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Abstract

Heterogeneous catalysis plays a vital role in the production of several bulk, fine and
commodity chemicals. Numerous researches are enduring in this area to develop a better
technology considering the economical and environmental aspects by changing the feedstock.
An important challenge deals with the manufacture of C, olefins especially; 1, 3-butadiene
(BD) and isobutene which are the key monomers in the polymer industry. They are mainly
employed for the fabrication of synthetic rubber and organic chemicals that are the key
precursors for so many materials used in our day to day life. Currently, C, olefins are
obtained from the high temperature catalytic cracking of hydrocarbon feedstocks as well as
catalytic dehydrogenation of the respective C, hydrocarbons both of which are energy
consuming processes. Meanwhile the researchers have been searching for alternative efficient
methods for C4 olefins® synthesis to meet their increasing worldwide demand. In these
regards, oxidative dehydrogenation (ODH) seeks more attention due to its exothermicity
which makes the operation at low temperatures and thus making the process more
economical. This thesis summarizes utilizing different metal oxide-based materials for the lab
scale synthesis of C, olefins and the systematic study of their catalytic properties towards

improving the productivity.

Oxidative dehydrogenation of n-butane is a promising process to produce economically
important precursors like butenes and BD in the polymer industry. Various vanadia based
catalysts are developed for this reaction. In the present work, a modified catalyst synthesis
strategy is adopted by employing boron, a nonmetal for the active tetrahedral vanadia site
isolation. A comprehensive investigation is carried over on the effect of material composition
and reaction parameters in defining the C, olefins. A specific amount of boron and vanadium
is the primary requisite for a superior catalyst at the optimized dehydrogenation conditions
when molecular oxygen employed as an oxidant. This study provides an active and sturdy

catalyst, unlike the previously reported vanadia containing catalysts.

Further, a systematic investigation of oxidative dehydrogenation of 1-butene is performed
over various transition metal-doped bismuth ferrites. A considerable improvement in the
conversion, as well as selectivity towards BD, is observed for Zn doped bismuth ferrite.
PXRD study revealed the materials exist in a distorted rhombohedral perovskite structure.
HRTEM also evidenced the perfect doping of Zn into the crystal lattice. The catalyst was

sturdy without any transformation in the structural features and significant deactivation.
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Steam can reduce the unwanted side reactions and lattice oxygen also can contribute
remarkably for the activity under non-oxidative dehydrogenation conditions.

Low-temperature oxidative dehydrogenation (ODH) of alkanes to their alkenes is one of the
challenging reactions in the polymer industry. Towards this a highly dispersed cerium iron
oxide is synthesized by citrate gel combustion method and employed for the synthesis of
butadiene (BD) from 1-butene. The reaction is carried out at low temperature under an
oxygen-free atmosphere in a continuous flow fixed bed reactor. A decrease in the lattice
parameters observed from PXRD and high-resolution TEM analysis proved that iron
occupies cerium sites in the crystal lattice. XPS, TPR, and oxygen uptake studies quantified
the nature and abundance of different oxygen species. ODH is observed through consuming
lattice oxygens. The vacancies generated could be filled by reoxidation with an external
supply of oxygen which will restore the catalytic activity demonstrating the Mars van
Krevelen mechanism. The current work considerably brought down the reaction temperature
which reduces the operating cost and makes BD synthesis more economical. Moreover, steam

was not used in the present work which has added advantage over the existing methods.

Production of isobutene is commercially consequential and highly demanding from the end-
use industries being a key platform molecule as well as an intermediate for a variety of
chemicals. The catalytic non-oxidative dehydrogenation of isobutane over acidic, alkaline,
and noble metal promoted mesoporous iron-doped catalysts was investigated. Iron doping has
a significant function in controlling isobutene selectivity. The synthesis method is important
to achieve successful metal doping in the mesoporous alumina matrix. Promoted catalysts
exhibited a notable difference in isobutane conversion with a marginal change in
dehydrogenation selectivity. Silver promoted catalyst exhibited the highest isobutene yield
due to the optimal catalytic properties. The best catalyst was stable for an appreciable
duration and coke deposition, as well as particle agglomeration, is observed to slightly inhibit

the catalytic activity.
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Chapter 1: Introduction

Chapter-1
Introduction

“Chemistry without catalysis would be a sword without a handle, a light

without brilliance, a bell without sound” — Alwin Mittasch

1.1. Catalysis

An average person can tell about the catalyst as something which is there in the automobiles
to clean the exhaust. However, catalysts and catalysis have a much broader scope than
lessening pollution. Those are the basis of chemical transformations happening in the
chemical industry for the manufacture of almost 90 % of products which we are using in our
day to day life. According to the International Union of Pure and Applied Chemistry
(IUPAC), a catalyst can be simply defined as a substance that accelerates the rate of a
chemical reaction without altering the overall standard Gibbs free energy change of the
reaction. The term ‘catalyst’ was first defined by Jons Jakob Berzelius; a Swedish chemist in
1836 [1]. Fig. 1.1. illustrates the definition of an ideal catalyst which reduces the activation
energy barrier between the reactants and products by providing an alternative pathway; and
hence it increases the reaction rate. Generally, the catalyst participates in the slow process;
which is the rate-determining step of a chemical reaction. Moreover, it does not influence the
position of chemical equilibrium. Consequently, it enables the processes to be carried out

under industrially realizing reaction conditions.

kmcreasing energy kJ

Ea for uncatalysed reaclion

Aclivation energies for the
steps of a catalysed reaction

\

reactants

AH for both
calalysed and
uncatalysed
reactions

Y

products

Fig. 1.1 Definition of a catalyst [2]
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Chapter 1: Introduction

Catalysts can be atoms, molecules, solid surfaces or enzymes. Catalysis can be generally
classified into three major types depending on the phases of reactant and catalyst such as

homogeneous, heterogeneous and biocatalysis which are illustrated below with examples [3].
1.1.1. Homogeneous catalysis

In homogenous catalysis, the reactants and catalyst will be in the same phase. Thus, the
system forms a single phase which makes separation and recycle of the catalyst from the
product complex. The decomposition of ozone accelerates in the presence of chlorine where
the reactant and catalyst are in the gaseous state is a typical homogeneously catalyzed

reaction.
1.1.2. Heterogeneous catalysis

Heterogeneous catalysis involves the use of the catalyst in a different phase than the
reactants. It allows for easy separation and recycling of the catalyst. Here, the rate-limiting
step occurs on the surface of the solid, and so referred to as surface catalysis. Major processes
occurring on the surface of the catalysts are diffusion, adsorption and desorption. Most of the
industrially practised chemical transformations are the heterogeneous processes. Catalytic
oxidation of CO in automobile exhaust is the most common heterogeneously catalyzed

reaction wherein; noble metal on ceria is used as the catalyst.
1.1.3. Biocatalysis

Biocatalysts are also termed as enzymes; the naturally occurring catalysts. They are highly
efficient and specific for a particular reaction. The decomposition of hydrogen peroxide to

water and oxygen catalyzed by the enzyme catalase can best illustrate biocatalysis.
1.2. Selective conversion of alkanes

Catalysis plays an important role in the industrial sectors for the production of bulk, fine and
commodity chemicals. Numerous researches are enduring in this area to develop a better
technology considering the economical and environmental aspects by changing the feedstock.
Meanwhile, light alkanes are widely available and generally environmentally friendly
important raw material in the chemical industry [4]. Those are mainly used as fuels, but their
derivatives can be used for the manufacture of a large number of value-added chemicals. An
essential challenge deals with the synthesis of lower olefins; which are the basis of the
petrochemical industry from the less expensive and readily available lower alkanes.
Activation of light alkanes is a dynamic area of research from the origin of the petroleum
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Chapter 1: Introduction

industry. Significant use of alkanes is the fabrication of alkenes, an indispensable starting
component in the synthetic chemical industry which is currently produced in steam crackers.
For the moment, the global demand for olefins is increasing in recent decades and expected to
be amplified in the coming years as illustrated in Fig. 1.2. The boom in shale gas; which is
enriched in lower alkanes reduced the price of industrial feedstock and improved supply
levels. The cost of an alkane in the economy is half the price of the alkene. Accordingly,
researchers have been put effort to encounter the future needs of unsaturated lower alkenes

and functionalization methods.

1729 1813

| | B S
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B Ethylene B Propylensa Butadiene B Banzene m Xylena
B Toluene B Vinyls Styrene Methanol

Fig. 1.2 Global olefins market revenue [5]

Olefins obtained after the selective oxidation of alkanes are potential precursors to many
value-added chemicals with high economic importance in polymer and synthetic organic
industry [6]. In fact, alkanes are made up of nonpolar C—C and C—H bonds and exhibit very
low reactivity which makes the methods to operate at high temperatures. Steam cracking (SC)
and dehydrogenation (DH) of lower alkanes (Eq. 1.1) are the existing processes for the
synthesis of olefins [7]. Fig. 1.3 demonstrates that in a typical endothermic DH process, to
shift the equilibrium towards products, the reaction temperature should be increased. Also,
any increase in the working pressure will change the equilibrium to an unfavorable direction.
Therefore, SC and DH processes could operate at temperatures higher than 700 °C [8] while
they suffer from various disadvantages also [9]. It is very difficult to control the reaction at
high temperatures which consecutively reduces the selectivity due to the formation of
undesired products by hydrocarbon cracking. Followed with this, the coke deposition on the
catalyst increases and hence; the activity of the catalyst decreases significantly [10]. To
restore the catalytic activity for another cycle, coke must be removed from the surface. This
can be achieved either by the regeneration step or by employing steam in the reactant feed.

