Alumina plot-
Q column followed by detection in FID detector and the permanent gases were eluted by
Porapak Q and Molecular Sieves column connected in series followed by detection in TCD. A
combined gas chromatograph from dual channel analysis in reference to response from

calibration mixture gave the concentrations in the reaction mixture.
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GC results were analyzed for the conversion as well as selectivity and yield of the product.

Conversion is defined as the fraction of reactant transformed and given by the relation:
Hydrocarbon (HC) conversion (mol %) = 100x (HCin'Hcout)/HCin 2.6

Selectivity has been determined from the peak area as'*,
Selectivity; (wt %) = 100 x area; / (sum of all areas) 2.7
It is calculated for each product based on its formation.
Reaction yield or partial conversion for a given product is therefore,
Yieldi= (conversion; x selectivity;)/100 2.8

The concept of space velocity™ is the ratio of flow rate to the size of the catalyst bed. Some

versions of space velocities are,

Gas hourly space velocity (GHSV) = Volume of feed as gas/volume of catalyst
2.9

Liquid hourly space velocity (LHSV) = Volume of liquid feed/volume of reactor or catalyst
2.10
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Chapter 3

Oxidative dehydrogenation of ethane to ethene over
Manganese substituted
Ca(Sr)TiO; perovskite type oxides

Synopsis

Various molar ratios of manganese substituted calcium/strontium based perovskites

were prepared by simple citric acid gel method

Structural refining and lattice parameters were derived for all the synthesized samples
From XPS analysis of SrosCagsTiosMng1(SC5TM), it was evident that the “Mn” species
exist in lower oxidation state at the temperature range of 450-550 °C which drive in

more of total combustion of ethane which was also evidenced in catalytic activity

Based on the optimization studies the catalyst with optimum amounts of
Sr,Ca, Ti,Mn (SC5TM) shows the best catalytic activity towards ODHE

SC5TM shows a stable catalytic activity for long time on stream without any significant
loss
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3.1. Introduction

The strategic bloom of shale gas has provided a vast opportunity in probing ways to utilize them
for more value added products. Owing to the great increase in demand for the shorter chain
olefins there is a wide scope to look for better catalysts to convert shorter chain alkanes to their
respective olefins. High operational costs and environmental issues have made this conversion
profitable only on a very large scale. Brazdil* has pointed out that ‘‘the direct conversion of
ethane and propane to commodity chemical intermediates has the potential to radically transform
the chemical industries. The effectiveness of the catalyst, that is the activity for alkane
conversion and the selectivity to desired products, will ultimately determine the economics of an
alkane-based chemical process. The successful commercial technologies will be those that link
catalyst performance characteristics with “innovative process designs”. Table. 3.1 shows that
there is a plenty of ethane available in shale gas which are a comparatively economical starting

material for the production of ethene and other value added chemicals.

S.No Compound Mol %
1 Methane 77.60
2 Ethane 13.20
3 Propane 5.00
4 n- butane 1.30
5 Isobutane 1.10
6 Natural Gasoline 1.00
7 Inerts (N2, COy) 0.80

Table. 3.1. Composition of the shale gas obtained from Eagle ford drill in US?
3.2. Commercial importance of ethene
Ethene is one of the most important building block chemical and it ranks first in production
among the organic chemicals (Table. 3.2).>° It is also one of the important platform chemicals
for the synthesis of variety of fine chemicals as shown in Fig. 3.1. Ethene may be polymerized

directly to produce polyethylene, which is world's most widely used plastic. Ethene is
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chlorinated to form 1,2-dichloroethane which is a precursor for the production of plastic

polyvinyl chloride, or combined with benzene to produce ethyl benzene which in turn is used for

production of polystyrene. Ethene is also oxidized to produce chemicals like ethylene oxide,

ethanol, and polyvinyl acetate. It is also the base material for the production of variety of

chemicals like low, linear low and high dense polyethylenes (LDPE, LLDPE, HDPE

respectively, Ethylene dichloride (EDC), Vinyl compounds like Vinyl chloride, poly vinyl

chloride (PVC), Vinyl acetate (VAM), Styrene and many functionalized compounds (Fig 3.2).

H Ethyl benzene I—)l Styrene |—-

polyethylenes
LDPE, LLDPE,
HDPE

~

Ethylene oxide

—

Unsaturated
polyesters

N
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N
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—)l Synthetic rubber |

'—)l Mono Ethylene glycol I—)l

polyesters

—)I Ethylene glycol ethers |_>

EG ethylene ether acetates

_)l Solvents I

N

Diethylene Glycol

|—

DEG ethylene ether acetates

—)l Solvents I
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—)l Ethanolamine (EA) I—-
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| . .
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Fig. 3.1. Value added products from Ethene®

Ph. D Thesis

Ashok Kumar V

CSIR-NCL

Page 50



Chapter 3: Oxidative dehydrogenation of ethane to ethene

Chemical U.S.A Asia® | China | Europe
Ethene 23975 18237 14188 19968
Propene 14085 14295 | n.a® 14758
Ethylene dichloride 8810 32229 | na 1323
Benzene 6862¥ | 10889 | 5530 5107
Ethyl benzene 4240 n.a n.a 1226
Cumene 3478 n.a n.a n.a
Ethylene dioxide 2664 845 n.a 2619
Butadiene 1580 2715 n.a 2020
Methanol n.a n.a 15740 n.a

(a) Japan, South Korea, Taiwan. (b) Info. Not available. (c) Japan only. (d)
Thousands of liters

Table. 3.2. Production of Organic Chemicals in 2010 in Thousands of Metric Tons*

Other, 6%
VAM, 2%

Fig. 3.2. Commercially important products from Ethene as on 2013°
3.3. Current commercial production of Ethene
Commercially ethene is produced from three important methods they are i) Steam cracking, ii)
Catalytic dehydrogenation of ethane, and iii) Dehydration of Bioethanol
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3.3.1 Steam cracking

For the industrial production of ethene, steam cracking is the widely practiced process for the
past 50 years. This process is carried out with two different types of feedstock; one is ethane as
such and other is naphtha. In a typical process (Fig. 3.3), initially a diluted alkane feed is
preheated to a temperature between 550 and 650 °C by homogenizing with higher ratio of steam.
This preheated mixture is passed through a high temperature reactor which is maintained in a
temperature between 800-900 °C and at shorter residence time to undergo controlled pyrolysis to
produce olefins and di-olefins.® A rapid quenching of stream coming out of reactor is necessary

to avoid product degradation.

Lube oil
14)

Lube oil

%
Naphtha -5 {1l] 1l
feedstock s L]
2 Compressor
I 1] 2 = stages
~ : Condensate
Steam Ot Condensate water hydrocarbon
Fuel gas I ; =
3 -~ N .
Pyrolysis gasoline Spent caustic
To benzene stripper and h §
dilution steam system
A
Acetylene = Ethylene
converter z
A | :
BeR -
g TSP
s Mol sieve dryer =] Ethane =
Propane (C;) + stream "Deplopannier

Fig. 3.3. A typical Naphtha cracker
In a steam cracking when ethane is used as feedstock process per pass conversion around 70 %
with almost 50 % yield of ethene is obtained.® This process suffers from many operational
difficulties and drawbacks. As the temperature for cracking is high the actual temperatures in
reaction tubes reach up to 1100 °C so the materials designed for the process should be heat
resistant. A major concern in an industrial process is the energy economy and heat integration of
the process. In this context the total energy required for ethene production is 16 GJ t*when
ethane is the feedstock and 23 GJ t* when naphtha is the feedstock.* Along with this
considerable amounts of coke are deposited on the reactor walls which is removed by

gasification using steam due to which plants has to be shutdown frequently.
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3.3.2. Catalytic dehydrogenation of ethane

Dehydrogenation process is an endothermic limited pathway wherein high temperatures and low

pressures are required. In a typical dehydrogenation to obtain a equilibrium ethane conversion of

40 % around 700 °C is needed and also at high pressures the equilibrium shift towards ethane.®’
CaHs <>CoHg + Hy, AHage= 136 kJ mol™ 3.1

The catalysts which are based on 'Cr' or 'Pt'" were employed for above said process but this

catalyst gets deactivated by the formation of coke and due to side reactions (dienes, polymers

etc.). Many processes and their modified versions (Catadiene, Catofin, UOP oleflex, etc) were

developed but none of the process could compete with steam cracking due to their poor per pass

yields.

3.3.3. Dehydration of Bioethanol

The bioethanol obtained from biomass can be dehydrated to ethene under mild endothermic

conditions in presence of solid acid catalysts. In a typical dehydration process ethanol is

preheated and passed through a catalytic reactor and after reaction from the product, liquid

stream containing ethanol and water are separated from the gas stream in which ethene is the

main constituent.® This the economical process but the availability of ethanol limits the process.

C2HsOH <> CoHy+ Ho0, AHage= 45.6 kJ mol™ 3.2
Along with the above three major processes some processes like Oxidative coupling of methane
(OCM), Methanol to olefins (MTO), Fischer Tropsch synthesis are also been explored to replace
the steam cracking.
3.4. Oxidative dehydrogenation of ethane
When compared to all the above processes oxidative dehydrogenation of ethane (ODHE) possess
many conceptual advantages like high ethane conversion and the added exothermicity which
helps in decreasing the reaction temperature in the range of 400 to 650 °C. Even though it has
many benefits over traditional processes there are some drawbacks like the thermal runaway or
over oxidation. Tuning a suitable catalyst is challenging as the olefin formed are more reactive
than the alkanes.
Usually there are two groups of catalysts that are studied for ODHE in which one is based on
redox type catalyst and other of non-redox type. In this the redox type catalysts usually are
mixed oxides with transition metals like V, Mo, Fe ,etc and mostly these catalysts show MVK

mechanism type behavior during the reaction. The latter one non-redox type catalysts are
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materials like noble metals and other metals which work on virtue of their characteristics.
Vanadium (V) and molybdenum (Mo) oxides are the main constituents that are usually present in
catalysts used for selective oxidation of alkanes.” MoV TeNbO, mixed-oxide is the best catalyst
among all catalysts reported till date for ODHE but the synthesis and phase
formation/identification is complex for this catalyst. This catalyst gives a maximum ethane
conversion of 87 % and ethene selectivity 84 %.° The electrophilic oxygen species also plays a
prominent role in determining the total activity of the catalyst. For example, in case of Ni-NbO
in which 'Ni' acts as the redox centre whereas 'Nb' helps in preventing the re-oxidation of 'Ni'
ions which helps in decreasing the electrophilic oxygen species thereby increasing the selectivity
of ethene.! Yi et al. showed that in ODHE when SrFeO; s perovskite was employed 43 %
selectivity towards ethene was achieved. Over the same catalyst Dai et al. showed that the
selectivity doubled when Laj Srp4CuQOsgsy, LageSrosCuOsgssFo143,and Lag Sro4CuO3856Clo 126
perovskites were studied for oxidative dehydrogenation of ethane. The authors have explained
that the incorporation of halide ions, with similar ionic radii to O% promotes the lattice oxygen
mobility and reduces surface oxygen defects.”® La,Sr,..FeO,.s on Li promotion gives a higher
selectivity towards ethene at 700 °C but there is a deactivation in the activity after the initial
activity.* Generally in ODHE high selectivity towards ethene are limited due to the high olefin
reactivity and also by virtue of thermodynamics of paraffin and olefin oxidation.

3.5. Results and Discussion

3.5.1. Powder X-Ray diffraction

Fig. 3.4 shows the PXRD patterns obtained for the all the synthesized catalysts. To understand
the lattice changes in detail, Rietveld refinement was done using GSAS software.™ The end
group entries CaTiO3z, CaMnO3 and SrTiO3 can be indexed as orthorhombic (CT and CM) and
Cubic (ST) unit cells. These patterns match well with the ICSD data with no. 82487 (CT), 80874
(ST) and 35218 (CM). From the Rietveld refining of end group entries CT,ST (Fig. 3.6.a & b)
and CM (Fig. 3.7.) lattice parameters were derived. The manganese substituted CT and ST
showed similar patterns as that of respective parent material with slight shift in peaks to higher
angle which is due to the smaller size of manganese. From Rietveld analysis (Fig. 3.6. ¢ & d) it
was evident that there was a small decrease in lattice parameters which leads to slight shift in
peaks to higher 20. In case of SC3TM to SC7TM as the calcium loading increases due to lattice

contraction when 'Sr' is replaced by 'Ca’ with a smaller ionic radius, the peaks shift to higher
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angle. In addition, peak intensity of the peak at 26 - 39° corresponding to reflection of 211 plane
and characteristic of orthorhombic unit cell (CT) increases as the calcium loading increases. To
understand the changes in the system further Rietveld analysis of the materials from SC3TM-
SC7TM was carried out and there was a drastic change in the space group from cubic to
tetragonal and later to orthorhombic as calcium loading was increased. SC3TM matched well
with tetragonal system (14/mcm, ICSD No. 94572) and later in case of SC4TM and SC5TM it
matches with the orthorhombic system (Bmmb, ICSD No. 51124). On further increase in
calcium loading (SC6TM,SC7TM) it crystallizes in orthorhombic system (Pbnm, ICSD No.
94569). Lattice parameters derived from refinement are tabulated in Table. 3.2 which shows the
change in unit cell dimensions when manganese was substituted in the parent Ca(Sr)TiOs
materials. From our study it was evident that the change in structure from cubic to orthorhombic
on calcium loading was from Pm-3m-14/mcm-Bmmb-Pbnm. The cell volume also increases as

the calcium content increases and it is maximum for SC4TM and SC5TM which decreases on

further calcium loading.