However, these processes demand an extra cost from an economic point of view.
CnH2n+2 <> CnHZn + H2 (Eq. 1.1)

In summary, stream cracking as well as dehydrogenation suffers from,
AcSIR PhD Thesis, 2020
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¢ Rapid catalyst deactivation due to coke deposition
e Low selectivity towards olefins
e Thermodynamic restriction on conversion

e High operational cost

s Ethane - Ethene

200 s Propane ?Propene
Butane - But-1-ene
Butane - Cisbut-2-ene
800 Butane - Transbut-2-ane
Butane - Isobutene
o Pentane - Pent-1-ene
3 Hexane - Hex-1-ene
i ,
' -
f
o
E
&
500

Conversion (mol %)

Fig. 1.3 DH conversion versus temperature of lower alkanes [11]

Commercially well-established methods of lower alkane DH are Catofin (Lummus), Olefex
(UOP), Linde-BASF, Snamprogetti-Yarsintez, and Star (Philipps Petroleum) with chromia-
alumina and fixed bed, supported Pt in moving bed, chromia-alumina and fixed bed, chromia-
alumina and fluid bed and supported Pt and moving bed respectively [12]. However, the
drawbacks as mentioned above of DH open the way for a more appealing process. Moreover,
the production of olefins is not sufficient to meet the global requirement and the researchers
put effort into developing new methods with economic effectiveness. Towards this,
thermodynamic restrictions of the DH process may be omitted by the removal of liberated
hydrogen as water in the presence of a suitable oxidant (Eqg. 1.2). This method is known as
oxidative dehydrogenation (ODH) represented in Eg. 1.3 and is attracted to full attention

which lessens the limitations of DH. This process is widely discussed in Section 1.3.2.
H, + ,0,— H,0 (Eg. 1.2)
CnHans2 + 1202— CoHan + H,0 (Eq. 1.3)

Even though many catalysts are giving a considerable yield of olefins through ODH of lower
alkanes, a better catalyst nullifying the drawbacks of existing processes has to be developed

to convince the industries for commercial implementation.
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1.3. Buta-1,3-diene

Butadiene generally exists in two isomeric forms viz., 1, 3-butadiene (BD) and the less stable
1, 2-butadiene. The French chemist E. Caventou has isolated BD a colourless gas for the first
time through the pyrolysis of amyl alcohol [13]. In 1886, the presence of BD was identified
in the cracking products of petroleum by Armstrong and Miller. Later, the structure was
demonstrated in 1895 by Ciamician and Magnaghi [14]. After a decade, in 1910 when BD
was recognized to form rubber-like polymers by Lebdev Germany and the United States
started the large scale production for the Second World War. Researchers have developed
different methods for the synthesis of BD followed by the production of high-quality rubber
via the polymerization with organometallic catalysts by Ziegler and Natta [15]. Today, BD
has acquired the most requisite monomer in the polymer industry for the manufacture of
synthetic rubbers like polybutadiene (PB) rubber, styrene-butadiene rubber (SBR),
acrylonitrile-butadiene-styrene (ABS) polymer, nitrile rubber, adiponitrile, etc [14].
Currently, it is the primary precursor of a large number of materials that are used in our

everyday life (Fig. 1.4).

.ig § ‘

Others

Polychloroprene.

s
W =g

Fig. 1.4 BD as a precursor of synthetic rubber

Polybutadiene

The production of BD is mainly achieved by five different methods.

i. From acetylene

ii.  From ethanol
iii.  Catalytic cracking of naphtha
iv. DH of butane and butenes

v. ODH of butane and butenes
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The first two methods are of historical importance and no longer used in the industry. The
currently implemented processes are SC of naphtha and catalytic DH of n-butane and n-

butenes.
1.3.1. Catalytic cracking

In the present day, the production of BD is mainly achieved via the catalytic SC of naphtha
and fluid catalytic cracking of other high boiling hydrocarbon fractions. During this process,
C, hydrocarbons are obtained along with C;-Cs fractions. Since the boiling points of Cy4
fraction constituents are within a narrow limit, BD is isolated via extractive distillation with
organic solvents or cuprous ammonium acetate (CAA) liquid-liquid extraction methods.
However, ethylene is the preferred products in this process and the yield of BD is meager as

given in Table 1.1.
1.3.2. Catalytic dehydrogenation

Catalytic DH of n-butane and butenes will provide a high yield of BD. The necessary basic
information and the disadvantages of this method are already explained in Section 1.2.
According to Le Chatelier’s principle, the yield can be increased either by decreasing the
partial pressure of the reaction products or by increasing the reaction temperature. Therefore,
typically DH is an endothermic reaction with a positive enthalpy value as shown in Eqg.
1.4-1.7.

Table 1.1 Comparison of steam cracking and dehydrogenation processes [16]

Process Steam cracking Dehydrogenation

Feedstock Naphtha Butane/Butenes

Operating 750-900 °C, 600700 /400-500 °C

conditions Moderate pressure

Advantages Installed technology Well established
technology,
on-purpose production

Disadvantages Energy demanding, environmental High endothermicity,

concerns, finite resources, catalyst deactivation

limited production

Yield to C4Hs 4.5 % 70 %/71.8 %
Butane < 1-butene + Hy; AH = +131 kJ/mol (Eq. 1.4)
Butane < cis-2-butene + Hy; AH = +118 kJ/mol (Eq. 1.5)
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Butane < cis-2-butene + Hy; AH = +118 kJ/mol (Eq. 1.6)
cis-2-butene < Butadiene + Hy; AH = +126 kJ/mol (Eq. 1.7)

Table 1.1 represents the major differences between the cracking and DH methods. Later, in
the last decade researchers have implemented a better and energy-efficient approach for the
synthesis of unsaturated hydrocarbons; which is ODH.

1.3.3. Oxidative dehydrogenation

Recently, ODH of n-butane and butenes has been practised as a promising energy-efficient
method in the presence of an oxidant which oxidizes the detached hydrogen to a stable water
molecule (Eg. 1.3). A high BD yield can be achieved via this independent single unit method
and has attracted remarkable attention. The exothermicity of the process (Eq. 1.8, 1.9) can
perform subsequent coke removal and allows control over the existing equilibria. Moreover,
the reaction can be operated at lower temperatures compared to naphtha SC and DH methods
[17]. The oxidant will makes the process cost effective, reduces greenhouse gases emission
and increases catalyst lifetime. Hence, ODH has acquired much more attention owing to its
significant advantages over the other existing processes for BD production. Nevertheless, the
reaction conditions have to be systematically optimized to avoid the loss of BD vyield by
controlling isomerization, cracking, and total oxidation processes which could occur along
with the ODH reaction.

CsHg <> C4Hs+ H, (AH, = +109.7 kJ/mol) (Eq. 1.8)
CsHg + 1/202 — C4Hg + HO (AHr =-132.1 kJ/TT]Ol) (Eq 19)
1.4. ODH: General aspects

The fundamental scientific aspects of ODH including thermodynamics, Kinetics, reaction
mechanism etc are discussed in this section. A brief description of the parameters influencing
this reaction is given with examples from the reported studies. Numerous catalysts are

employed for the ODH of C4 hydrocarbons and some selected systems are mentioned.
1.4.1. Type of oxidants

The presence of oxidant in the ODH process will reduce coke deposition on the active
catalytic sites to some extent by converting coke to carbon oxides. In addition, the exothermic
nature of the reaction can supply the needed heat to the reaction, and the operating

temperature can be effectively brought down [18]. In earlier days, bromine, sulphur and
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iodine were the common oxidants; where very good selectivity for DH products is achieved.
Nevertheless, corrosive and hazardous nature prevented these gases from commercial
execution [4]. Most of the studies have used O,, CO», air, sulphur compounds, and N,O as
oxidants for ODH (Fig. 1.5); while C, hydrocarbons are well explored with molecular
oxygen as oxidant (Eq. 1.9). Even though this process is eco-benign, the difficulty in
controlling the over oxidation of hydrocarbons as well as the possibility of the explosion

might be carefully considered while engaging O,.

Fig. 1.5 Various oxidants employed in ODH

The use of CO; has also drawn attention for the ODH of alkanes (Eg. 1.10) as a non-
traditional oxidant while; the endothermic nature of the reaction demands high working
temperature to activate CO, molecule [11]. Since CO, is less aggressive than O,; over
oxidation may be limited which improves the selectivity towards olefins. It also nullifies the
danger of explosion compared to the reaction feed mixture containing alkane and molecular

oxygen.
CrHznsz + CO2 — CpHzn + CO + H0 (Eq. 1.10)

In many instances, a mixture of different oxidants is also utilized to enhance product yield.
The addition of a small amount of oxygen reduces the energy load, and so ODH in the
presence of CO,/O, admixture is practised [19]. Air is the cheapest, widely available and so
the perfect candidate for ODH. A few reports are available where N,O has been employed as

an oxidant [20-21]. However, the high cost of nitrogen oxides discourages from engaging in
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ODH reaction even in the laboratory scale. Thus, it can be concluded that the utilization of
oxidants is advantageous to obtain high selectivity for the dehydrogenated products.
However, environmental problems have to be considered while engaging sulphur and

halogen-containing molecules in ODH reactions.
1.4.2. Thermodynamics

A classic DH reaction is energy-intensive and hence, endothermic in nature which is an
equilibrium controlled process. High temperature and low pressure will favour the complete
conversion in DH; but, the selectivity of the desired product will be low due to the formation
of undesired products. ODH can be contemplated as an exothermic reaction while
considering Eq. 1.1 and Eq.1. 2 to a general thermodynamic summation to Eq. 1.3. Water, the
by-product can be successively removed from the reaction mixture and the equilibrium
constraints will be avoided making the reaction thermodynamically favorable [22].
Conversely, the presence of oxygen in the reaction medium may increase the formation of
oxygenated side products which is more favourable in the thermodynamic point of view. This
can increase the risk of the ODH process. However, a part of the energy required for the DH
process could be supplied by exothermic hydrogen combustion (Eq. 1.2) and the burning of
coke deposits. Consequently, ODH can be carried out at lower temperatures compared to

conventional DH [4].

1.4.3. Kinetics
Table 1.2 Typical bond energies involved in hydrocarbons [23]
Bond type Energy (kJ mol™)
c-C 376
Primary C-H 420
Secondary C-H 401
Tertiary C—H 390
Allylic C-H 361
Vinylic C-H 445

Initial studies in the late 20™ century illustrated the first step involved in ODH is the
homolytic cleavage of the weakest C—C bond (Table 1.2) to form alkyl species. Later, the
chain propagation proceeds with the reaction of alkane with radicals or atomic species. Table
1.3 shows the activation energy and rate constants of various gas-phase reactions involved in

the ODH of ethane. The evaluation of these data illustrates that the reactions of O atoms and
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OH radicals with alkene are more rapid than that of an alkane which will consecutively limit
the product yield [4].

Table 1.3 Activation energies and rate constants involved in ethane ODH [24]

Reaction E. (Kcal Mole™) k(Sec™ or cm® mol sec™)
at 873 K

C,Hs — CH3 + CHs 88.31 2.4x10°

C,Hg + O — CyHs + OH 6.36 6.6 x 10"

C,Hs + OH — C,Hs + H,0 1.81 3.1x10°

C,Hs + O — CH; + HCO 1.13 1 x 10%

C,H4 + OH — C,H3 + H,0 1.23 2.4 x 10"

C,Hs + OH — CH; + CH,0 0.96 1.2 x 10™

Heterogeneous catalysis occurs on the active sites present in the catalyst surface. A gas-solid
reaction is postulated to proceed through the following different steps.

Diffusion of the reactant to the catalyst surface
Adsorption of the reactant on the active sites
Reaction on the active sites

Desorption of products from the active sites

o & w0 b E

Diffusion of the products from the catalyst surface

Several factors depend on the rates of these steps are observed such as concentration
gradients flow, diffusion characteristics of the fluid stream, the porosity of the catalyst,
dimension of the pores and extent of interconnectivity. Various kinetic models used for the
Kinetic interpretation of ODH are; Eley-Rideal model, Rake model, Langmuir-Hinshelwood

model, Redox or Mars van Krevelen model and power-law model [25].

CH,,

/

C,Hg > CiHg

Scheme 1.1 Proposed reaction network for the ODH of butane [26]

The kinetics of ODH is described by the parallel-consecutive reaction networks wherein the
formation of desired alkenes, consecutive oxidation and direct formation of carbon oxides are

considered. For instance, the reaction network for the ODH of butane has been illustrated in
AcSIR PhD Thesis, 2020
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Scheme 1.1. Nonetheless, a part of these products is also produced by the consecutive DH
and total oxidation of butenes. On the other hand, the experimental results proved that
increase in butenes, BD and carbon monoxide partial pressures do not influence the rate of
butane consumption [26]. As per the kinetic studies, COx was formed mainly by the
consecutive oxidation of alkene. Therefore, the MVK model is mainly proposed for the
kinetics explanation of ODH of lower alkanes.

1.4.4. Reaction mechanism

Different research groups have discussed multiple reaction mechanisms of the ODH reaction.
The major steps included in the general ODH mechanism are the following [4].

1. Interaction of alkane with the catalyst

2. C—H bond of alkane will rupture to form alkyl species

3. The reaction of C—H bond with the surface oxygen to form an alkene
4. Regeneration of active species

H2.11+2 CnHZn + HZO

Cu
QUL U Q@090

UOUO Q Lattice oxygen OOOO
0000 ¢ 00L0
3838 \\) Oxyglen Defect 88%8
QLU VI M QLD

Q009 K\QO&)\)
)
Fig. 1.6 The MVK redox model

The reactivity of surface oxygen, the reducibility of the metal ions and the environment of the
active site will influence the reaction route [27]. ODH of C, hydrocarbons mainly proposed
to follow Mars van Krevelen (MVK) mechanism or the redox model. A typical MVK
mechanism consists of some elementary steps. Initially, an alkane adsorbed on the catalyst
surface will cleave the weakest C—H bond which is the rate-limiting step [28] producing an
allylic intermediate. Then, lattice oxygen from the catalyst will be inserted into the allyl
intermediate forming the desired products. Ultimately, the external supply of oxygen will re-
oxidize the catalyst surface to complete the redox cycle [29]. This cycle will be repeated and

hence, the catalyst lifetime will improve. Accordingly, the nature, amount as well as the
AcSIR PhD Thesis, 2020

| Aswathy TV, CSIR-NCL



12
Chapter 1: Introduction

mobility of oxygen species involved during the reaction is critical for MVK mechanism. The
electrophilic peroxide O,* and superoxide O, species usually chemisorbed on the catalyst
surface causes deep oxidation of hydrocarbons while the nucleophilic O* lattice oxygen
anions are selective towards the required products [12]. A general representation of the metal
oxide surface shown in Fig. 1.6 simply explains the MVK mechanism.

Second C-H
CH37H2 ! aCtIVc‘:ltlonH CHszz )
Co, Co 0.
irst C- P e ofce. WP b of G ok e CoHy(8)
FlrSt C H . © Co . Co  subsurface Co Co Co subsurface
activation
CH,CH H Ca H
Lo v Co \ \ /
s { 04 ¢ 08 04 Surface
03/ OBCO OACo oSubi::jz: COD o CE e
Co,0, (111) Hydrogen
CaHile) Start . diffusion
C
oA __of 08 0A s o o a,cO\o/': 02 N
Co Co Co subsurface - - -
Lattice
o) o o HH Water
xveen o8 _of bt T formation
Re gene ration (& Co™ " Cosubsurface 5 TR T
%:0,(g) H,0(g)

Scheme 1.2 The catalytic cyclic mechanism of ODH of ethane on Co304[30]

Victor et. al. have been described the ODH of ethane over (111) plane of Co30,4 nanorods.
Using the DFT method, the complete cycle for the MVVK mechanism has been explained as
illustrated in Scheme 1.2 [30]. Because of that, C—H activation on the surface oxygen is the
preliminary step. Hydrogen diffusion, water formation and lattice oxygen regeneration processes
are taking place at the active sites followed with alkane activation. This example might best
demonstrate the MVK mechanism which applies to many aliphatic as well as aromatic
hydrocarbons. The participation of lattice oxygen in the formation of products will help to relate
the catalytic activity with the thermodynamic parameters characterizing the catalyst lattice [31].
Downie et. al. have been developed a steady-state adsorption model (SSAM) influenced by
the MVK model [32]. This method was postulated by making the assumptions that oxygen
dissociation or oxygen desorption during the process is not negligible. Furthermore, a steady-
state is assumed between the rate of adsorption of oxygen on the surface and the rate of
removal of oxygen through the reaction with hydrocarbon from the gas phase. Understanding

the proper mechanism will help to tune the catalyst to achieve better yield of olefins. The
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design of a suitable catalyst with appropriate stable and active oxygen species for ODH is a
pivotal challenge.

1.5. Factors affecting ODH

The reaction parameters involved in a catalytic process is critical to contribute towards the
activity. Nature and composition of the catalyst has a primary role in defining the desired
product. Other factors influencing ODH reaction are promoters, temperature, feed
composition, and contact time. Proper tuning of these variables can considerably improve the
product yield. Some important parameters affecting the ODH of lower alkanes have been
discussed here.