SCTTM l
LN
ST ST

=
2 o . SC6TM
z | I I A A . ST™ STM A A
2 SCSTM SC5TM
g J I_JL o Sem™ scstm
= \ ) 1 A CTM o
A " l A A CT CT SC4TM
. . P
3TM
A T i s
1 L 1 | 1 ] ] 1 Li L L] L]
20 0 60 80 33 36 39 42 33 36 39 42
20 (deg.) 20 (deg.) 20 (deg.)

Fig. 3.4. PXRD patterns (A, B & C) of all the catalysts synthesized
High temperature PXRD in presence of air was done for SC5TM which showed a change in
pattern as temperature increased (Fig. 3.5.). At 650 °C the pattern was more or less similar as ST
which matches well with the cubic structure (Pm-3m, ICSD No. 80874) but with a slight
decrease in the lattice parameters. The refinement parameters of the PXRD pattern at 650 °C is

given in Table 3.3. This kind of change in parameters and space group are common for
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perovskite type oxides at higher temperatures.'® On cooling to room temperature the pattern was

similar as the earlier observed with orthorhombic structure (Bmmb, ICSD No. 51124)

650 °C
| 550°C
| 450°C
350°C
| 250°C
150 °C
30 °C A
' ! L )

30 40 50 60
20 (deg.)

Intensity (a.u)

J\
A
A
70

Fig. 3.5. High temperature PXRD pattern of SC5TM in presence of air

Sample a/A b/A c/A 1 Ry ;fgj; Cell \l/&oslume/
(Sr§l'-iI—03) 3.90290(1) | 3.90290(1) | 3.90200(1) | 1.34 | 0.018 | Pm-3m | 59.452(2)
- fj\ﬂ'\fmos) 3.89138(1) | 3.89138(1) | 3.89138(1) | 1.67 | 0.028 | Pm-3m | 58.927(1)
(Sro,7Ca§(3:T3iI :\I’\'ﬂnmos) 54757(2) | 5.4757(2) | 7.7368(5) | 2.20 | 0.052 | 14/mem | 231.973(3)
(Sro.ecaf.?iz :\I’\'ﬂnmos) 77116(2) | 7.7345(2) | 7.7217(3) | 220 | 0038 | Bmmb | 460.560(7)
(SrO.SCa“:fTF’iI :\I’\'ﬂnmos) 7.7162(12) | 7.7180(11) | 7.71873) | 226 | 0.067 | Bmmb | 459.675(7)
(SrMCa“:’ETGiI :\I’\'ﬂnmos) 5.4438(3) | 5.4438(4) | 7.6971(8) | 221 | 0055 | Ponm | 228.104(3)
(SrO.BCa“:’%I :\I’\'ﬂnmos) 54318(4) | 5.4371(4) | 7.6853(8) | 1.83 | 0056 | Pbnm | 226.976(3)
(CaTi;TM'\f]O.lOS) 5.36983(6) | 5.41950(6) | 7.62039(9) | 1.28 | 0,029 | Pbnm | 221.767(2)
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CT

(CaTiOy) 5.38366(5) | 5.43960(5) | 7.64238(7) | 1.29 | 0.032 Pbnm 223.807(2)
M 5.2731(2) | 7.4491(3) | 5.2644(2) | 1.45 | 0.086 Pnma 206.785(3)
(CaMn0y) . . . . . .

SC5TM at 650 °C

- 3.89506(2 3.89506(2 3.89506(2 1.60 | 0.126 Pm-3m 59.094(1
(SrosCagsTigeMng103) @ @) @) @)

Table. 3.3. Lattice parameters of all the catalysts studied along with space group and unit cell
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Fig. 3.6. Rietveld refinement patterns of a) CT, b) ST, ¢) CTM and d) STM

Surface area of all the catalysts were calculated by using Brunauer-Emmett-Teller (BET)
equation and the results are shown in Table. 3.4. CT and SC5TM have comparable surface areas
and SMT have more surface area than other ones whereas SC5TM shows high activity for
ODHE. This indicates that the surface area has slight or no effect in this reaction when these

perovskites are being employed.
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Fig. 3.7. Rietveld refinement pattern of CM
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Fig. 3.8. Rietveld refinement patterns of a)SC3TM, b)SC4TM, ¢)SC6TM and d)SC7TM
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Fig. 3.9. Rietveld refinement patterns of a)SC5TM and b) SC5TM at 650 °C

S.No Molar ratio Code Surfac;e area
(m*/g)
1 CaTiO3 CT 7
2 CaTipgMng 103 CTM 9
3 Srp3Cag 7 TipgMng 103 SC7T™M 12
4 Srp.4CapsTipgMng 103 SC6TM 11
5 Sro5CagsTipgMng 103 SC5TM 8
6 Srp6Cag4TipgMng 103 SC4TM 9
7 Srp.7Cap3Tip9Mng 103 SC3TM 10
8 SrogCag2TipgMng 103 SC2T™M 12
8 Sro5Cag 5 Tip.925MnNg 07503 SC5TM-075 11
9 Srp5Cag s Tip75MnNg 2503 SC5TM-25 7
10 SrTipeMng 103 STM 11
11 SrTiO3 ST 19
12 CaMnQO3; CM 6

Table. 3.4. Catalyst compositions along with their codes and total surface area

3.5.2. Microscopic analysis
Fig. 3.10 shows the SEM and TEM micrographs of SC5TM. In SEM the morphology of the
material was evident which shows a spongy macroporous nature which is typical for a perovskite

type material. In TEM analysis also similar morphology was observed in which individual
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domains of the structure measured around 60 - 70 nm. In high resolution TEM the lattice fringes
with inter planar distance 0.27 nm matches well with the d-spacing obtained from the 121 plane
of the perovskites observed in PXRD. No other fringes or domains of individual oxides were
observed which emphasize the even distribution of metal ions and purity of the perovskite

structure formed.

Fig. 3.10. A & B) SEM images of SC5TM, C & D) TEM images of SC5TM

3.5.3. Oxygen uptake analysis

Oxygen uptake analysis by TGA was done after incorporation of 'Mn' in 'B' site of CT and ST
(Fig. 3.11). The weight gain after oxygen treatment is a direct evidence for the oxygen uptake
ability of a material as such. Among the three catalysts in CTM the weight gain was more which
implies that this catalyst possess more oxygen uptake capacity when compared to STM. This
uptake ability is due to the oxygen vacancies available on the surface of the catalyst which
suggests that CTM possess more oxygen vacancy in comparison with STM. In case of SC5TM
the weight gain is comparatively less than CTM and STM which suggests that the oxygen
vacancies are still reduced which in turn reduces the electrophilic oxygen species formed in
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catalyst surface during O, adsorption. The first step in ODHE is the C-H bond cleavage which is
rate determining step and it is done by electrophilic oxygen species present on the surface. In
turn this species are responsible for C-C bond cleavage which thrives in complete oxidation of
ethane. In general, a nominal amount of electrophilic oxygen species are required for a better
conversion and to minimize over oxidation.!” This property of SC5TM helps in achieving a better

selective ODHE when compared to other catalysts.
o 0;, H,C—CH, + H,0
H3C_CH3 3 H3C_CH2\
O CO,*H,0

Scheme 1: Reaction mechanism of ODH
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Fig. 3.11. Oxygen uptake ability of STM, CTM and SC5TM
3.5.4. X-ray photoelectron spectroscopy
XPS at various temperatures was recorded to study the changes in surface of the catalyst in
presence of oxygen at 0.1 mbar pressure (Fig. 3.12). In Ti 2p at UHV peaks corresponding to
Ti*" with a small percentage of Ti** was observed. On introduction of 0.1 mbar of oxygen and
starting from room temperature the peak maxima started shifting towards higher binding energy

(458.6 eV) indicating that Ti exists in its highest oxidation state (Ti*") with binding energy for Ti
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2psrzand Ti 2py, peaks at 458.8 and 464.6 + eV respectively.'® In the case of manganese at UHV
and room temperature, peak corresponding to Mn** (642.6 + 0.3 eV) was observed in maximum
with a small shoulder at 641.4 + 0.2 eV corresponding to Mn**/Mn?*.**# This shows that as such
the catalyst possess manganese in mixed valence state. As oxygen (0.1 mbar) was introduced and
temperature was increased there was an increase in the shoulder peak (641.4 = 0.2 eV) which
emphasize that the surface getting enriched with Mn*"Mn?* ions. This increases the surface
defects which in turn increases the electrophilic oxygen formation which thrive in total oxidation
of hydrocarbons.™ The intensity of this shoulder peak is maximum in temperature range of 400-
550 °C. This is observed in activity profiles wherein at lower temperatures the selectivity of CO,
is higher. As the temperature is increased due to more oxygen diffusion the intensity of peak at
642.7 + 0.2 eV increases which suggests that Mn** concentration increases which in turn are

responsible for increase in selectivity of ethene.

i 627 °C

et 427 °C

327°C

\iL
w227 °C
bl el 1 27 oc

Intensity (a.u)

456 460 464 468 528 532 536 540 54 644 651 658
Binding Energy (eV)

Fig. 3.12. XPS profiles of Ti 2p, O 1s and Mn 2p at UHV and different temperatures in presence
of 0.1 mbar O;

In Ols XPS spectra the peak at 529.6 £ 0.2 eV is due to the lattice oxygen and the surface
adsorbed oxygen species or electrophilic oxygen appear at 532 + 0.2 eV.?"? The intensity of the
later peak is more predominant between temperature range of 350 - 500 °C which is obvious as
the manganese is in lower oxidation states due to which the amount of electrophilic oxygen
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species increases. This peak decreases at higher temperatures when manganese oxidizes back to
Mn**. The peak due to adsorbed molecular oxygen (538.5 + 0.2 eV) decreases as temperature
increases, which suggests that oxygen absorption increases when defects are formed and
replenishes the oxygen defective sites at very high temperatures.”®

3.5.5. Catalytic Activity

3.5.5.1. Effect of Manganese

To understand the effect of manganese in ODHE was done with catalysts CT, ST, CTM and
STM at 650 °C with GHSV 6000 h™ reactant flow (Fig. 3.13.). The selectivity towards ethene
was less in case of ST and CT (28 and 21 % respectively) as these oxides are with more oxygen
defects which drives in total oxidation of ethane. When 'Mn' was substituted in “B” site the
selectivity increased by 10 % which is likely due to the redox nature of manganese which did the
purpose. The selectivity towards ethene was 34 % and 37 % for CTM and STM respectively. In
extension of that CM was also tested in which the combustion nature of these perovskites were
predominant due to which selectivity of ethene was only 19 % with 80 % conversion of ethane.
This is obvious as these manganates type perovskites are known for complete combustion of

hydrocarbons.*#?4%

I Conversion of Ethane
I Selectivity of Ethene

o
9]
[

W
(=]
1

Conversion, Selectivity (mol % , %)
p— -
9] 9]
(] (]

CT CT™M STM ST CM

Catalvsts
Fig. 3.13. ODHE activity of end group catalysts and manganese substituted CT and ST

Reaction conditions: Atm pressure, 650 °C, 1 cc catalyst, total reactant flow: 6000 h™
(Oz/ethane =1.5)
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3.5.5.2. Effect of calcium loading in STM

To investigate the synergism of 'Ca’ and 'Sr' and to observe the change in activity when there is a
change in the unit cell of perovskites, in STM when different ratios of 'Ca’ was substituted in “A”
site. As the 'Ca’ was substituted, initially in SC2TM the conversion of ethane decreased slightly
and gradually activity increased as calcium loading increased. In case of SC5TM the yield of
ethene was highest with a selectivity of 61 % which was almost twice that of STM and CTM.
The selectivity decreased as calcium loading was increased above 0.5 molar ratio and the
conversion was more with over oxidation which was more or less similar to that of CTM. This is
likely due to the increase in oxygen defects which generate electrophilic oxygen species similar
to CTM which helps in over oxidation of ethane which decreases the selectivity of ethene. An
optimal amount of calcium loading which in turn generates a optimal amount of electrophilic
oxygen species are required for a better conversion of ethane and an improved selectivity of

ethene.

El Conversion of Ethane
I Selectivity of Ethene

~1
(=]
A

(=)
(=]
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STM SC2TM  SC3TM SC4TM  SCSTM  SC6TM  SC7TM  CTM

Catalysts
Fig. 3.14. Comparison of ODHE activity for different Ca/Sr catalysts
Reaction conditions: Atm pressure, 650 °C, 1 cc catalyst, total reactant flow: 6000 h™
(Oy/ethane =1.5)
3.5.5.3. Effect of reaction temperature
To understand the role of temperature the reaction was carried out at a wide range of temperature
from 450 - 700 °C using SC5TM as catalyst at 6000 h™ total reactant flow. Below 450 °C there
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was no appreciable activity in all these catalysts. The selectivity towards ethene was low at lower
temperature range (450 -550 °C) in all the catalysts (Fig. 3.15 a) which is due to more
electrophilic oxygen species at lower temperatures which leads to combustion and favors lower
selectivity towards ethene and more of CO;, was formed. The amount of electrophilic oxygen
increase is due to the formation of more oxygen defects in the surface which was evident in XPS
analysis. As the temperature is increased the electrophilic oxygen species decreases (O,", O’) and
the lattice oxygen which are nucleophilic (O%) participate in the reaction by Mars Van Krevelen
mechanism (MVK) as a consequence of that the over oxidation reduces and the selectivity
increases at higher temperatures. Among all the temperature conditions at 650 °C maximum
selectivity of ethene (61 % ) was observed and this was considered as the optimized temperature
for further studies (Fig.3.15 b). Above 650 °C the ethane cracking was more due to which the

main products formed were hydrogen and methane.

Il Conversion of Ethane
—{1— Selectivity of Ethene
804 —O—Selectivity of CO,

—{%— Selectivity of Methane
—e— Selectivity of Hydrogen

201

450 500 550 600 650 700
Temperature (° C)

Fig. 3.15. a) Selectivity profiles of catalysts with different calcium loadings at selected
temperature range and b) Reaction profile of SC5TM with selectivity of all products at different
temperatures. Reaction conditions: Atm pressure, 1 cc catalyst, total reactant flow: 6000 h*
(Oy/ethane =1.5)

3.5.5.4. Optimization of manganese content

To optimize the amount of manganese three different molar ratios (0.075, 0.1, 0.25) of
manganese substituted SC5TM was prepared and investigated for ODHE (Fig. 3.16). At lower

manganese loading the selectivity of ethene was low when compared to other two catalysts
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which were due to the decrease in active redox sites in the catalyst. When the amount of
manganese was increased, at 0.1 molar ratio of manganese the selectivity was highest (61 %)
when compared to other two loadings of manganese. In continuation, when the manganese
amount was increased the conversion increased with decrease in selectivity (50 %) and with
overall similar yield as SC5TM. As time on stream increases the overall activity decreases for
SC5TM-25 due to the coke deposition over the catalyst which was observed in spent catalyst
TGA. This is obvious as the manganese amount increases there likely to be more of combustion
and coke deposition over the catalyst. Based on these studies SC5TM with 0.1 molar ratio of
manganese was considered to be the optimized catalyst composition for a better selectivity

towards ethene.
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Fig. 3.16. Effect of Manganese loading in SC5TM
Reaction conditions: Atm pressure, 650 °C, 1 cc catalyst, total reactant flow: 6000 h™

(Oy/ethane =1.5)
3.5.5.5. Durability studies-Time on stream
To demonstrate the stability of the catalyst, this reaction was carried out for long time on stream
conditions at optimized reaction conditions i.e. 6000 h™, 650 °C and SC5TM as catalyst (Fig
3.17). After an initial decrease in conversion and increase in selectivity the activity remained
stable for 24 hours. The minor decrease in activity was observed after 24 hours which was same

as the initial activity when the catalyst was regenerated with oxygen flow. By this study it was
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explicit that the catalyst is durable and stable for longer time on stream and also decrease in

activity can be subdued by the activation of the catalyst with oxygen.

504

40

30_._.,.—0-0-0-0-0-0-0-0-0-0-0-0-.-.-.-.-.-.......

—&— Conversion of Ethane
204 —0— Yield of Ethene
—@— Selectivity of Ethene

104
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4 8 12 16 20 24
Time on stream (hours)

Fig. 3.17. Time on stream study on SC5TM for 24 hours
Reaction conditions: Atm pressure, 650 °C, 1 cc catalyst, total reactant flow: 6000 h™
(O,/ethane =1.5)

3.5.5.6. Spent catalyst Analysis

PXRD pattern of spent SC5TM did not show much variation after reaction which emphasizes the
sturdiness of the catalyst to withstand at high temperatures. To estimate the amount of coke
formed after the reaction, the spent catalysts (CTM, STM, SC5TM, CM and SC5TM-25) were
subjected to thermo gravimetric analysis. Fig. 3.18 shows the weight loss profiles of all the
catalysts analyzed in TGA. SC5TM showed a minimum weight loss when compared to all other
catalysts which supports the unigueness of the catalyst.

This interesting feature helps in driving the catalytic activity for long time on stream reaction
conditions. Among the other catalysts the CM showed highest amount of coke (20 %) deposition
which foreground the activity profile of this catalyst. SC5TM-25 which gave a similar yield as
SC5TM with less selectivity possessed around 4 % of coke which is the reason for the decline in

activity of these catalyst as time progresses.
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Fig. 3.18. TGA analysis of spent catalysts

3.6. Conclusion

Various molar ratios of manganese substituted calcium/strontium based perovskites were
prepared by simple citric acid gel method. Physicochemical analysis like PXRD and TEM show
the purity of the perovskite formed. From the oxygen uptake experiment it was evident that the
SC5TM has less and nominal amount of oxygen vacancies which gives a better selectivity
towards ethene. From XPS analysis of SC5TM it was evident that the “Mn” species exist in
lower oxidation state at temperature range of 450-550 °C which drive in for more of total
combustion of ethane which was also observed in activity profile. Based on the optimization
studies the catalyst with optimum amounts of Sr, Ca, Ti, Mn (SC5TM) shows the best activity
towards ODHE. This catalyst shows a stable activity up to 24 hours without significant loss in its
activity which emphasizes the sturdiness of the catalyst. The spent catalyst analysis supports the

above property which also shows minimal coke deposition.
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Chapter 4

Oxidative dehydrogenation of ethyl benzene (EB) to styrene (ST)

Synopsis

++ Cerium containing mixed oxides derived from a hydrotalcite precursor was prepared
which shows a better catalytic activity for the conversion of Ethyl benzene (EB) to
styrene (ST)

%+ The morphological studies show evenly distributed ceria crystallites at lower loading of

cerium

+¢+ The catalyst with 0.03 mol % of cerium shows the highest conversion (49.4 %) when

compared to all the compositions prepared and showed long term stable activity

++ Manganese substituted Ca(Sr)TiO3 perovskite type oxides showed a better activity

when compared to catalyst without manganese

% Sro5CagsTipgMng1(SC5TM) prepared by glycine combustion method showed slightly higher

activity when compared to citrate gel method
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4.1.Introduction

Oxidative dehydrogenation (ODH) of ethyl benzene (EB) to styrene (ST) is one of the
commercially important transformations, as styrene is an important monomer for the synthesis of
polystyrene and various other copolymers. ST is an important platform chemical in
petrochemical industry which is utilized for the production of polystyrene (PS) and several
polymers, copolymers and reinforced plastics including acrylonitrile-butadiene-styrene (ABS)
resins, styrene-acrylonitrile (SAN) resins, styrene-butadiene rubber (SBR) and styrene-butadiene
latex (Fig. 4.1).! This emphasizes the importance of styrene as it finds its usage in production of
end products like food containers and packaging materials to cars, boats, computers and its
peripherals. Production of styrene is the fourth major important industrial process. Nearly about
23 million tons of styrene was produced in 2010 and this demand keeps on increasing
exponentially every year.’

SAN, 5% Others, 5%

ABS, 5%

Fig. 4.1. Products of commercial importance obtained from styrene®
4.2.Commercial process for production of styrene
Commercially styrene is been produced by two major processes which are,
(i) dehydrogenation of ethyl benzene in presence of steam and
(ii) styrene which is obtained as a by-product in the epoxidation of propylene with ethyl benzene
hydroperoxide
4.2.1.Dehydrogenation of EB
This pathway accounts for almost 90 % of styrene production which employs Fe-K based

catalyst in presence of steam. The reaction is carried out at high endothermic conditions (550 to
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700 °C), pressure around 2 atm along with steam/EB molar ratio from 4 to 20. The typical
composition of the catalyst employed is shown in the table below (Table 4.1.).2 The
development or aim of the existing processes is to decrease the steam/EB molar ratio. The usage
of the steam is to provide increased selectivity and to maintain the heat of reaction.

CeHsCH,CH3 — CoHsCH=CH,+ H, AHCggx = 129.4 ki mol™ 4.1
Component Percentage composition
Ferric oxide 45-77 %

Potassium oxide 10-27 %
Chromium(lll) oxide 0-3%
Cerium (I11) oxide 0-5%
Molybdenum oxide 0-3%
Magnesium oxide 0-10 %
Aluminium oxide 0-0.1%
Vanadium pentoxide 0-25%
Calcium oxide 0-25%

Table.4.1. Catalyst composition of commercial EB dehydrogenation catalyst
In this Iron based catalyst potassium acts as a promoter which increases activity by one fold and
also enhances the selectivity towards ST. The increase in the activity after potassium addition is
due to the formation of KFeO, species in the surface of the catalyst. One more advantage of
using potassium is the formation of potassium oxide along with steam to rejuvenate the catalyst
surface by burning the carbonaceous deposits.*” Other promoters have their respective enhancing
properties for example chromium and aluminium oxides act as structural promoters, magnesium
oxide acts as a support, cerium increases the activity and molybdenum oxide increases the
selectivity.*® The major drawback of dehydrogenation reaction is the thermodynamic limitation
where the hydrogen accumulation reverses the reaction. UOP in earlier days developed a process
to overcome the drawback by introducing a dual catalytic reactor setup where one catalyst
performs dehydrogenation and the other oxidizes the hydrogen formed. This process underwent
many changes and process developments.”® A process combining Lummus technology and UOP

setup of oxidative reheating by selective catalytic oxidation of hydrogen was found effective.
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This process is called as Styrene Monomer Advanced Reheat Technology (SMART process).’
Commercially many reactors were modified to SMART process where it has an advantage of
increasing the EB feed rate by 10 % as there is an increased ethyl benzene conversion which in
other hand reduces the recycle stream of unreacted mixture.

Distillation Section
[ 1

Ethylbenzene L Recycle Ethylbenzene Benzene
Offgas | l
Inhibitor
€=H
Compression
Steam
T T i | Toluene
Steam R De- DM*
> 5%  hydrogenation [ERYSEESAHEEN Scparator BEtiais ’W’
Superheater et Waste Monomer
Oz/Air T Condensate é"‘—flat Condensate Product
oiler
* Dehydrogenated Mixture Tar

Fig. 4.2.Reactor setup for SMART process®

Dehydrogenation process suffers from various disadvantages like

e Energy intensive process due to high endothermic nature of the reaction

e Rapid coking leads to severe catalyst deactivation

e Achieves less than 50% EB conversion per pass

e Needs high steam to hydrocarbon ratio

e Large amount of steam used increases the cost of operation
4.2.2. Epoxidation of propylene

In the propylene oxide process EB is converted to EB hydroperoxide using oxygen which

reacts with propylene to form propylene oxide and 1-phenyl ethanol. 1-phenyl ethanol which is
formed as by-product is dehydrated to form styrene. It is estimated that per tonne of propylene
oxide production 2.2 tonnes of styrene is been formed as by-product. Mo- complex based
catalysts are employed for this reaction generally and this process is commercialized by ARCO
and Shell. This process is not so efficient when compared to the conventional dehydrogenation

process.” 2
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Scheme.4.1. Synthesis of styrene as byproducts in propylene oxide synthesis

4.3.0xidative dehydrogenation of EB to ST

ODH is a thermodynamically favorable exothermic pathway which can be carried out at lower
temperatures compared to the commercial dehydrogenation process. ODH can be carried out
with various oxidants like oxygen, air, N,O, carbon dioxide, etc.