1.5.1. Addition of promoters

Bromine, iodine and sulphur compounds can be used as promoter as well as dehydrogenating
agent (oxidant). The addition of halogen can catalyze radical ODH of alkanes in the gas
phase at relatively lower temperatures. Shell and Petro-Tex developed a process for the ODH
of propane with high propene selectivity in the presence of iodine [33]. For butane, the Shell
process with iodine is known as ldas process [34]. However, corrosion, product
contamination and low space-time yield are the drawbacks of this process [35]. Besides, the
environmental issues and the price of halogen compounds limit from the commercialization
of this process. Several alkali metals like Li, Na, K, and Cs are exploited to improve the
selectivity of olefins [36]. They reduce surface acidity of the catalyst and so increase product
desorption from the catalyst. Increase in BD production is achieved by using alkaline earth
metals as reported by Madeira et. al. using the NiMoQ, catalyst [37]. Table 1.5 represents
some important catalysts consisting of alkali and alkaline earth metals for the ODH of C,

hydrocarbons.
1.5.2. Catalyst composition

The composition of the catalytic system is a crucial factor in describing the activity of the
catalyst. Multi-functionality in the material is mandatory to catalyze various steps involved in
ODH. Mixed oxides containing two or more metals and carbon-based materials are the main
categories of catalyst systems implemented by the researchers. In this regard, the precursor
used, [4] nature of the support, [38] phase composition [38, 39] and calcination temperature
[39] are observed to influence the activity trend in ODH reactions. Oxides of vanadium and
molybdenum are widely exploited for this reaction, while the former is more preferred. For

example, V-Mg-O system has MgO and magnesium orthovanadate (Mgs(VOs)2) as major
AcSIR PhD Thesis, 2020

| Aswathy T V, CSIR-NCL



14
Chapter 1: Introduction

phases. It can also form magnesium pyrovanadate (Mg.V20;) and magnesium metavanadate
(Mg2V206) by changing the synthesis method [16]. However, previous studies proved
Mgs(VO,), as the active phase for the ODH of n-butane and Mg,V,0- phase is non-selective

towards butenes [18].
1.5.3. Operating conditions

Reaction conditions are important tools to alter the conversion and selectivity of a reaction.
Amount of catalyst, reaction temperature, space velocity, reactor feed ratio etc., could be
tuned to achieve optimum operating conditions for the highest activity. For example, Corma
et. al. have observed an increase in the selectivity for DH products with the increase in
reaction temperature while this relationship could not establish in the case of propane ODH
[38, 40]. For the ODH of n-butane, a decrease in oxygen to butane ratio and reaction
temperature has increased the selectivity of butanes and butadiene [39]. As a consequence, a
low reactant to oxygen ratio is preferred for the studies to maintain feed flow out of explosive
limit for safety considerations. Besides, the catalyst weight, as well as reactor feed, may be
varied to achieve sufficient contact time. Optimizing the reaction parameters to improve the

productivity of any catalyzed reaction is a regular practice.
1.5.4. Reducibility

Table 1.4 Effect of Cs in NiMoO, on rates of n-butane conversion [41]

Catalyst Tonseta _gbutaneb _srbutaneb ,
(°C) x10™ (mol/h g) x10™ (mol/h m?)

NiMoO4 300 8.9 20.1

1 % Cs—NiMoOg4 320 2.5 7.1

3 % Cs—NiMoO, 335 1.4 5.0

6 % Cs—NiMoO, 350 1.0 3.7

*Temperature of onset of reduction.
PRates of butane conversion.
Operating conditions: T = 475 °C, butane:0,:N, = 4:9:87, W/F = 12 g hr/molyyane, W = 0.300 g.

Temperature programmed reduction analysis can furnish information about the reducibility of
catalysts. As discussed in Section 1.4.4, redox centres on the catalyst play a major role in
ODH as they will participate in the MVK mechanism through which the reaction is proposed
to occur. According to this mechanism, lattice oxygen will be removed which is accompanied
by the reduction of the neighbouring cation. Hence, the ease of oxygen removal will depend
on the reducibility of the cation in the lattice. Madeira et. al. have studied the ODH of n-

butane over unpromoted and the Cs promoted a-NiMoO, catalysts. On addition of Cs (1-6
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%), the reducibility of the catalysts has decreased which is observed as an increase in
reduction temperature in the TPR profile. Corresponding to that, n-butane conversion is
gradually reduced and the values are shown in Table 1.4. This may be considered as a proof
for MVK mechanism [41].

1.5.5. Nature of oxygen species

Another factor that considerably affects ODH selectivity is the nature of oxygen species.
Oxygen reactivity and availability will depend on the metal-oxygen bond strength and the
atomic arrangement of the crystal lattice respectively; while the oxygen diffusivity through
the lattice is also important for the ODH reaction mechanism [4]. Equilibria between the
adsorbed and gaseous oxygen species will be established as given in Eg. 1.11 from an

electrophilic (O2") to nucleophilic (0?") oxygen.
0, (gas) —05 (ads) <0, (ads) 05> (ads) <20 (ads) —20* (lattice) (Eq. 1.11)

The electron-deficient oxide (O), superoxide (O,) and peroxide (O,*) species will attack
C=C which are electron-rich regions of hydrocarbons and lead to the combustion process.
Conversely, the nucleophilic lattice oxygen (O*") with a high electron density will react with
the electron-poor sites and helps in partial oxidation. Furthermore, the reactivity of oxygen
depends on the strength of the metal-oxygen bond. The atomic arrangement within the
material and the ease of oxygen diffusion through the crystal lattice are responsible for

improving the reaction rate.
1.5.6. Acidic-basic sites

Acidic-basic properties are very crucial for the activation of C, hydrocarbons during the
ODH process. Concepcion et. al. have studied vanadia loaded on different supports with
varying acidity and basicity for the ODH of light alkanes [42]. Fig. 1.7 shows the selectivity
of olefins in the ODH of C,-C, alkanes at 550 °C (for propane and n-butane) and 600 °C (for
ethane) with an alkane conversion of 30 % over V-based catalysts. It was observed that
ethylene selectivity is improved with the acidity of the catalyst support while; an opposite
trend is detected with n-butane. In contrast, the behaviour of propane in ODH was difficult to
correlate with the nature of the support as it was affected mainly by the nucleophilicity of
surface oxygen species [43]. They have discovered that the selectivity must be optimized
with the alkane feed. Butenes and BD consist of high electron densities at the bonds and are
basic in nature. Hence, they will weakly adsorb on basic catalysts which make easy

desorption of them from the active sites. Thus, the selectivity of these products will be
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enhanced. In conclusion, acidic-basic properties will navigate the ODH reaction by quick
desorption of alkenes which prevents over oxidation to form oxygenated products and carbon

oxides.
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Fig. 1.7 Effect of acidic-basic supports. MG, AL, APO-5 are MgO, Al,0; and
aluminophosphate respectively. [42]

1.5.7. Reactor configurations

The type of reactor chosen for the process will largely affect the activity of the catalyst for
alkane conversion. Various reactors so far engaged in ODH are summarized in Fig. 1.8.
Usually, fixed bed reactors (FBR) were preferred for the reaction. However, the possibility of
over oxidation of the products is a drawback while considering the size of the reactor tubes.
In that context, fluidized bed reactors were developed for better activity. The kinetic studies
for the ODH of C,4 hydrocarbons over 30VMgO catalyst illustrated the easy activation of n-
butane in circulating fluid bed reactors for the future applications where; after the reaction
zone the catalyst is re-oxidised by oxygen in a regeneration zone [26]. Hence, the lattice
oxygen could be utilized for the ODH reaction to improve the BD selectivity followed by the
periodical regeneration of lattice oxygen. This can be achieved by multiple or mobile or
fluidized bed reactors. Meanwhile, separate hydrocarbon and oxygen feed could be supplied
using two-zones fluidized bed reactor [44]. The safer operation and super performance
compared to a conventional fluidized bed reactor are the added advantage of these types of

reactors.
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Fig. 1.8 Different types of reactors

Later, the emerging of microreactors allowed understanding the reaction mechanism and
kinetic studies while the industrial implementation remains a challenge. The productivity can
be improved if the feed of oxygen and alkane is controlled in a membrane reactor which was
developed in the last two decades [45]. Here, one of the product can be successively removed
which can shift the equilibrium and the membrane allow the fine control of oxygen
distribution over the bed [45, 46]. A special kind of reactor is also available in which an
electrochemical process is used for the extraction of oxygen from the gas mixture using a
membrane and transferred to another zone containing hydrocarbon. Meanwhile, some
simulation studies have been carried out with VMgO catalyst in a differential side stream
catalytic membrane reactor [47]. A combination of different reactors may also be also utilized

to improve catalyst performance.
1.6. Challenges involved in ODH

Researchers were concerned about developing a catalyst that can activate only the C—H bond
of hydrocarbons. Table 1.2 explains the difficulty of activating C—H bonds compared to the
C—C bonds of hydrocarbons. Due to the nature of the chemical bonds involved, many side
reactions are more favourable than the desired reaction. However, secondary products
generally have no economic interest. The main challenge of the ODH process is to avoid total
oxidation of desired products (olefins) by successfully desorbing it from the active sites so

that the productivity can be improved. However, the more reactivity of products than the
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reactants may easily lead to combustion or cracking which will reduce the catalytic activity.
The rate of undesired side reactions is tabulated in Table 1.3 and discussed in Section 1.4.3.
To maintain the activity, the ODH process on metal oxides require high O, to butane ratio
which may lead to total oxidation. Thus, inhibition of unwanted products and improving the
selectivity of olefins are being the critical issues of this process. Low conversion level has to
be maintained to improve the selectivities; but, the separation of an individual component
from the product stream is the biggest task. Moreover, the deactivation of the catalyst by coke

formation is very significant.
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—®@— Lean flammability limit
--O Rich flammability limit

Fig. 1.9 Flammability limit of different hydrocarbons

For a gas mixture containing fuel and oxygen, there is a particular proportion of the
components to avoid explosion which is determined by the explosive limit or flammability
limit. The mixture should not be within this minimum (lower explosive limit, LEL) and
maximum (upper explosive limit, UEL) concentration. Below LEL, the mixture will be too
lean to explode and above UEL, it will be too rich and results in deflagration. These values
will vary for different gases. Fig. 1.9 represents the variation in ELs of hydrocarbons with
diverse carbon atoms. The values differ even within the C, hydrocarbon family. Flammability
ranges of n-butane, 1-butene and isobutane are 1.8-8.4, 1.6-10.0 and 1.8-8.4 respectively
[48, 49]. The exothermic nature of the ODH reaction increases the risk factors and the feed
composition should be taken into account to avoid the explosive nature. Thus, catalysis

researchers have to meet numerous challenges to overcome the risks of this reaction.