CeHsC2Hs + 0.5 O — CgHsCoHz+ HoO  AH gk = -124.2 kJ mol ™ 4.2

An extensive research is in progress to develop an efficient catalyst and economic process for
this particular conversion. A wide range of metal oxides, mixed metal oxides and carbon material
have been reported in peer reviewed literature. It is generally observed that mixed metal oxides
show more catalytic activity than individual oxides due to the high acid base bi-functionality.
Among all the catalyst system studied metal oxides of vanadium and iron based catalysts show

better catalytic activity. Reddy et al. have investigated the EB to ST reaction using air as an
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oxidant on CeO,/Al,03 and V,0s/CeO,/Al,O3 as catalysts.*® Sivaranjani et al. studied the ODH
of EB using oxygen or air as an oxidant with vanadium incorporated in the TiO, lattice.
Successful “V’ incorporation in TiO; lattice (Ti;—VxO-) leads to stable styrene yield at around
500 °C.* Xiao et al. have reported that the ODH of EB using hierarchical porous carbon spheres
using molecular oxygen giving around 43% conversion.™ Takehira and co-workers employed
Mg-Fe-Al mixed oxide derived from a hydrotalcite precursor as a catalyst with a mixture of CO,
and O, as an oxidant.'® Shiju et al. have utilized N,O as a mild oxidant for the conversion of EB
to styrene with VV/Al,O3." The LaggBaoFeo4Mng O35 Perovskite catalyst achieves above 60%
conversion of ethylbenzene and about 51% vyield of styrene yield and has high stability.'® Basic
sites are required to give an irreversible conversion of EB. Balasamy et al. have studied the role
of MgO sites in the hydrogen abstraction during dehydrogenation of EB.* Fan et al. have
reported 34% conversion of EB with 87% selectivity towards ST with mesostructured ceria.?’

Mesostructured Ni-doped ceria shows an improved activity compared to ceria.*
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PART-A

4.4.0DH of EB to ST over hydrotalcite derived cerium containing mixed metal oxides

4.4.1 Catalyst Characterization

4.4.1.1 Powder X-ray Diffraction (PXRD)

Fig. 4.3 shows the PXRD profiles of series of MAC catalysts along with reference materials
before and after calcinations. PXRD of as synthesized catalysts show diffraction patterns
corresponding to hydrotalcite layered structure with a small amount of ceria diffraction features.
There is no change in the 26 value of periclase phase after CeO, incorporation, which indicates
that there is no intercalation of CeO, between the HT layers, rather it disperses. The intensity of
reflections corresponding to the layered structure decreases as the amount of cerium increases
(Fig. 4.3a). PXRD patterns of calcined catalysts are depicted in Fig. 4.3b. The diffraction
features corresponding to both periclase phase of Mg(ANO (JCPDS. No. 4-829) and ceria
(JCPDS. No. 78-0694) were seen predominantly. Absence of layered HT features indicates
disintegration of the layered structure into mixed oxides. It is observed that the peak width
corresponding to the (111) plane of ceria increases as the cerium loading decreases which
suggests that the ceria is well dispersed on Mg-Al oxide. At higher cerium loading, the features
corresponding to periclase phase decreases. It is mainly due to the blocking of ceria which is

agglomerated on the surface of the catalyst.

a ﬁ b
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Fig. 4.3.PXRD patterns of (a) as synthesized and (b) calcined MAC catalysts. XRD

results for CeO, and Mg(Al)O are given for comparison.
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The BET surface areas of all the calcined catalysts are given in Table 4.2. The lower cerium
containing catalysts showed more or less similar surface areas. When the cerium loading
increases, the surface area decreases, and in MAC-4 the surface area decreases to a greater extent
because of the ceria agglomeration over Mg(Al)O. The basicity of the catalysts were analyzed by
temperature programmed desorption of CO,. As the cerium loading increases the basicity
increases when compared to pristine Mg-Al oxide and at higher loading of ceria the basicity

drastically decreases.

_ Surface | Amount of o
S.No _ w | Area cerium!®
mole ratio size(nm) ) (Hmol/g)
(mlg) | Wt%)
Mg(Al)O
1 9AD) -- 189 -- 363
(3:1)
MAC-1
2 8.66 218 0.61 384
(3:0.99:0.01)
MAC-2
3 9.11 214 1.70 398
(3:0.97:0.03)
MAC-3
4 9.90 180 3.03 402
(3:0.95:0.05)
MAC-4
5 12.7 42 26.16 243
(3:0.5:0.5)
6 CeO, 13.5 137 -- 23
[a] Average crystallite size calculated from Scherrer equation using (111) plane of CeO; in
PXRD.
[b] Average wt % obtained from EDX analysis carried out over a wide area of 500 um?
[c] Obtained by TPD of CO,

Table.4.2. Physicochemical properties of all catalysts
4.4.1.2. Thermal Analysis
The thermal stability of the catalysts was studied by thermogravimetric analysis. TGA showed
that hydrotalcite goes through a series of weight loss involving: adsorbed water, interlamellar
water molecules, dehydroxylation of the brucite-like sheets and finally decomposition of the

carbonate anions which results in the formation of stable mixed oxide. The maximum
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temperature generally used to activate hydrotalcite-like compounds is around 450 'C, as at higher
temperatures the hydrotalcite will be transformed into periclase phase. The data from thermal
analysis was taken as a reference and the catalysts were calcined at 450 'C at which all the
hydrotalcite phases would have been removed to give an evenly distributed mixed oxide.
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Fig. 4.4. TGA profile of as synthesized MAC-2 and CeO,
4.4.1.3. Raman spectroscopy
Fig. 4.5 shows Raman spectra for all the series of catalysts along with pristine ceria, which
shows a prominent peak at 463 cm™ corresponding to the vibrational mode of the cubic fluorite
(F2g) CeO; lattice.?? The peak broadens at less cerium loading which confirms the nanocrystallite
size of ceria. At lower loading a peak appears around 546 cm™ due to oxygen vacancies
generated and the associated charge imbalance caused by Ce®* ions in ceria.?® This oxygen
vacancy is not so prominent at higher cerium loading. These oxygen vacancies help in achieving
good oxygen mobility and an increase in these defect sites has a direct relationship with the rate
of conversion
of EB.*
4.4.1.4. X-ray photoelectron spectroscopy (XPS)
XPS was recorded to explore the electronic structure of MAC catalysts. The binding energy
values for the Mg 2p core level at 50.5 eV and the Al 2p core level at 75 eV respectively were
observed (Fig. 4.6) which are in good agreement with the literature.*>Ce 3d and O 1s core level
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XPS spectra are shown in Fig. 4.7. The O 1s and Ce 3d core level of MAC-2 was compared with
the spectra of pure ceria in order to observe the changes in the catalyst surface. Fig. 4.7 a shows
the O 1s core level spectrum of pure ceria which shows two peaks: (i) 529.3 eV corresponding to
lattice oxygen and (ii) 531.3 eV corresponding to surface hydroxyl groups.?®%’ Fig. 4.7 b shows
the O 1s spectrum of MAC-2 which shows three peaks: (i) a peak at 529.7 eV corresponding to
lattice oxygen of ceria, (ii) a peak at 531.3 eV corresponding to lattice oxygen of Mg(Al)O and
(iii) a peak at 533 eV corresponding to the surface hydroxyl and carbonate impurities. The BE
value shift for O 1s for surface impurities increases by 1.7 eV which might be due to surface

defects caused in MAC-2 catalyst along with surface impurities.

CeO,

MAC-4

Intensity(a.u)
A\

MAC-1

460 ' 560 ' 660 ' 700
Raman shift (cm™)
Fig. 4.5. Raman spectra of all catalysts showing the oxygen vacancy generated at lower loading
of cerium

Fig. 4.7 ¢ shows the Ce 3d core level spectrum in which multiple peaks corresponding to both
Ce®* and Ce™ were observed which was deconvoluted by a peak fitting method with the Shirley
background.?®% The peaks resulting from Ce** 3d/, appearing at 900.8 eV (u), 907.2 ¢V (u”) and
916.7 eV (u"") and also the peaks due to Ce** 3ds, occurring at 882.4 eV (v), 888.8 eV (v") and
898.1 eV (v""") were observed.?*?#*° The four peaks corresponding to Ce**, namely u’, v/, u, and
vo [903.7, 884.7, 899.2 and 880.1 eV respectively],**"*? were observed with lower intensity
which is due to fewer defects in pure ceria. The same peaks were observed with the same BE for

MAC-2 (Fig. 4.7 d) but the intensities corresponding to Ce®" were comparatively more than
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those for the pristine ceria, which shows the increase in the defects caused by the increase in
Ce*" in MAC-2.

Al2p Mg 2p

Intensity (a.u)

Binding energy (eV) Binding Energy (eV)

Fig. 4.6. XPS spectra: Al 2p and Mg 2p of MAC-2
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Fig. 4.7. XPS spectra: (a) O 1s of pure ceria, (b) O 1s of MAC-2, (c) Ce 3d of pure ceria
and (d) Ce 3d of MAC-2. The black line represents the recorded spectra
4.4.1.5. Scanning Electron Microscopy (SEM)
The scanning electron micrographs of both calcined and uncalcined samples of MAC-2 were
compared with Mg-Al mixed oxide derived from hydrotalcite as shown in Fig. 4.8. Mg-Al oxide

exhibited hexagonal sheet like morphology as shown in Fig. 4.8 a and the presence of ceria
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affects the sheet like morphology. Even though the uncalcined MAC-2 had a little flake like
shape and this feature is completely lost after calcination and it didn’t show any specific
morphology (Fig. 4.8 c). EDAX analysis was used to measure the material composition as well
as to find out the extent of homogeneity of the sample. Fig. 4.9 is the elemental mapping with
color coding for different elements. The data confirms that there is a homogeneous distribution

of the metals in microscopic level.

Fig. 4.8. SEM images of (a) Mg-Al mixed oxide (b) MAC-2 before calcination (c) MAC-2 after

calcination

Fig. 4.9. Elemental mapping of MAC-2 (Mg-—green, Al-blue, Ce-yellow, O-red)

4.4.1.6. Transmission electron microscopy (TEM)

Fig. 4.10 shows the TEM images of calcined catalysts, namely Mg(Al)O, a catalyst with
maximum cerium (MAC-4) and a catalyst giving maximum conversion (MAC-2). Mg(Al)O
shows a nanofibre or distorted sheet morphology (Fig. 4.10 a) which is usually observed for
calcined hydrotalcites. However, upon introduction of a small amount of cerium to Mg(ADO, a

sheet like morphology is seldom seen. MAC-2 shows (Fig. 4.10 b and c) an even distribution of
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ceria clusters on the basic framework of the catalyst. The same types of images were obtained for
the MAC-1 and MAC-3 catalysts.

TA31A

R ceo,(111)

Fig. 4.10. TEM of (a) Mg(Al)O, (b) MAC-2 and (c) MAC-2-high resolution image of (i)

individual ceria clusters. (ii) Diffraction (P - periclase and C - ceria) pattern. (d) MAC-4

showing aggregated ceria clusters.
4.4.2. Catalytic activity measurements
The activity of various hydrotalcite derived mixed oxide catalysts for the oxidative
dehydrogenation of ethyl benzene to styrene with oxygen as oxidant was investigated. Due to the
exothermic nature of the reaction and the presence of combustible reactants and products along
with oxygen, caution must be taken during the course of the reaction. ODH was carried at 450 °C
at atmospheric pressure over the hydrotalcite derived mixed oxide catalysts. The reaction was
done over 1 mL catalyst and with LHSV 3 h™ ethyl benzene and GHSV 1200 h™* oxygen flow.
Styrene is the major product whereas toluene, benzene, water and carbon oxides are the side
products of the reaction. Reactant feed flow, oxidant flow and temperature variation studies were
carried out in order to optimize the catalysts. Catalytic activities were tested for 12 hours time on
stream and the reaction data are compared for every hour.
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4.4.2.1. Effect of preparation method

The catalytic activity of MAC-4 prepared via co precipitation as well as co-precipitation
followed by hydrothermal treatment was compared (Fig. 4.11) for 12 hours at 450 °C and LHSV
of EB and O, at 3 h™and 1200 h™ respectively. During the initial hours of TOS, co-precipitated
catalyst showed higher conversion and as time on stream increases the activity started to
decrease. The hydrothermally treated catalyst showed a better and stable activity when compared
to the earlier. Thus co precipitation followed by hydrothermal treatment method was followed
for further synthesis of the catalysts which was used for optimization studies.
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Fig. 4.11. Effect of Hydrothermal treatment for MAC-2
Reaction conditions: 450 °C, LHSV 3 h™ with respect to EB, GHSV 1200 h™* with respect to
oxygen 1 atm.pressure, 1 mL catalyst
4.4.2.2. Effect of oxygen flow
To understand the effect of oxidant (molecular oxygen) flow on catalytic activity, the reaction
was carried out with three different flow rates of oxygen (GHSV 600, 1200 and 2400 h™), and
the results are shown in Fig. 4.12. MAC-2 was employed as a catalyst and the reaction was
measured at 450 °C and LHSV 3 h™ with respect to EB flow. In ODH reactions the surface coke
which forms in 2-3 hours of the initial reaction over the catalyst plays a vital role in increasing
the catalytic activity. The thin coke layer helps in increasing the activity and the good oxygen

transport of CeO, helps in long term stability of the catalyst.>®* The conversion increases as the
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oxygen flow increases from GHSV 600 to 1200 h™ wherein the maximum activity is observed
with 1200 h™. However the selectivity remains stable at both the oxygen flow rates (600 and
1200 h™). At very high oxygen flow rate (2400 h*) the initial conversion was high and decreased
as time progressed, which was due to cracking of EB and ST to over oxidized gaseous products
mainly to CO,, which was confirmed by the low mass balance of liquid products and in the spent

catalyst analysis.
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Fig. 4.12. Conversion of EB and selectivity of ST at different oxygen flow rates over MAC-2.
Reaction conditions: 450 °C, LHSV 3 h™* with respect to EB, 1 atm.pressure, 1 mL catalyst

The initial high conversion at high oxygen flow rate suggests that at high oxygen flow, high
oxygen mobility in ceria is observed, which directly helps in higher conversion. This is in
contrast to the gradual increase in conversion from around 20 % at TOS 1 hour to optimum
conversion at TOS = 4 hours for the two lower GHSV flow rates. Indeed an initial high flow rate
is suggested to increase the conversion which would optimize the ST vyield right from the
beginning.

4.4.2.3. Effect of reaction temperature

Fig. 4.13 shows the EB conversion and ST selectivity as a function of temperatures (400-500 °C)
with MAC-2 as the catalyst with 1200 h™ GHSV oxygen flow and 3 h™* LHSV EB flow. It is
observed that conversion increases as the temperature increases. Higher conversion and

selectivity are observed at 450 °C; moreover, the catalytic activity remains stable at this
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temperature. At 500 °C the initial conversions increased and after 5 hours the conversion
decreased which is mainly due to more coke deposition at higher temperatures because of over
oxidation. This was confirmed by TGA analysis of the spent catalyst will be discussed later.
Hence 450 °C was taken as an optimized reaction temperature for maximum conversion and

stable yield of styrene.
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Fig. 4.13 Conversion of EB and selectivity of ST at various reaction temperatures over MAC-2.

Reaction conditions: LHSV 3 h™* with respect to EB and GHSV 1200 h™* with respect to oxygen,
1 atm. pressure, 1 mL catalyst.

4.4.2.4. Effect of ethyl benzene flow

Fig. 4.14 shows the EB conversion and ST selectivity as a function of EB flow rate (LHSV = 2,
3, 4, 6 h™). MAC-2 was employed as a catalyst and the reaction was measured at 450 °C and
1200 GHSV h™ oxygen flow. At very low EB flow (LHSV = 2 h™) an interesting observation
was made: the conversion of EB is stable and the selectivity towards styrene was decreased. This
is due to the increased contact time over catalyst, which favors the decomposition of the styrene
formed. At an appropriate LHSV 3 h™* flow, the conversion increased steadily along with yield of
styrene. Conversion and selectivity decreased as the flow rate increased (LHSV = 4 and 6 h),
which is due to less contact time between the catalyst and the reactants. Henceforth 3 h™ (LHSV)

was decided as the optimal flow of EB for further studies.
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Fig. 4.14. Conversion of EB and selectivity of ST at various EB flow rates over MAC-2.

Reaction conditions: 450 °C, GHSV 1200 h™ with respect to oxygen, 1 atm. pressure, 1 mL
catalyst.

4.4.2.5. Effect of cerium loading

A catalyst containing various amounts of cerium was prepared to optimize the nominal amount
of cerium that is required for maximum conversion, which is shown in Fig. 4.15. Catalysts
containing lower amounts of cerium (x = 0.01, 0.03, 0.05) gave better conversion when
compared to higher cerium loading. Among the three catalysts, MAC-2 (x = 0.03) gave the
maximum conversion of about 49.4 % with 97 % selectivity towards ST when compared to the
other two catalysts. This amount of cerium was considered as the optimum amount to achieve
high yield of styrene. At higher loadings (x = 0.1, 0.3, 0.5) the conversions decreased gradually
because of agglomeration of ceria on the surface of the catalyst and poor dispersion. The
conversion and selectivity profile of a higher amount (MAC-4) of cerium containing catalyst is
given, which shows around 10 % decrease in the yield of styrene. For understanding the activity
of cerium containing hydrotalcite derived oxide, reactions were performed with Mg-Al oxide and
ceria (Fig. 4.16) which gave a maximum of 35 and 38 % conversion respectively with lower
selectivity (92.8 and 87.8 % respectively) towards styrene than the cerium containing Mg-Al
mixed oxide. This indicates that the higher activity associated with MAC is due to synergistic

interaction of CeOy and hydrotalcites, with ceria playing the role of an oxygen supplier.
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Fig. 4.15. Conversion of EB and selectivity of ST at various cerium loadings

Reaction conditions: 450 °C, LHSV 3 h™ with respect to EB and GHSV 1200 h™ with respect to
oxygen, 1 atm. pressure, 1 mL catalyst.
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Fig. 4.16. Conversion of EB and selectivity of ST for i) MAC-2 ii) Ceria iii) Mg(Al)O.

Reaction conditions: 450 °C, LHSV 3 h™* with respect to EB and GHSV 1200 h™ with respect to
oxygen, 1 atm. pressure, 1 mL catalyst.

The atom economy for all catalysts employed was calculated using the equation - 4.3.% The
experimental efficiency was calculated by multiplying the yield of styrene obtained with the
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theoretical yield. The atom economy of MAC-2 was more when compared with pure ceria. The
turnover number (TON) and turnover frequency (TOF) decrease as the cerium loading increases
(Table 4.3) which supports the claim that a lower amount of cerium has good dispersion which

helps in obtaining good activity and stability.

Mass of the required product

Theoretical atom economy =

Mass of all obtained products 43
Catalyst Turn over Number # | Turn Over Frequency (s | Atom Economy (%)
MAC-1 216 0.90 34.4
MAC-2 96.5 0.40 40.7
MAC-3 50.6 0.21 36.8
MAC-4 4.8 0.02 30.4

[a] calculated based on basicity and amount of ceria present in the catalyst

[b] calculated at steady state reaction conditions

Table.4.3. TON, TOF and Atom Economy values for all the catalysts studied

Entry Conv.of EB® Selectivity!™ Yield of styrenel®
(Mg:Al:Ce (mol %) (%) (mol %)
mole ratio) Styrene Others!”

Mg(Al)O 33.6 93.1 6.8 31.3

MAC-1 42.2 95.9 4.0 40.5

MAC-2 49.4 97.0 2.9 47.9

MAC-3 455 95.8 4.0 43.4

MAC-4 37.0 96.7 3.3 35.8

CeO, 32.5 96.3 3.6 31.3

[a] Conversion at steady state. Reaction conditions: 450 °C, LHSV 3 h™* with respect to EB
and GHSV 1200 h™* with respect to molecular oxygen. Molar ratio (O,/EB) = 2,
1 atm. pressure, 1 mL catalyst, Liquid mass balance obtained in each run ~2.9 mL.

[b] Toluene, benzene, benzaldehyde and styrene oxide

Table.4.4. Conversion of EB and product selectivity comparison
4.4.2.6. Time on stream study
In order to study the stability of the catalyst, the optimized catalyst (MAC-2) was employed for
longer (TOS) condition (72 hours) under optimized reaction conditions i.e. 450 °C, LHSV 3 h
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with respect to EB and GHSV 1200 h™ with respect to molecular oxygen. The activity remained
the same (Fig. 4.17) as mentioned earlier in the effect of cerium loading with maximum 49.4 %
conversion and 97 % selectivity towards styrene. During 72 hr of TOS study it was observed that
the catalytic activity remains more or less stable with only ~3 % decrease in conversion even
after 72 hours.
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Fig. 4.17. 72 hours TOS study using MAC-2 as catalyst.

Reaction conditions: 450 °C, LHSV 3 h™ with respect to EB and GHSV 1200 h™ with respect to
oxygen,1 atm pressure, 1 ml catalyst

This is far better than pure ceria which shows a decrease of ~7 % in 12 hours of TOS. The
activity was same as the initial maximum conversion when the catalyst was regenerated with
1200 h™ oxygen flow at 450 °C. These features of the catalyst with long term sustainability and
easy regeneration of catalyst at less working temperature than the commercial process® focuses
on the energy efficiency which is an important aspect to be considered in developing a greener
process. The yield of styrene is more when compared with pure mesoporous ceria®® emphasized
the importance of dispersing ceria in a particular mixed oxide system. The present catalyst
retains its initial maximum activity which was not observed in vanadia based catalyst
systems.**32 This is mainly due to good oxygen transport of ceria which in turn avoids excess
coke formation to maintain the activity for more than 12 hours. Seldom literature reports
demonstrated the activity for more than 20 hours with high selectivity. This stability was
observed continuously for 72 hours which supports the high efficiency of our MAC- 2 catalyst.
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4.4.3. Spent catalyst Analysis

PXRD pattern of spent catalyst was taken and compared with freshly calcined catalyst (Fig.
4.18). There is no phase transition of the spent catalyst during the studies which was
corroborated by PXRD and also suggests that the catalyst is intact and stable even after reaction.
The amount of coke deposited was evaluated for different reaction conditions using the data
obtained from TGA of the spent catalyst. The following observations were made from TGA
analysis, 1) the highest weight loss was observed for the catalyst employed at 500 °C ii) the
lowest was for the high oxygen flow (2400 h™ ) iii) also the catalyst employed at lower oxygen
flow showed more weight loss. Based on these observations it can be concluded that, the high
coke formation at very high temperatures and low oxygen flow deactivates the catalyst and also
high oxygen flow decreases the coke formation by oxidizing the coke formed. Catalyst used at
400 °C showed less coke deposition and less activity when compared to optimized temperature
(450 °C). So in order to have less coke and stable activity of the catalyst, an optimal temperature
with a suitable flow of oxygen is required for good conversion and also in regenerating the
catalyst during the reaction for longer time. Based on these observations the optimized reaction
condition i.e. 450 °C and 1200 h™ with respect to oxygen suits well for getting a better yield of
ST and stable activity.
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Fig. 4.18. a) PXRD of fresh and spent (MAC-2), b) TGA of spent catalyst (MAC-2) at various

temperature and oxygen flow conditions

4.4.4. Conclusion

Systematic cerium containing mixed oxides from a hydrotalcite precursor were prepared with a
high surface area which also shows a better catalytic activity for the conversion of EB to styrene.
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The morphological studies show evenly distributed ceria crystallites at lower loading of cerium.
The catalyst with 0.03 mol % of cerium shows the highest conversion when compared to all
other compositions prepared. On increasing the cerium loading the catalytic efficiency decreased
and at 0.5 mol % of cerium the activity is more or less similar to pure ceria. Stable catalytic
activity for EB to ST under optimized reaction conditions was demonstrated continuously for 72
hours, which shows the sustainability and stability of the catalyst. The spent catalyst analysis
proves the stability of the catalyst where there is no significant difference in catalyst
characteristics even after the reaction. Interestingly there is no sintering or aggregation of ceria in
spite of exothermic nature of the reaction. The basicity, reducibility, oxygen storage capacity and

metal surface concentration were found to play a predominant role in this reaction.
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PART-B
4.5. ODH of EB to ST over Manganese substituted Ca(Sr)TiO3 perovskite type oxides
4.5.1. Catalytic activity
The perovskite type catalysts studied for ODH of ethane was studied for EB also. The catalyst
codes/notations remain the same as earlier chapter. To understand the influence of calcium
content in the activity of STM, calcium with three different molar ratios of calcium was
prepared.
4.5.1.1. Effect of Manganese and Calcium in SrTiOg3
All the prepared catalysts [CT, CM, CTM, ST, STM and SCTM (0.25,0.5,0.75)] were tested for
the oxidative dehydrogenation of ethylbenzene to styrene. The reaction conditions such that
LHSV 3 h with respect to EB, GHSV 1200 h™* with respect to O, at atm. pressure, and 500 °C
temperature was maintained for all the catalysts. Among all these catalysts Sry5CagsMng1Tiog -
SCTM 0.5(SC5TM) shows better activity and selectivity toward this reaction which is shown in
the Fig. 4.19

Conversion, yield, selectivity (mol %, %)
Conversion of EB
Yield of ST

o N o o g
T T o

Catalyst
Fig. 4.19. Activity comparison for all the catalysts

Reaction conditions: 500 °C, LHSV 3 h™* with respect to EB and GHSV 1200 h™ with respect to
oxygen,latm pressure, 1 ml catalyst

4.5.1.2. Effect of Preparation method
To compare the catalytic activity the perovskite catalyst SrosCagsMng1Tip9O3 (SC5TM) was
prepared by both citrate-gel method and glycine combustion method which was investigated
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under optimized reaction conditions such as LHSV 3 h™ with respect to EB, GHSV 2400 h™* with
respect to oxygen at 1 atm. and 1 ml catalyst at 500 °C. The EB conversion and ST selectivity of
both catalysts are shown in the Fig. 4.20. It was observed that the catalyst SC5TM prepared by
glycine combustion method gave a better styrene yield than the catalyst which was prepared by
the citrate gel method. For the optimization studies the catalyst prepared by glycine combustion

method was employed.
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Fig. 4.20. Effect of preparation method for ODH of EB to ST