1.7. Isobutene

Isobutene (2-methylpropene) is one of the important feedstock chemical, which is extensively

used as a building block for the synthesis of a vast of intermediates in the chemical industry.
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It is a vital precursor for the synthesis of various oxygenates like methyl tert-butyl ether
(MTBE), ethyl tert-butyl ether (ETBE), and methacrylates which are used as an octane
enhancing additives in gasoline [50]. Isobutene is also widely used in the polymer industry
for the production of butyl rubber [51]. Fig. 1.10 represents major applications of isobutene.
The estimated increasing demand for isobutene soon insists on the need for alternative
pathways other than conventional naphtha SC and crude oil fluid catalytic cracking methods.
In this regard, catalytic DH of isobutane acquires much significance due to the available low-
cost feedstock [52]. However, the endothermicity of this process requires elevated
operational temperature (550—650 °C) to obtain a high yield of isobutene.
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— Potential as
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Fig. 1.10 Industrial importance of isobutene [53]
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Chromium and platinum-based catalysts have been extensively studied for isobutane
dehydrogenation (DHisoB). Pt-Sn/Al,O; and CrO./Al,O; systems are well explored and
implemented in the industries, a few decades back. Even though these catalytic systems are
giving satisfactory results; they are suffered from some disadvantages. A part of chromium
ions exists in carcinogenic Cr® in alumina supported chromium catalyst causing severe
environmental threats [54, 55]. Also, the possible sintering of Pt nanoparticles and high-cost
limits Pt-based catalysts to some extent [56, 57]. Moreover, catalyst deactivation due to coke
deposition is unpreventable at stringent reaction conditions. Hence, the development of an
environmentally friendly and cost-effective promising catalyst for the non-oxidative

dehydrogenation of isobutane becomes imperative.

1.8. Catalytic systems for C, activation

Supported and unsupported catalysts have been used for the activation of C, hydrocarbons.

Multi-component materials are preferred for this purpose in order to catalyze various steps
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involved. The catalytic systems used for C, activation could be categorized into three
depending on the composition.

1.8.1. Alkali/alkaline earth metal-based catalysts

Several alkali (Li, Na, K and Cs) and alkaline earth (Be, Mg, Ca and Ba) metal-based
catalysts are reported for the ODH of C4 hydrocarbons (Table 1.5). Among them, lithium-
based catalysts are well exploited. However, the activity of these catalysts is generally low at
lower temperatures. Halides can promote the selectivity of alkene and selectivities are
observed to increase with temperature. The acidic sites of the material harmful for the
reaction can be neutralized by the addition of alkali/alkaline earth ions [12]. The increased
basicity can facilitate the easy desorption of the olefinic products. Thus, the formation of
unwanted side products and carbon oxides may be prevented. However, the effect of these
metals may vary with the catalyst system and the selected C4 hydrocarbon [4].

1.8.2. Transition metal-based catalysts

Appropriate catalyst should be selected depending on the nature of the reactant alkane. Many
transition metal-based materials are engaged in ODH taking advantage of their redox nature.
Among all, molybdates, vanadates and nickel-based systems are well established for the
ODH of n-butane. Several studies have shown that VMgO mixed oxide is the best catalyst for
n-butane ODH. Group V and VI transition metal oxides have been explored as bulk or
supported catalysts and among all, vanadium is the well-studied element. The acid-base
nature of the supports is a crucial parameter for the catalytic activity and so alumina and
silica-supported catalysts are selected by many research groups [58, 59]. Meanwhile, bismuth
molybdates and metal ferrites have also been extensively explored as ODH catalysts for n-
butenes [60]. For isobutane conversion, alumina-based materials are the most studied system
[61-63]. A large number of transition metal-containing catalytic systems are reported in the

literature and some of the selected catalysts are listed in Table 1.5.

1.8.3. Carbon-based catalysts

Carbon materials are terminated with functionalized oxygen groups (Fig. 1.11) such as the
electron-rich ketonic as well as quinoidic species which can be utilized for the redox process
occurs during the ODH of C4 hydrocarbons [64, 65]. The Lewis basic sites on the surface of
carbon can abstract hydrogen atoms from C—H bond and proceed to the formation of alkenes.

Thus, different kinds of carbon will function as a metal-free catalyst centre. A few of the
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reported carbon-based systems for the ODH of C4 hydrocarbons are listed in Table 1.5. It is
observed that the surface modification and the heteroatoms will increase the selectivity of
corresponding olefins [66].

Fig. 1.11 ODH of alkane over functionalized CNTs [67]

According to the current understandings, nucleophilic ketonic carbonyl groups, and defect
sites on graphene layers are the active species to play role in ODH reactions. Thus carbon is
one of the promising catalysts in progressing material and sustainable chemistry. Even if the
carbon materials can suppress the formation of non-selective oxygen species, the low overall

activity for ODH is a drawback for these type of materials.

Table 1.5 Activation of C4 hydrocarbons on different catalyst systems

Reaction system Catalyst Yield (%) | Ref:
n-butane to BD Mg-Dy-Li-Cl 50 [68]
(ODH) VO,/Al,03 6 [69]
MoOx/Al,03 5 [70]
CNT’s 28 [71]
n-butane to butenes Modified CNT’s 9.5 [72]
(ODH) Nano diamond 1 [73]
Single-walled CNT’s 0.5 [73]
Gr-oCNT 10 [65]
1-butene to BD Sulfated ZnFe,04 79 [74]
(ODH) BiMoFe, oxide 62 [75]
PdM/SiO, (M=Bi, Fe, Ge, In, Sn, Zn) 12 [76]
CNT’s 28 [64]
Isobutane to isobutene Pt/Sn/KL zeolite 56 [77]
(DH) Transition metal sulfides 60 [78]
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Graphene oxide 3 [79]
Activated carbon 10 [80]

Generally, unsupported metal oxide catalysts composed of multi-transition metals are used
for C4 hydrocarbons activation. A thorough study of the existing literature proves that multi-
functionality is one of the central criteria to design suitable catalyst towards the selective
oxidation of C4 hydrocarbons.

1.9. Selection criteria of ODH catalyst and reaction parameters

An ideal ODH catalyst should be designed to conquer the disadvantages of existing materials.
The first C—H bond activation is the rate-determining step of ODH reaction and hence, Lewis
basic sites are compulsory for this purpose. Meanwhile, some amount of acidic sites can also
contribute towards the selectivity of olefin by desorbing the formed olefins immediately after
the reaction. The literature says that the reaction generally proceeds through MVK
mechanism and so, metal cations which can show variable oxidation states are preferred with
a higher oxidation state. Moreover, the material with a minimum amount of electrophilic
oxygen may reduce the undesired reactions. The proper selection of the reactor configuration
plays an indispensable role to increase the olefin yield. Likewise, membrane reactor would be
a good candidate where the oxidant distribution over the catalyst can be controlled. The
reaction parameters like temperature, feed flow ratio, space velocity etc can also be tuned in
such a way to increase the product yield. In addition, the multi-functional centres of the
catalysts have to be arranged to achieve the proper transformation of reactants and quick
desorption of the products. These are some important factors that should be acknowledged
during the catalyst design as well as ODH reaction towards attaining the best activity to

compete with the industrial methods.
1.10. Industrial implementation

Selective conversion of C, hydrocarbons is a very significant technology with the increasing
demands of olefins because the functionalizations of alkenes have extensive applications in
the chemical industries. So far of now, selective oxidation of n-butane is the only reaction
that has been commercialized [35]. Alkene necessity could be fulfilled by the industry
utilizing the ODH process which hit the restrictions of conventional DH by reducing the
operational energy and making it economically feasible. The trend in the activation of alkanes
mainly follows the C—H bond strength. The bond energies for primary C—H, secondary C-H,
tertiary C—H, allyl C-H and vinyl C-H groups are 420, 401, 390, 361 and 445 kJ/mol
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respectively as shown in Table 1.2. Hence, lower alkanes will be activated at higher
temperatures. From Fig. 1.3, it is evidenced that selectivity decreases with the increase in
conversion due to the higher oxidising properties of olefins. These are major reasons why the

ODH process has not been executed in industries [81].