Reaction conditions: 500 °C, LHSV 3 h™* with respect to EB and GHSV 2400 h™ with respect to
oxygen,1 atm pressure, 1 ml catalyst

4.5.1.3. Effect of the reaction temperature

Fig. 4.21 depicts the effect of reaction temperature on ethyl benzene conversion (varied from 450
- 600 °C) on the optimized catalyst SC5TM at LHSV 3 h™* with respect to EB, GHSV 2400 h*
with respect to oxygen at 1 atm. pressure. As expected, EB conversion gradually increases with
increasing reaction temperature which indicates that the ODH of EB is more favorable at higher
temperature using this catalyst but it is found that above 500 °C conversion increases rapidly
while selectivity decreases with increasing temperature it may be due to the cracking of EB at
high temperature. Based on the overall activity (Conversion and selectivity) 500 °C was
considered to be a better reaction temperature where highest selectivity was obtained. Hence, in

remaining all our studies 500 °C was kept as the optimized temperature.
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Fig. 4.21. Effect of temperature for ODH of EB to ST over SC5TM

Reaction conditions: LHSV 3 h™* with respect to EB and GHSV 2400 h™ with respect to oxygen,1
atm pressure, 1 ml catalyst

4.5.1.4. Effect of Oxygen flow

Ethyl benzene conversion was investigated with different oxygen flow rates and the other
parameters were LHSV 3 h™ of EB at 500 °C for 12 hours. The catalytic activity for 1200, 2400,
3600 and 4200 h™ GHSV of oxygen is shown in the Fig. 4.22. It was observed that the
ethylbenzene conversion initially increased with increasing time on stream up to 6 hours then a
steady state catalytic activity was obtained in the case of 1200, 2400, 3600 h™. In the case of
4200 h™* oxygen flow the conversion decreases after 6™ hour which is prominently due to the
very less contact time of EB over the catalyst. These results reveal that the 2400 h™ oxygen flow
exhibited high styrene yield for the catalysts with stable conversion. Selectivity towards styrene
decreases with increase in oxygen flow rate. Slight excess of cracking products such as toluene
and benzene was also observed in higher oxygen flow which evidences the cracking of EB at
higher flow.

4.5.1.5. Effect of O, to EB ratio

Fig. 4.23 shows the EB conversion and ST selectivity as a function of EB flow rate (LHSV =
1.8, 2.4, 3 h™ which corresponds to O,/EB - 3.3, 2.5 and 2 respectively) over SC5TM as a
catalyst and the reaction was done at 500 °C and GHSV 1200 h™ oxygen flow.
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Fig. 4.22. Effect of oxygen flow for ODH of EB to ST over SC5TM
Reaction conditions: 500 °C, LHSV 3 h™ with respect to EB, 1 atm pressure and 1 ml catalyst

From these data it was evident that EB conversion reaches the maximum of 33.1 % with 95.6 %
selectivity to styrene over the catalyst when the oxygen to EB ratio is 3.3. The selectivity
towards styrene is independent of EB flow which is almost same in all cases. This conversion
enhancement at this oxygen to EB ratio is due to the high contact time of EB over the catalyst

and this ratio was maintained as an optimized condition for getting better activity.

4.5.2. Spent catalyst analysis

The spent catalysts (STM, CTM and SC5TM) were subjected to Thermogravimetric analysis
from room temperature to 800 °C. It was observed that the CTM showed a higher weight loss
when compared to other catalysts which was also observed for ODH of ethane due to more
electrophilic oxygen species been formed on this catalyst surface. SC5TM showed minimal
weight loss when compared to STM and CTM which supports the reason for better activity
towards ODH of EB to ST also. Based on this study it is evident that the electrophilic oxygen
species when present in nominal amounts helps in driving the reaction and when the
concentration of these species increases total oxidation happens due to which coke is also formed

which decrease the overall activity of the catalyst.
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Fig. 4.23. Effect of O,/EB ratio for ODH of EB to ST over SC5TM

Reaction conditions: 500 °C, GHSV 2400 h™* with respect to oxygen,1 atm pressure and 1 ml
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Fig. 4.24. TGA analysis of SC5TM,STM and STM

4.5.3. Conclusion
From these studies, Manganese and Strontium substituted on CaTiOj3 type perovskites (CT, ST,
STM, CM, CTM and SC5TM) were prepared by facile citric acid sol-gel method. After

optimizing the metal ratios among the catalytic studies the best catalyst was SC5TM which
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showed a better activity when it was prepared by glycine combustion method. In conclusion, we
demonstrated that the SC5TM prepared by glycine combustion exhibited both high activity and
selectivity in oxidative dehydrogenation of ethylbenzene to styrene in presence of oxygen as
oxidant. For the active catalyst that obtained from initial screening was investigated under
varying reaction conditions like temperature, reactant flows, oxidants, different metal
proportions. The best results observed for the ODH of EB on the catalyst SC5TM
(0.5:0.5:0.1:0.9) were prepared by glycine combustion and tested under steady EB flow LHSV 3
h™® and GHSV 2400 h™ with respect to oxygen at 500 °C and at atmospheric pressure. The
PXRD patterns shown a homogenous and pure phase formation of Perovskite type oxides for all
the materials prepared. The spent catalyst analysis showed a minimal amount of coke formation

when compared to other catalysts studied.
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Synopsis

In CeVOy,, the transition elements Cr, Mn, Fe and Co were substituted in cerium site by a

simple pH controlled precipitation followed by the hydrothermal treatment

The formation of CeO, crystallites on the surface of CeVO, was evidenced by PXRD and

Raman spectroscopy studies

The surface ratio of Ce**/Ce®* was calculated after deconvolution of Ce 3d core X-ray
photoelectron spectra of pure CeVO4 and with ‘Mn’ substitution

Catalytic activity towards ODH of 1-butene for all the transition metal substituted CeVO,
were carried at optimized reaction conditions in which the ‘Mn’ substituted catalyst gave

a better activity

Further activity studies were carried out to optimize the manganese loading and catalytic
activity of optimized composition which was compared with manganese impregnated
CeVO4
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5.1.Introduction

1,3-butadiene (BD) is one of the important platform chemical which is employed in the
production of many fine chemicals and commercial end products. The potential of BD to form
rubber like polymers was identified in the earlier days of 20" century and its production was
more during the World War Il in Germany and in the United States. After the discovery of
Ziegler Natta catalysts which were based on organometallic which was used to get high quality
rubbers from BD.? It is an important building block chemical which is used to synthesize a
variety of polymers like SBR(styrene-butadiene rubber), polybutadiene (PB), Styrene butadiene
latex, Acrylonitrile-butadiene-styrene (ABS) resins, adiponitrile and nitrile rubber. Fig.5.1 shows
the ratio of chemicals produced from BD. Among this the SBR finds more usage as these are
used for the manufacture of tyres and along with that it is also used production of adhesives,

sealants, coatings, and other rubber articles such as shoe soles, etc.>*

ABS, 5%

NBR, 11%

Fig. 5.1. Commercially important products from BD?

5.2. Production of 1,3-butadiene

In 1920-1930 when the synthetic rubber was produced from BD industries had their own way
and source of synthesis. For example in Russia, BD was synthesized from the grain ethanol using
a single step process which was called as Lebedev process.**® Germany under the brand name
"Buna-S" produced BD from the acetylene that was obtained from coal. This acetylene process
was prevalent those days by two ways of synthesis which are (i) Aldol process and (ii) Reppe
process. In the Aldol process the acetylene from coal is converted to acetaldehyde which is
converted to 1,3-butanediol by aldol reaction and this on dehydration forms BD. In the Reppe

process formaldehyde is reacted with acetylene to form 1,4-butynediol which on hydrogenation
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gives 1,4-butanediol and this on partial dehydration via tetrahydrofuran, BD was obtained.® Due
to the supply demand factors and operational costs both the routes were abandoned. The
emergence of fossil fuels fuelled many pathways as it was a remarkable source for many of the
platform chemicals and fine chemicals. Due to the decline in acetylene, BD was obtained during
the naphtha cracking process and till date around 98 % of the global BD is obtained from the C4
raffinates which are extracted from naphtha cracking.(Fig. 5.2) Generally the separation of BD is
from the C4 stream and it requires an exhaustive and expensive extractive distillation with a
selectivity of only 4-5 % due to formation of azeotropic mixture with butane. In addition to this
the C4 fraction itself is greatly dependent on cracking severity. Due to the invention of shale gas
and the ethane only steam cracking process which has lower operating costs and increased
selectivity towards ethene, the production of BD by naphtha cracking does not satisfy the
demands of the growing BD market. Due to this restrictions on the availability of BD, high BD

prices are likely to occur in near future.’
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Fig. 5.2. Naphtha Cracking process with extraction chambers®
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5.3. Dehydrogenation of butanes and butenes

The dehydrogenation of butane and butene is another pathway for the production of BD. As
shown in Scheme-5.1 the dehydrogenation process is highly endothermic and requires high
temperature for a reasonable conversion of butane. Due to the high endothermicity and the coke
formation the yield of BD is less and to overcome this Le chatelier's principle can be applied
wherein the reaction can be carried out with little vacuum or in presence of steam. This has three
advantages, i) reduced coke deposition, ii) provides additional heat for the reaction, and iii)
steam can be easily separated and recycled during reaction

C4Hg— C4Hg+ Hy AH° = 110kJmol™ 5.1

In 1943 Houdry-Catadiene process was developed wherein the dehydrogenation was carried out
in single step over 20 % Chromium oxide loaded on Aluminium oxide. This process is carried
out at high temperatures from 600-700 °C due to which coking is more and frequent regeneration
is required.®® Phillips petroleum developed a two step process wherein the first step butane is
dehydrogenated to butene over Cr,03-Na,O-Al,O3 and in second step butene is dehydrogenated
to BD over Fe,03-K,0-Al,O; catalysts.’® Due to the regeneration drawbacks and high
endothermicity there are very less reports in open literature for dehydrogenation of butane and
butene.

5.4. Oxidative dehydrogenation of butane and 1-butene

Oxidative dehydrogenation (ODH) overcomes all the drawbacks of dehydrogenation where the
thermodynamic limitations can be reduced by oxidizing the hydrogen formed using an oxidant
and coke is also removed by oxidizing it to COy. The exothermic oxidation of hydrogen to water
helps in partially covering the heat requirements of the endothermic dehydrogenation reaction.
The catalysts that are active for ODH of n-butane are classified as Zn and Mn ferrites, supported
vanadium oxide, vanadates (mainly magnesium vanadate), molybdates, and nickel-based
oxides.** Many catalytic systems have been studied for ODH of n-butane but still a convincing
productivity is not obtained as even in the best-tested catalysts owing to high reactivity of
alkenes, the yields for total dehydrogenation products are limited. Butenes which are obtained
from refining and naphtha cracking units serve as the starting materials for conversion into
butadiene through a single-stage process. Oxo-D process of Petro-Tex (1965) and OXD process
of Phillips was developed wherein steam was used in the process with steam/butene molar ratio

of 12/1.
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A NS AN

Butenes

N+ N+ HyC—CHg+ H,C=—CH,+ CH,

+ 0,/CO >
hd 2o Cracked products

H,0 + CO,

Combustion products

Fig. 5.3. Reaction scheme for ODH of 1-butene
Among the materials investigated for ODH of 1-butene to 1,3-butadiene bismuth molybdates are

12-14 1517 are also been

the widely studied oxide systems and a few noble metal based systems
reported till date in open literature. Bismuth molybdates are extensively studied systems but in
pure form it exhibits low performance in ODH reaction. To improve catalytic performance
metals like Co, Ni, Fe, La,V, Ce was incorporated and investigated.’® In all these processes

steam or CO,was employed as diluent to increase the selectivity of BD.
5.5. Results and discussion

5.5.1. Catalyst Characterization

5.5.1.1. Powder X-ray Diffraction

PXRD patterns of all the catalysts synthesized are shown in Fig. 5.4. In the PXRD pattern of
CeVO, the peaks of tetragonal phase CeVO, (JCPDS. No. 12-0757) were predominant with
additional peaks of cubic CeO, (JCPDS. No. 78-0694) as impure phase. In the CeVVO,4 when the
transition elements Cr, Mn, Fe and Co was incorporated in cerium site there was an increase in
the intensity of the peaks corresponding to CeO; (Fig. 5.4 a). In case of 'Co' incorporated catalyst
the peaks corresponding to ceria phase were predominant which is mainly due to the blocking of
ceria which is agglomerated on the surface of the catalyst. Based on the catalytic activity of
CeVO, with three different molar ratios of 'Mn' was incorporated and the peaks corresponding to
CeO; increased as the loading of the 'Mn' increased (Fig. 5.4 b). In all the catalysts peaks
corresponding to polymeric V,0s were not found.
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Fig. 5.4. PXRD pattern of CeVVO, with a) different transition metals and b) different loadings of
Manganese

Surface area of all the catalysts were calculated by using Brunauer-Emmett-Teller (BET)
equation and the results are shown in Table.5.1. The surface area of all the samples were low
which are characteristic for these type of materials.?* The low surface area of these samples were

due to the crystal growth and agglomeration of particles during calcination at 600 °C.

S.No | Catalyst (molar ratio) Code Surface area (m?/g)
1 | cCevo,(1:1) cVv 6.7
2 CeCrvO, (0.8:0.2:1) CcCrVv 5.9
3 | CceMnv0,(0.8:0.2:1) CMV1 5.7
4 | CeMnVOy, (0.88:0.12:1) CMV2 6.2
5 CeMnV04(0.94:0.06:1) CMV3 6.3
6 CeFeV0O,(0.8:0.2:1) CRrV 4.8
7 | CeCoV0,(0.8:0.2:1) Ccv 4.5

Table.5.1. BET surface area of all the catalysts synthesized
5.5.1.2. Transmission electron microscopy (TEM)
TEM images shown in Fig 5.5 depict the morphology of the crystallites of CMV2 which were
mostly cylindrical and spherical structures both measuring 20-50 nm. In HRTEM it was
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observed that there was a homogeneous distribution of CeO, over the CeVO, matrix and separate
clusters of CeO, were not observed. In addition to that the lattice fringes of MnO, or polymeric
V,05 species were not observed. The lattice fringes of both CeVVO, and CeO, were observed and
these d-spacing matched well with the value obtained from PXRD pattern.

o<

A 20

i\
: A

0.32 nm (111)

20 nm

Fig. 5.5. TEM images of CMV2 showing the morphology and lattice fringes

5.5.1.3. Raman Spectroscopy

Raman spectra of all the catalysts are shown in Fig 5.6. In the case of CeVVO, bands at 223, 258,
368, 460, 783, 796 and 858 cm™ were observed. The Raman band at 858 cm™ corresponds to
symmetric stretching of vanadate species (Aig), peaks at 796 and 783 cm™ corresponds to the
antisymmetric stretching of vanadates (Eq and B,g) and 460 and 368 cm™ to deformations of Bog
and By,.”>?" The peak corresponding to vibrational mode of the cubic fluorite (F2g) CeO,
lattice®® at 460 cm™ increases as transition metals were incorporated in the CeVO, lattice. In
addition, the incorporation of transition metals in 'Ce' site decreased the intensity of peaks
corresponding to CeVO,4. Raman band corresponding to VOy species from polymeric V,0s at
995 cm™ were not observed on the spectra of any of the samples taken for the study. In case of
manganese incorporated CeVO, at higher loadings of manganese the bands corresponding to
Mn-O stretching vibration of MnO, was observed at 578 cm™.%°

5.5.1.4. X-ray photoelectron spectroscopy (XPS)

To explore the electronic and surface properties of CV and CMV2, both the catalysts were
subjected to XPS analysis. O 1s spectra of CV and CMV?2 are shown in Fig. 5.7. in which a
prominent peak at 529.1 eV was observed which corresponds to the lattice oxygen of the CeVO,
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and Ce0,.%*%3! |n case of CMV2 the O 1s peak was slightly broad due to the surface hydroxyl
impurities at 530.1 eV. V 2p spectra are shown in Fig. 5.8. in which two peaks corresponding to
V 2ps; (516.4 eV) and V 2p1/(524.1 eV) were observed.**%

a b
CFV
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& 7 CMV 1
E cmvi| &
= ‘@
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- ccrv|
cv
) I LI LI 1 T T r '
200 400 600 800 1000 200 400 600 800 1000
Raman shift (cm™) Raman shift (cm™)

Fig. 5.6. Raman spectra of CeVVO, with a) different transition metals and b) different loadings of

Manganese
0 1s of CV O 1s of CMV2
7
-5
<
£
@
=
g
=
—
T T ! ’ L) T T T T T
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Fig. 5.7. O 1s XPS spectra of CV and CMV2
To understand the changes in surface Ce**/Ce* ratio in CV after substituting 'Mn' the Ce 3d core
level spectra was taken (Fig. 5.9). The curve fitting were carried out by using CASA software
and Shirley background subtraction was employed for background removal. In Ce 3d core level
the peaks resulting from Ce**at 900.8 eV (u), 907.2 eV (u”) and 916.7 eV (u"), 882.4 eV (v),
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888.8¢V (v”) and 898.1 eV (v') and four peaks corresponding to Ce** at 903.7 eV (u’), 884.7
eV(v'), 899.2 eV (uo) and 880.1 eV (vo)*®*' were observed in both CV and CMV2.

VY 2pof CV V2p of CMV2
v 2p312
@w Vip,,
-9
<
£
g v 2plr’2 v me
R
=
T T T T T T
515 520 525 515 520 525
Binding energy (eV) Binding energy (eV)

Fig. 5.8. V 2p XPS spectra of CV and CMV2

Due to the activation in CeVO, surface the concentration of Ce*" was slightly higher than
expected (Table.5.2). After 'Mn' substitution, as observed in PXRD in XPS also it was evident
that the ratio of Ce** also increased. This increase in ratio of Ce*" helps in increasing the
selectivity of BD which will be discussed in catalytic activity discussion. In CMV?2 catalyst the
spectra of Mn 2p was recorded (Fig. 5.10) in which low intense and broad peaks corresponding
t0 2p32 (Mn**-641.3 and Mn**-642.6 eV) and 2p1/2(653 V) were observed.**3

Peak area® (%)
Catalyst
ce® Ce*'
CcVv 43 57
CMV2 30 70

a - calculated from area under the curve after curve fitting

Table.5.2. Peak area % of Ce™* 3" after deconvolution
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Ce3d-CMV2 : u"

Intensity (a.u)
Intensity (a.u)

8;}0 860 960 910 9’.;0 SéO 860 960 9‘l|0 950
Binding energy (eV) Binding energy (eV)
Fig. 5.9. Ce 3d XPS spectra of CV and CMV2

Mn 2p

Mn 2p,, Mn 2plfz

Intensity (CPS)

1 J T ] I
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Binding energy (eV)
Fig. 5.10. Mn 2p XPS spectra of CMV2 catalyst

5.5.2. Catalytic activity

5.5.2.1. Effect of transition metal substitution in CeVO,

To understand the role of transition metals substitution in CeVO, for ODH of 1-butene to 1,3-
butadiene, 'Cr,Mn,Fe,Co" were substituted in 'Ce' site (Fig. 5.11). All the catalysts were tested
with the reactant flow 6000 h™ (Ar:1-butene:O, - 8:1:1), at 400 °C and atmospheric pressure.
With CeVO,4 37 % conversion of 1-butene and 41 % selectivity towards 1,3-butadiene was
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obtained. Among the first row transition metals Cr, Mn, Fe, Co are known to be catalytically
active for oxidative dehydrogenation reactions. In order to investigate their role in enhancing the
activity of CeVO, towards ODH of 1-butene to 1,3-butadiene 0.2 molar ratio of these metals
were substituted in the 'Ce’ site. Among the four transition metals substituted CeVO,4, Manganese
substituted catalyst showed an increased conversion and selectivity when compared to other
metal substituted catalyst. In case of CMV1 1-butene conversion of 54 % and 44 % selectivity
towards 1,3-butadiene was obtained. FCV which contains 'Fe' substitution showed a similar
selectivity as CMV1 but the conversion of 1-butene was lower than that of CV. Based on the
catalytic activity, it was found that 'Mn' substituted catalyst is better when compared to other
three catalyst and further studies were made to optimize the reaction parameters and manganese
loading.

@ Conversion of 1- butene —@— Selectivity of 1,3- butadiene

Conversion & Selectivity (mol %, %)

Ccv CCrV CMV1 FCV ccv
Catalysts

Fig. 5.11. Effect of transition metal substitution in CeVVO, for ODH of 1-butene to 1,3-butadiene
Reaction conditions:Total reactant flow 6000 h™ (Ar:1-butene:O, - 8:1:1), at 400 °C and
atmospheric pressure

5.5.2.2. Effect of manganese loading

To optimize the amount of manganese loading in CeVO, three molar ratios (0.2,0.12,0.06-
CMV1, CMV2, CMV3 respectively) of manganese substituted CeVO, was prepared and
investigated for ODH of 1-butene (Fig. 5.12). All the catalysts were tested with the reactant flow
6000 h™ (Ar:1-butene:O, - 8:1:1), temperature range between 350-450 °C and atmospheric
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pressure. As the loading of manganese increased the conversion of 1-butene increased (at 400
°C) which is due to the increase of active redox sites of 'Mn' for reaction. Initially the selectivity
towards 1,3-butadiene increased when the manganese loading was increased from 0.06 to 0.12
molar ratio and when the loading was further increased the selectivity towards 1,3-butadiene
drastically decreased. This trend was also observed in other two temperatures (350 and 450 °C).
At 400 °C with CMV?2 as the catalyst a nominal conversion of 1-butene (50.5 %) and 70 %
selectivity towards 1,3-butadiene was obtained. The product distribution at all temperatures for
CMV?2 is shown in Fig. 5.13, in which as the temperature increases the selectivity towards BD
increases proportionally as conversion increases. The selectivity for 1,3-butadiene decreases with
increase in temperature above 400 °C which is due to the total oxidation of 1-butene to CO, at
higher temperatures which was evident from the increase in the selectivity of CO,. Based on
these studies it was observed that the optimized condition for increased activity for ODH of 1-
butene using CMV as catalyst is 0.12 molar ratio loading of Mn and temperature 400 °C with

6000 ht total flow of reactants.

B Conversion of 1-butene —@— Selectivity of 1,3-butadiene

~1
th
1

CMV1 CMV2 CMV3

W = =2
=] h =
1 1 1

Conversion & Selectivity (mol %, %)
7
[
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350 400 450 350 400 450 350 400 450
Temperature (° C)

Fig. 5.12. Effect of manganese loading on ODH of 1-butene
Reaction conditions:Total reactant flow 6000 h™* (Ar:1-butene:O, - 8:1:1), at 350-450 °C and

atmospheric pressure
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—=fe=—Selectivity of 1,3-butadiene
—O—Selectivity of CO,
—O—Selectivity of H,

80 4 —O—Selectivity of cis-2-butene
—O—Selectivity of trans-2-butene
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Fig. 5.13. Product distribution for ODH of 1-butene over CMV2 catalyst
Reaction conditions:Total reactant flow 6000 h™* (Ar:1-butene:O, - 8:1:1), at 350-450 °C and

atmospheric pressure

5.5.2.3. Effect of method of preparation

In order to emphasize the effect of method of preparation of CMV2, 'Mn' impregnated
CeVO4(Mn-imp CeVO,) was prepared with the same loading of Mn that was substituted in
CeVO,. Both the catalysts were tested at same reaction conditions, the reactant flow 6000 h™
(Ar:1-butene:O, - 8:1:1), at 400 °C and at atmospheric pressure. When CMV?2 catalyst was
employed the selectivity towards BD was higher than the combustion products like CO, and
H,.(Fig. 5.14) When the ‘Mn’ impregnated CeVVO, was employed as a catalyst the selectivity
towards total combustion products were higher when compared with CMV2 catalyst. As shown
in Fig. 5.14, it is evident that the hydrogen selectivity from 1 % in CMV?2 increases to 25 % in
case of Mn-imp CeVO,. This difference in activity is due to the formation of more CeO,
crystallites on the surface of the CMV2 catalyst when compared to Mn-impregnated CeVVO,. The
synergistic interaction of MnOy and CeO; enables the formation of a -Mn-O-Ce- bond which
greatly reduce the oxygen vacancies formed on the surface of the catalyst.*® When the oxygen

vacancies are reduced the over oxidation of hydrocarbons are minimized which in turn increases
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the selectivity towards desired dehydrogenated products. This character of CMV2 helps in

achieving an increased selectivity towards 1,3-butadiene with a nominal conversion of 1-butene.
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Fig. 5.14. Product distribution for ODH of 1-butene over CMV2 catalyst and Mn-impregnated
CeVO,
Reaction conditions: Total reactant flow 6000 h™ (Ar:1-butene:O, - 8:1:1), at 400 °C and

atmospheric pressure.