Table 1.6 Commercial C4 activation technologies [12, 82, 83]

Technology Catalyst C,olefin | Reactor | Temperature | Development
name selectivity | type (°C) stage
CATOFIN CrO,/Al,O3 89-93 Adiabatic | 565-649 Commercial
with alkaline fixed bed
promoter
UOP Oleflex Pt-Sn/Al,03 | 91-93 Adiabatic | 550-620 Commercial
with alkaline moving
promoter bed
FBD CrO4/Al,O3 91 Fluidized | 535-590 Commercial
with alkaline bed
promoter
FLOTU/Tsinghua | Pt-Sn/SAPO- | 81-86 Bimodal | 570-610 Pilot plant
34 fluidized
bed
SABIC Pt- 80-85 Adiabatic | 560-600 -
Sn/K/SAPO- fixed bed
34 and FBR

The potential advantages of ODH are not enough to convince the industries for
commercialization. Instead, the best yields reported until now are still far from appealing for
the industrial implementation [84]. Furthermore, the hazardous mixture of hydrocarbon and
oxygen at high temperature will increase the hazard level of the explosion. Subsequently, the
maximum yield of alkenes obtained from ODH is still less than that obtained from the DH
process. In a while, an efficient catalyst with a promising reactor configuration might be
discovered providing high conversion and selectivity for the ODH of light alkanes. Some of

the industrially recognized DH technologies for C4 up-gradation are listed in Table 1.6.
1.11. Objectives of the work

Olefins derived from the C4 hydrocarbon family serve as vital precursors for the production
of synthetic rubbers and organic chemicals. ODH overcomes many of the shortcomings of
conventional SC as well as DH for the synthesis of C, alkenes. Previous studies have shown
that ODH of C4 hydrocarbons can be performed over multi-component metals and carbon-
based catalytic systems. A thorough investigation of the available literature manifested that
transitional metal-containing oxide can exhibit redox property preferably existing at a higher
oxidation state and so will be a perfect candidate to perform the MVK mechanism through
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which ODH reaction is proposed to proceed. The minimum amount of electrophilic oxygen
species with optimum acidic-basic properties will reinforce the selectivity towards C,4 olefins.
Considering all these aspects of different transition metal-based, mixed oxides were designed
separately for the selective oxidation of n-butane, 1-butene and isobutane to butenes; BD and
isobutene respectively. The reactions are performed in a continuous flow mode fixed bed
reactor and the products are analyzed through gas chromatography. Reaction parameters like
temperature, feed flow, C, hydrocarbon to oxidant ratio etc., were also varied over the best
catalyst composition to attain maximum selectivity towards the desired olefin. Also, the
catalytic activity is correlated to the physicochemical properties of the material with the help

of various characterization techniques.

1.12. Thesis structure

The thesis is broadly divided into six chapters.
Chapter 1: Introduction

A general introduction on catalysis and selective activation of alkanes specifically the C4
hydrocarbons are presented in this chapter. The importance of elected olefins such as BD and
isobutene are stated along with the details of existing production methods. Further, the
advantages and the scientific aspects of ODH are elaborated. A literature survey of the
research problem is briefly explained with cited examples. Finally, the catalyst selection
criteria and reaction parameters are summarized. A concise outlook of the work towards

commercial implementation is also accomplished.
Chapter 2: Catalyst synthesis and characterization

The synthesis pathways adopted for the preparation of metal oxide systems are elaborately
discussed. Different physicochemical characterization techniques employed for the
investigation of the synthesized catalysts and the basic principles are thoroughly explained.
The structural, textural, thermal properties as well as composition of these materials are
studied with the help of diverse analysis methods like powder XRD, N, sorption, SEM, TEM,
Raman spectroscopy, XPS, FT-IR, TGA, TPR, TPD, ICP-AES and DRUV-Visible
spectroscopy. The basic principles of these techniques as well as the main characteristics of
the fixed bed reactor and gas chromatograph are depicted. The details of instruments engaged

for the thesis work are also given.
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Chapter 3: Enhanced catalytic activity of boron-containing MgO on vanadium loading for
the oxidative dehydrogenation of n-butane

In this first working chapter, ODH of n-butane to BD is investigated over vanadia loaded
boron-containing MgO systems in the presence of oxygen. The best catalyst composition is
screened, and the reaction conditions are varied to maximize the desired product yield. The
role of active phase for the selective n-butane oxidation is elucidated with the help of proper

analysis methods.
Chapter 4

Chapter 4 is discussed about the oxidative dehydrogenation of 1-butene and is successively
divided into two parts depending on the catalyst system employed.

A. Influence of transition metal addition in bismuth ferrite on the oxidative dehydrogenation
of 1-butene

Here, the synthesis of BD is achieved from a comparatively better activating starting
molecule viz; 1-butene by the ODH process using molecular oxygen over different transition
metals such as Ni, Cu, Cr, Mn, Zn and Co loaded bismuth ferrites existing in the distorted
perovskite structure. The influence of Zn in boosting the product selectivity is analyzed with
different physicochemical characterizations. The composition and reaction parameters are
tuned for the highest BD yield.

B. Utilizing the oxygen carrier property of cerium iron oxide for the low-temperature

synthesis of 1, 3-butadiene from 1-butene

The main aim of this chapter is to reduce the operating temperature for BD synthesis from 1-
butene by employing a cerium-iron mixed oxide catalyst. The oxygen carrier property of this
material is utilized for the dehydrogenation reaction in the absence of an external oxidant.
The stability and recyclability of the material are being studied. The structural changes
occurring on the catalyst surface after the reaction is investigated using appropriate analysis

techniques.

Chapter 5: Selective dehydrogenation of isobutane to isobutene over promoted mesoporous

Fe-alumina catalysts

In this final working chapter, the importance of isobutene as well as the shortcomings of
existing materials and methods is discussed. Dehydrogenation of isobutane over in-situ Fe

loaded mesoporous alumina catalyst after impregnating P, K and Ag are studied. Promoters
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have appreciably improved isobutane conversion compared to the ex-situ synthesized
catalyst. The difference in the catalytic activity is explained with the help of suitable material

characterization. Major reasons for catalyst deactivation are well analyzed and interpreted.
Chapter 6: Summary and conclusions

This chapter summarizes the major results retrieved from the activation of C4 hydrocarbons
such as n-butane, 1-butene and isobutane over different metal oxide-based catalytic systems.
The present work is concluded by suggesting several outlooks and future perspective for
further research in this particular area. The probability of industrial realization is also

analyzed.
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Chapter-2
Catalyst Synthesis and Characterization

2.1. Introduction

In this chapter, the experimental details involved during the systematic study of the thesis
work are explained in brief. The synthesis strategies adopted for the preparation of various
catalysts are clearly elaborated. All prepared materials are extensively analyzed for the
crystallinity and porous nature with the help of powder X-ray diffraction and N
physisorption respectively. The microscopic analysis will provide the structure and
morphology of the catalysts. Thermal properties are investigated through thermogravimetry
as well as temperature-programmed studies employing H,, NH3 and CO, as probe molecules.
Various spectroscopic techniques like XPS, UV-visible, Raman, FT-IR can reveal the surface
features, composition and nature of the synthesized catalysts. The technical information of
the instruments concerned with these analyses is given briefly. Furthermore, the reactor
configuration involved in the activity measurement of the catalysts is specified. Qualitative
and quantitative evaluation of the reaction products is done in gas chromatograph. The basic
principle and instrumentation of the above-mentioned characterization methods are briefly

discussed in this chapter.
2.2. Materials

The details of chemicals used in the catalyst synthesis for this study are represented in Table

2.1. All materials are employed as purchased without any further purification.

Table 2.1 Description of chemicals involved in catalyst synthesis

Name Chemical formula Purity (%) | Supplier
Magnesium nitrate Mg(NOs3), 98.5 Merck
Aluminium isopropoxide CyH21AlIO; 98.5 Aldrich
Bismuth nitrate Bi(NO3)3.5H,0 98 Alfa Aesar
Boric acid H3BO3 99.5 Merck
Cerium nitrate Ce(NOg3)3. 6H,0 99.5 Alfa Aesar
Chromium nitrate Cr(NO3)3.9H,0 99 Sigma Aldrich
Citric acid CeHsO7 99.5 Thomas baker
Cobalt nitrate Co(NO3),.6H,0 98 Loba Chemie
Copper nitrate Cu(NOs3),.5H,0 99.9 Sigma Aldrich
Ethanol C,HsO 99.9 CSS
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Iron nitrate Fe(NO3)3.9H,0 99 Merck
Manganese nitrate Mn(NO3),.4H,0 98 Alfa Aesar
Ammonium metavanadate NH4VO3 99 Merck

Nickel nitrate Ni(NO3),.6H,0 99 Merck

Nitric acid HNO3 69-70 Thomas Baker
Orthophosphoric acid HsPO, 88 Merck

Oxalic acid C2H,04 98 Thomas Baker
Potassium nitrate KNO; 99 Merck

Silver nitrate AgNO; 99.5 Alfa Aesar
Sodium hydroxide NaOH 99 Merck

Zinc nitrate Zn(NOs3),.6H,0 99 Merck
Pluronic F-127 Triblock copolymer - Sigma Aldrich

Gases used for the DH of C4 hydrocarbons are listed in Table 2.2 given below. Pure gases

and gas mixtures with purity >99.5 % are engaged during the product analysis and material

characterization.