5.5.2.4. Spent Catalyst - TGA Analysis

To investigate the amount of coke deposited on the spent catalyst the catalyst after reaction was
subjected to TGA analysis from room temperature to 800 °C in presence of air (Fig. 5.15). FCV
showed a highest weight loss of 2.5 % when compared to all other catalysts that was studied.
CMV catalysts showed lower weight loss when compared to all the other transition metal
substituted CeVO, which supports the activity profile where the selectivity towards CO, was
low. The CMV catalysts showed a weight gain which is likely due to the oxidation of Ce®** which
also suggests that there was very less coke deposition on these catalysts which was not even
detectable. This supports the superior activity performance of the CMV2 catalyst when
compared to other transition metal containing CeVO,. Spent catalyst PXRD was also taken in
which the CeVO, phase was intact with slight increase in the intensity of peaks corresponding to
Ce0s.
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Fig. 5.15. TGA analysis of spent catalysts

5.6. Conclusions
CeVO, with various transition metals substituted in ‘Ce’ site were prepared by simple pH
controlled precipitation followed by hydrothermal treatment. From PXRD it was evident that due
to substitution, CeO, was formed on the surface of CeVO,4which was very less in pure CeVO,.
Raman bands and transmission electron microscopy also support the information obtained from
the PXRD pattern. From X-ray photoelectron spectroscopy the surface ratio of Ce**/Ce** was
calculated for CeVO, and ‘Mn’ substituted CeVO, in which the ratio of Ce*" is higher after
incorporation of manganese. The CeVO, with ‘Mn’ showed a superior catalytic activity for ODH
of 1-butene to 1,3-butadiene when compared to other transition metal substituted CeVO,. From
the optimization studies it was found that catalyst with 0.12 molar ratio of manganese gives a
better selectivity (70 %) towards 1,3-butadiene at 400 °C. In this study a better activity was
obtained compared to other catalysts reported for ODH of 1-butene and the improved selectivity

in this process is achieved without usage of steam.

Ph. D Thesis Ashok Kumar V CSIR-NCL Page 115



Chapter 5: Oxidative dehydrogenation of 1-butene to 1,3-butadiene

5.7. References

1. G. S. Whitby: Synthetic Rubber, John Wiley & Sons, New York, 1954, Chapter 2.

2. W.C. White, Chem. Biol. Interact., 166 (2007) 10-14.

3. Chemicals and Petrochemical Manufacturer’s Association, India.

4. G. Egloff, G. Hulla, Oil Gas. J.,41 (1942), 40.

5. A. Talalay, M. Magat, Synthetic Rubber from Alcohol, Interscience, New York 1945.

6. R. F. Goldstein and A. L. Waddams, The petroleum chemicals industry, E.&F.N. Spon LTD,
London, 1967.

7. E V. Makshina, M Dusselier, W Janssens, J Degreve,P A. Jacobsa, B F. Sels, Chem. Soc.
Rev., 43(2014), 7917-7953

8. R. G. Craig, J. M. Duffalo, Chem. Eng. Prog.75 (1979), 62.

9. R. G. Craig, E. A. White, Hydrocarbon Process. 59 (1980), 111.

10. K. K. Kearby: “Catalytic Dehydrogenation,”in: Catalysis, vol. 3, Reinhold, New York 1955.

11. F Cavani, F Trifiro, Selective Oxidation of C4Paraffins.Catalysis; Specialist Periodical

Report; Royal Society of Chemistry: Cambridge, 11(1994), 246-317

12.J. C. Jung, H. Lee, H. Kim, Y.M. Chung, T.J. Kim, S.J. Lee,S. H. Oh, Y. S. Kim,
Song, J. Mol. Catal. A, 271(2007), 261-265.

13. A. P. V. Soares, L. D. Dimitrov, M. C. R. A. de Oliveira, L. Hilaire, M. F. Portela,
R. K. Grasselli, Appl. Catal. A, 253(2003), 191-200.

14. Ph. A. Batist, C. G. M. van de Moesdijk, I. Matsuura, G.C. A. Schuit, J. Catal., 20
(1971), 40-57.

15. S Furukawa, M Endo, T Komatsu, ACS Catal., 4(2014), 3533-3542.

16. Y. She, J. Han, Y. H. Ma, Catal. Today, 67 (2001), 43-53.

17. K. Fujimoto, T. Kunugi, Ind. Eng. Chem. Prod. Rd., 20(1981),319-323.

18. J. C. Jung, H. Lee, J. G.Seo, S. Park, Y-M. Chung, T. J. Kim, S. J. Lee, S-H Oh, Y. S. Kim,
I. K. Song, Catal. Today,141 (2009) 325-329.

19. J-H Park, H Noh, J W Park, K Row, K D Jung, C-H Shin, Appl. Catal. A, 431-432 (2012)
137-143.

20. J-H Park, K Row, C-H Shin, Catal. Comm., 31 (2013), 76-80.

21. C Wan, D-gCheng, F Chen, X Zhan, Chem. Eng. Sci.,135(2015), 553-558.

22. J-H Park, C-H Shin, Appl. Catal. A, 495 (2015), 1-7.

Ph.DThesis ~ AshokKumarV ~  CSIRNCL  Page116




Chapter 5: Oxidative dehydrogenation of 1-butene to 1,3-butadiene

23. C Wan, D-g Cheng, F Chen, X Zhan, Catal. Today, 264 (2016) 180-184.

24. SGillot, J-PDacquin, CDujardin, P Granger, Top Catal., 59 (2016), 987-995.

25. F Luo, C-J Jia, R Liu, L-D Sun, C-H Yan, Mater. Res. Bull., 48 (2013) 1122-1127.

26. C. C. Santos, E. N. Silva, A. P. Ayala, I. Guedes, P. S. Pizani, C.-K. Loong, L. A.
Boatner, J. Appl. Phys., 101 (2007), 053511.

27. T. Hirata, A. Watanabe, J. of Solid State Chem., 158 (2001), 264-267.

28. A K Venugopal, A T Venugopalan, P Kaliyappan, T Raja, Green Chem., 15(2013), 3259-
3267

29. H Lee, J Kang, M S Cho, J-B Choi, Y Lee, J. Mater. Chem., 21(2011),18215-18219.

30. J Hou, H Huang, Z Han, H Pan, RSC Adv., 6(2016), 14552-14558

31.PJu,Y Yu, MWang, Y Zhao, D Zhang, C Sun, X Han, J. Mater. Chem. B, 4(2016), 6316-
6325

32. A. Pfau and K. D. Schierbaum, Surf. Sci., 321(1994), 71-80.

33. T.V. Choudhary, S. Banerjee, V.R. Choudhary, Appl. Catal. A, 234(2002), 234, 1-23.

34.J S Yoon, Y-S Lim, B H Choi, H J Hwang, Int. J. Hydrogen Energy, 39(2014), 7955-7962

35. P Zhang, H Lu, Y Zhou, L Zhang, Z Wu, S Yang, H Shi, Q Zhu, Y Chen, S Dai, Nature
Comm., Article.No. 8446 (2015)

Ph. D Thesis Ashok Kumar V CSIR-NCL Page 117


http://pubs.rsc.org/en/results?searchtext=Author%3AJimin%20Hou
http://pubs.rsc.org/en/results?searchtext=Author%3AHuihan%20Huang
http://pubs.rsc.org/en/results?searchtext=Author%3AZhizhong%20Han
http://pubs.rsc.org/en/results?searchtext=Author%3AHaibo%20Pan

Chapter 6: Summary and Conclusions

At the end of all chapters in a dissertation it is obligatory to summarize the research work
undertaken for the advantage of the reader. Hence, this chapter summarizes the conclusions
reached based on the experimental results during these investigations. Understanding the
structure activity relationship is a key phenomenon in development of a catalytic processes.
Physicochemical characterizations and surface sensitive techniques helps in identifying the
properties of the catalyst which can be tailored to increase or tune the efficiency of the catalytic
activity. This thesis has covered the synthesis and characterization of three different catalytic
systems and their workability for the ODH of three different substrates. Specific properties of the
catalyst which drives in the overall activity was understood and discussed.
Chapter 1: Introduction
This chapter provides a general and brief introduction about catalysis and its history. The current
processes used for production of olefins from respective hydrocarbons that are carried out
commercially are discussed with their shortcomings. The importance of ODH is been put forth
along with their benefits when compared to conventional and existing processes. A detailed
overview of the mixed metal oxide systems that was employed for our studies with their
structure and synthesis pathways is discussed.
Chapter 2: Catalyst synthesis and experimental techniques for characterization
The catalyst synthesis methods and the physicochemical techniques used to evaluate the catalysts
are discussed in detail. The catalysts that were synthesized are perovskite type mixed oxides,
mixed oxide derived from hydrotalcite and transition metal substituted cerium orthovanadates.
The characterization studies used for studying these materials were carried out by Powder X-ray
diffraction, BET surface area measurement, TPD, TGA, XPS, EDAX etc. For each technique,
theory and experimental procedure have been described.
Chapter 3: Oxidative dehydrogenation of ethane to ethylene over Manganese substituted
Ca(Sr)TiO3 perovskite type oxides
In this chapter the commercial importance of ethene and the existing processes for production
are discussed in brief with illustrations. Literature overview for ODH of ethane to ethylene with
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pros and cons of reported catalytic systems. An exhaustive investigation of the Ca(Sr)TiO;
perovskite type catalyst using various characterization techniques to study their structure and
morphology. Various molar ratios of manganese substituted Ca(Sr)TiOs; perovskites were
prepared by simple citric acid gel method. Structural refining and lattice parameters were derived
for all the synthesized samples. XPS was used to find the surface changes at various
temperatures and extending it to correlate with the activity profile obtained. From XPS analysis
of Srp5Cap s TipgMng1(SC5TM), it was evident that the 'Mn' species exist in lower oxidation state
at the temperature range of 450-550 °C which drive for more of total combustion of ethane
which was also evidenced in catalytic activity. SC5TM shows a stable catalytic activity up to 24
hours without any significant loss. Spent catalyst TGA analysis was also done to correlate the
long term stability of the optimized catalyst.

Chapter 4: Oxidative dehydrogenation of ethyl benzene (EB) to styrene (ST)

Literature background of the commercial and existing catalytic systems for ODH of EB to ST
along with the commercial importance of ST and its polymers was elaborately discussed.

Part A of this chapter deals with understanding the role of basicity, reducibility, oxygen storage
capacity and metal surface concentration in obtaining a better activity for ceria incorporated
mixed oxide derived from hydrotalcites. Cerium containing mixed oxides derived from a
hydrotalcite precursor was prepared from a simple co-precipitation followed by hydrothermal
treatment. The morphological studies show evenly distributed ceria crystallites at lower loading
of cerium. The catalyst with 0.03 mol % of cerium shows the highest conversion (49.4 %) when
compared to all the compositions prepared and showed 72 hours stable activity at optimized
reaction conditions. The spent catalyst TGA analysis was done to demonstrate that to have less
coke and stable activity of the catalyst, an optimal temperature with a suitable flow of oxygen is
required for good conversion and also in regenerating the catalyst during the reaction for longer
time.

Part B of this chapter emphasizes the role of manganese in Ca/SrTiO3 perovskites for obtaining
a fairly better activity towards EB to ST. Sros5CagsTigoMng1(SC5TM) prepared by glycine
combustion showed slightly higher activity when compared to citrate gel method prepared
SC5TM. For the active catalyst that obtained from initial screening was investigated under
varying reaction conditions like temperature, reactant flows, oxidants, different metal

proportions and other metal substitution. The best results observed for the ODH of EB on the
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catalyst SC5TM (0.5:0.5:0.1:0.9) were prepared by glycine combustion and tested under steady
EB flow LHSV 3 h™ and GHSV 2400 h™ with respect to oxygen at 500 °C and at atmospheric
pressure.

Chapter 5: Oxidative dehydrogenation of 1-butene to 1,3-butadiene over Cerium
orthovanadates

In this chapter the importance of 1,3-butadiene and the drawbacks of the reported catalysts was
discussed. Synthesizing and systematically studying the role of hetero cations like Cr, Mn, Fe
and Co in cerium orthovanadates in promoting the activity of the catalyst. The formation of CeO,
crystallites on the surface of CeVO, was evidenced by PXRD and Raman spectroscopy studies.
The surface ratio of Ce*"/Ce®* was calculated after deconvolution of Ce 3d core X-ray
photoelectron spectra of pure CeVO, and with 'Mn' substitution. Understanding the role of 'Mn’
in improving the activity of orthovanadates and tuning other parameters for better and selective
activity for ODH of 1-butene to 1,3-butadiene. Further activity studies were carried out to
optimize the manganese loading and catalytic activity of optimized composition which was

compared with Manganese impregnated CeVO,.

The synthesis of catalytic system with tailored properties for specific substrate is required in
ODH reaction as those specific properties tune and drive the catalytic activity. By understanding
this concept we were fairly successful in increasing the energy efficiency, as the reaction were
carried out with a comparatively lower temperature than the commercial process with a long

term stable catalytic activity.
Scope for Future research

The present work summarizes the development of catalysts for the ODH of hydrocarbons with
oxygen as the oxidant. Among the oxidants used for oxidants oxygen is preferred, as it serves
dual purpose: for driving the reaction and rejuvenating the catalyst by burning the coke formed
on the surface. However in some processes oxygen induces cracking of hydrocarbon at high
temperatures. In order to overcome this drawback soft oxidants like CO, and N,O can be
employed, as these oxidants do not induce cracking and the usage of these green house gases is

also an environment benign pathway.
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