Table 2.2 List of gases and their application

Gas Supplier Application
n-butane USA Reaction
1-butene USA Reaction

Argon Vadilal Chemicals Ltd, India GC, Reaction
Helium Vadilal Chemicals Ltd, India GC, TPR, TPD, N; sorption
Hydrogen Vadilal Chemicals Ltd, India GC

Isobutane USA Reaction
Nitrogen Vadilal Chemicals Ltd, India GC, Ny sorption
Oxygen Vadilal Chemicals Ltd, India Reaction

Zero air Vadilal Chemicals Ltd, India GC, TGA

5 % Ha/Ar Vadilal Chemicals Ltd, India TPR

10 % CO,/He Vadilal Chemicals Ltd, India TPD

10 % NHa/He Vadilal Chemicals Ltd, India TPD

10 % Oy/He Vadilal Chemicals Ltd, India TPR

Calibration gas mixture

Chemtron Science laboratories, India

GC calibration

2.3. Catalyst synthesis

A thorough study of the existing literature background of each kind of reaction is done prior

catalyst selection. Following that, metal oxide based materials were elected for the DH of C,4

hydrocarbons. Different synthesis pathways like sol gel combustion, coprecipitation and

impregnation are adopted for the material preparation. Boron—containing vanadium loaded

MgO catalysts synthesized via combustion followed by wet impregnation are used for the

ODH of n-butane. BD production from 1-butene is achieved by employing co-precipitated
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bismuth ferrites and citrate gel combusted cerium iron mixed oxide as catalysts. Soft template
based method is performed for Fe-alumina preparation followed by dry impregnation of the
promoter for the isobutane DH. A more detailed explanation of each synthesis is given in the

following.

2.3.1. Synthesis of vanadium loaded boron—containing MgO
a. Citrate gel combustion

Boron—containing MgO samples were prepared by the citrate gel combustion method
reported elsewhere [1]. For a particular batch of material, Mg(NO3), and H3BO3 were
employed as precursors. The calculated amount of these precursors was dissolved in
deionized water to form different catalyst compositions. To this clear solution, 1.2 moles of
citric acid per mol of the metal atom was added. Later, the solution was heated on a hot plate
at 110 °C until the complete evaporation of water forming a gel. It was rapidly transferred
into a furnace preheated to 550 °C and the gel were combusted to ashes. To eliminate the
carbonaceous residues, these ashes were calcined at 550 °C for 12 h at 2 °C min™ in a muffle
furnace. The final solid was then ground well into a fine powder and labeled as xBMO where

x=0.1, 1,5, 10, 25, and 50 according to the weight percentage loading of boron.

[ Citrate gel combustion ]

Mg(NO;),

H.BO [ >110°C |::>Combustion |:>Calcination m@
s at 550 °C at 550 °C

12 hrs

Citricacid

X=0.1,1,5,10,25,50

Metal to fuel=1:1

[Wetness impregnation ]

Oxalic acid |::> Dried |:I‘> Calcination |::>
at 80 °C at 550 °C

4 hrs

y=,1,5,9,13,17,21,25

Scheme 2.1 Synthesis of vanadium loaded boron—containing catalysts
b. Wet impregnation of vanadium

Further, vanadium was wet impregnated to 5BMO in different amounts. For the synthesis of a

single batch of vanadium loaded catalyst, a calculated quantity of NH;VO3 was dissolved in
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minimum de-ionized water containing equal moles of oxalic acid. To this solution under
stirring, a sufficient quantity of 5BMO was added and stirred at 80 °C. After drying, the solid
was calcined at 550 °C at 2 °C min™ for 4 h under static air. The final material was marked as
y5BMO, where y stands for the loading of vanadium and y = 1, 5, 9, 13, 17, 21, 25. The
schematic representation of the whole synthesis procedure is depicted in Scheme 2.1. The
series of synthesized catalysts are listed in Table 2.3.

Table 2.3 Catalyst composition and codes of vanadia loaded boron—containing MgO

Sl. No. | Catalyst composition | Catalyst code
1 0.1 % B in MgO 0.1BMO
2 1% B in MgO 1BMO
3 5% B in MgO 5BMO
4 10 % B in MgO 10BMO
5 25 % B in MgO 25BMO
6 50 % B in MgO 50BMO
7 1% V on 5BMO 1V5BMO
8 5% V on 5BMO 5V5BMO
9 9%V on 5BMO 9V5BMO
10 |13 % V on5BMO 13V5BMO
11 |17 % V on 5BMO 17V5BMO
12 |21 % V on5BMO 21V5BMO
13 | 25% V on 5BMO 25V5BMO

2.3.2. Synthesis of bismuth ferrites

Coprecipitation method

<2

1M NaOH |:>pH:11|:> Ageing 1hr |:> Drying @110 °C

Me-nitrate @ RT
Fe(NO;);.9H,0 BiFeO,.;
Bi(NO5)3.5H,0
(I 3M HNO3) Bio.sMe,  FeO;. ;
{laestupiiiyza) Calcination
Me=Co, Cr, Mn, Ni, Cu, Zn BiFe,sMe,;0;, 5 @ 550°C
(Me=Co, Cr, Mn) 6 hrs

Bi,.Zn,FeO,,;
(x=0.05,0.1,0.2)

Scheme 2.2 Method of transition metal doped bismuth ferrite synthesis

The perovskite samples were prepared according to the following procedure [2]. For the

synthesis of pristine BiFeO3 (BF), Fe(NO3)3.9H,0 was dissolved in 50 mL deionized water
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followed by adding Bi(NO3)3.5H,0 in 3M nitric acid. Later, 1M NaOH solution was added to
this mixture under stirring until to reach pH 11. The suspension was stirred for another one
hour and washed with 2 L deionized water to remove excess alkali and dried overnight at 80
°C. The powder was ground well and calcined for 6 h at 550 °C with 2 °C min™ ramping
under static air. Later, the transition metal doped bismuth ferrite viz; M14Bi;.xFeO3 and
BiM2,Fe;.xO3; where M1=Cu, Ni, Zn and M2=Co, Mn, Cr respectively were synthesized
following the same procedure from the corresponding nitrate salts. Cu(NOs),.5H.0,
Ni(NO3),.6H,0, Zn(NOs3),.6H,0, Co(NO3),.6H,0, Mn(NOs),.4H,O and Cr(NO3)3.9H,0
were used as the metal precursors and the final solids were denoted as BCuF, BNiF, BZnF,
BCoF, BMnF, and BCrF respectively. The synthesis procedure and catalyst composition are

represented in Scheme 2.2 and Table 2.4.

Table 2.4 Perovskite type bismuth ferrite catalysts’ composition and codes

Sl. No. | Catalyst composition | Catalyst code
1 BiFeOs.s BF
2 BiFe9C00.1035 BCoF
3 BiFeg9Cro10ss5 BCrF
4 BiFeolgMno,loﬁs BMnF
S Bio.oCuo1FeOsss BCuF
6 Bio.oNig1FeOs.s BNiF
7 Bio.oZng1Fe0s.s BZn0.1F
8 Bio.osZNo.0sF€035 BZn0.05F
9 Bio.sZno2Fe0s.5 BZn0.2F

2.3.3. Synthesis of cerium iron mixed oxide

Citrate gel combustion

Cerium iron mixed oxide was synthesized by the citrate gel combustion method adopted from
the reported literature [3]. An aqueous solution of Ce(NO3)s. 6H,0 and Fe(NO3)3.9H,0 was
taken in a 1:1 molar ratio with citric acid as fuel (metal ions: fuel=1:2) and made a
homogenous solution. This solution was heated under stirring at 90 °C to form a gel. Later,
the gel was immediately transferred into an oven preheated at 180 °C overnight to get a
brown puffy solid mass. It was allowed to cool down to room temperature; ground well and
calcined at 550 °C at 2 °C min™ in a muffle furnace for 6 h in air and labelled as CF. Pure
Ce0, and Fe,O3; were also prepared for the comparison studies by following the same
procedure from the respective nitrate precursors. The material codes involved in cerium iron
oxide system are specified in Table 2.5 and the synthesis pathway is shown in Scheme 2.3.
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Scheme 2.3 Citrate gel combustion synthesis of CF

Table 2.5 Material codes in cerium iron mixed oxide

Sl. No. | Catalyst composition Catalyst code
1 CeFeOx fresh CF
2 CeO, CeO,
3 Fe, 03 Fe,03
4 CeFeOyafter TOS CFt
5 CeFeOy after regeneration | CFr

AcSIR

a. Soft template-assisted synthesis

2.3.4. Synthesis of promoted iron-doped mesoporous alumina

Mesoporous FeAl catalyst was prepared according to the method reported elsewhere [4]. For
a typical synthesis, roughly 1.5 g of F-127 and 0.36 g Fe(NO3)3.9H,0 was added to 20 mL
anhydrous ethanol; vigorously stirred for 4 h and labeled as ‘A’. Meanwhile, to a stirring
mixture of 15 mL anhydrous ethanol and 1.6 mL concentrated nitric acid 12 mmol aluminium
isopropoxide was dissolved and labeled ‘B’. Further, A and B were combined using 3 mL
ethanol to transfer the solution B. This final mixture was continuously stirred for another 8 h
and dried in the oven at 60 °C for 48 h. Further, the residue was ground well and calcined at

700 °C for 5 h with a 1 °C min™ ramping rate. The final powder was denoted as MesoFeAl.
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Scheme 2.4 Synthesis of promoted Fe-alumina catalysts

b. Dry impregnation

For the synthesis of promoted catalysts, 1 wt% of K, P and Ag were dry impregnated over 2 g
MesoFeAl from a concentrated solution of the respective precursors KNO3, phosphoric acid
and AgNOs. The solids were sintered at 550 °C for 2 h with at 1 °C min™ and marked as
KMesoFeAl, PMesoFeAl, and AgMesoFeAl. For the comparison study, the support MesoAl
was also synthesized by following the above procedure without adding Fe precursor. Iron was
dry impregnated from the nitrate precursor over mesoporous alumina and represented as
FeMesoAl. Besides, pristine support MesoAl was also synthesized for further measurement
[5]. The synthesis procedure is schematically represented in Scheme 2.4. The composition

and codes of all mesoporous alumina catalysts are shown in Table 2.6.

Table 2.6 Composition and codes of mesoporous alumina catalysts

Sl. No. | Catalyst composition Catalyst code
1 Mesoporous alumina support MesoAl
2 5 wt% Fe in mesoporous alumina — in situ MesoFeAl
3 1 wt% K on MesoFeAl KMesoFeAl
4 1 wt% P on MesoFeAl PMesoFeAl
5 1 wt% Ag on MesoFeAl AgMesoFeAl
6 5 wt% Fe in mesoporous alumina — dry impregnation | FeMesoAl
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2.4. Analysis methods

Catalyst characterization is crucial to establish the relationship between material properties
and activity performance. A wide variety of analysis techniques are available in the research
area for this purpose. However, proper recognition of the instrument characterization for a
selected material is very significant in the systematic study of heterogeneous catalysis. The
basic principle of the analysis methods practiced in the current study is illustrated briefly in
this section.

2.4.1. Powder X-ray diffraction (PXRD)

Most of the available solid substances are crystalline in nature. When a parallel beam of
monochromatic X-rays incident on a crystalline material, it interacts with the atoms in the
periodic lattice. The diffracted beam is measured and the intensity will allow identifying the
purity of the material. William. L. Bragg and William. H. Bragg assumed that the crystal
planes of a solid behave perfect reflector for X-rays as schematically represented in Fig. 2.1.
Thus, they derived Bragg’s law which describes the conditions under which constructive
interference could happen. The principle of X-ray diffraction lies in the Bragg’s equation

which is expressed as,
n\ = 2dsin6 (Eq. 2.1)

where, n is an integer called the order of diffraction which is equal to 0, £1, +2 etc., A is the
wavelength of the X-rays, d is referred as the interplanar distance, and 0 is the diffraction

angle which is the angle between the incident beam and scattering plane.

Fig 2.1 Principle of X-ray diffraction [6]
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The d spacing derived from diffraction pattern can help to identify the material since this
value is unique for each material. The collected data can be compared with the available
standard reference patterns like the International Centre for Diffraction Data (ICDD) or the
Joint Committee on Powder Diffraction Standards (JCPDS) [7]. Consequently, PXRD will
provide complete information about the unit cell dimensions, lattice arrangement and phase
identification of the sample. The line broadening occurs due to the phase lag between the
crystal planes may be represented by the Debye-Scherrer formula,

D=kA\/Bcosd (Eq. 2.2)

Here, D is the average crystallite size, k is the dimensionless constant with a value 0.9, A is
the wavelength of X-ray source (Cu, 1.54178 A), 0 is Bragg’s angle of the diffraction peak
and B is the structural broadening. This expression is utilized to calculate the average
crystallite size of a given material from the full width at half maxima (FWHM) obtained from
the diffraction pattern.

2.4.2. Ny physisorption

Heterogeneous catalysis occurs on the surface of the catalyst and so the surface area becomes
crucial to illustrate the activity. N, physisorption analysis is the primary technique employed
to study the porosity of catalysts. The measurement is based on BET theory developed by
Stephen Brunauer, Paul H. Emmett and Edward Teller by extending the concepts of Irving
Langmuir’s monolayer adsorption of gas molecules in to multilayer adsorption. The specific
surface area of a powder sample is determined by the physisorption of nitrogen gas on the
surface and the adsorption-desorption isotherms are collected at 77 K. The information
derived from isotherm is substituted in the BET equation given in Eg. 2.3 to calculate the

surface area.

1 _ C1 | P + 1
V[(P,/P)-1] Vue | Py Ve (Eq. 2.3)

where, V is the total amount of nitrogen adsorbed; Vy, is the monolayer capacity; P and Py
are the pressure of adsorbate gas at equilibrium and saturation respectively; c is regarded as
BET constant.
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Fig. 2.2 IUPAC classification of BET isotherms [8]

International Union of Pure and Applied Chemistry (IUPAC) classified the adsorption
isotherms in to six types and presented in Fig. 2.2. Accordingly, type I is shown by
microporous solids while 11 and 111 are exhibiting multilayer adsorption in non porous solids.
Type 1V and V denote capillary condensation in mesoporous materials. However, type VI is
very rare which is characteristic of stepped adsorption [9]. Furthermore, the Barret-Joyner-
Halenda (BJH) method is applied to the nitrogen desorption data to establish the pore size

distribution of mesoporous materials.
2.4.3. Scanning Electron Microscopy (SEM)

A scanning electron microscope uses a focused beam of high energy electrons (typically, 5-
100 keV) to acquire the images of specimens in the nanometer scale. Images are monitored
by scanning the sample and collecting the emitted secondary electrons by suitable detectors.
Further, the signals are modulated to the image pixel. Fig. 2.3 shows the complete
instrumentation and working of SEM. This electron microscopy technique yields the size,
distribution, particle aggregation as well as surface morphology of the catalyst. However,

SEM is a surface analysis method and does not provide an internal structure.

AcSIR PhD Thesis, 2020

| Aswathy T V, CSIR-NCL |



Chapter 2: Catalyst synthesis and characterization

41

Electron
source l

Anode —‘—. ﬁ

050
Scan generator

Condensor

lenses

Amplifier
X, y scancoils
Objective y
lens
Back-scattered = .
electron detector \. |.

X-ray - ,

detector . . ' Secondary
\ ,': electron detector

L7

- l 'l f

A k Sumpte

Fig. 2.3 Instrumentation of SEM [10]

Chemical composition, element concentration and sample purity can be studied with energy
dispersive X-ray spectroscopy. When a primary electron beam interacts with an atom; an
inner shell electron can be ejected. An outer high energy electron will compensate this
electron loss by releasing its energy as X-rays (Fig. 2.4). This characteristic of X-rays can be
used to identify the elements. It is a bulk analysis method and usually used together with
microscopic techniques [11]. Besides, elemental mapping is studied with EDX which gives
information about the spatial distribution of elements. This technique can be coupled with an

electron microscope. The main disadvantage of elemental mapping is at low concentration;
elements may not give a response.
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Fig. 2.4 Generation of X-rays during EDX analysis [12]
2.4.4. Transmission Electron Microscopy (TEM)
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Fig. 2.5 Schematic outline of TEM [13]
Transmission electron microscopy is a popular microscopic technique to characterize the

local structure and porosity of materials. The working principle of TEM is based on optical

AcSIR PhD Thesis, 2020
| Aswathy TV, CSIR-NCL |




43
Chapter 2: Catalyst synthesis and characterization

microscopy while the order of magnitude is much superior. An accelerated high energy
electron beam (60-350 keV) is employed to catch high resolution images above 1-2 nm
visibility limits. The interaction between the electrons and sample will give the finest details
of internal structure. In addition, precise particle size can be derived for the nanomaterials.
The schematic of a transmission electron microscope is represented in Fig. 2.5. Compared to
SEM, it can provide good quality images with powerful magnification. A TEM instrument
can be used for imaging, EDX spectroscopy and selected area electron diffraction analysis
[14]. Among this, SAED is a crystallographic technique that is performed in the transmission
electron microscope. The diffraction pattern observed in this analysis indicates material
crystallinity and helps in phase identification.

2.4.5. Thermogravimetric (TG) Analysis

Thermogravimetric analysis is a quantitative analysis method where the mass of a substance
is monitored as the function of temperature or time under controlled heating and gaseous
environment. Thus, it helps to study the thermal events associated with the material. The
sample will be heated in a closed furnace in an inert or air atmosphere with programmed
ramping. Fig. 2.6 depicts the schematic diagram of the TG instrument. The resulting plot of
weight loss as a function of temperature is called a thermogram. This curve will provide

decomposition temperature and so illustrates the thermal stability of the material [15].

.
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Fig. 2.6 Instrument set-up for TGA [16]
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DTA involves monitoring the differential temperature between the sample and the reference
material. This temperature difference is plotted against time or temperature and the analysis
will help to identify and quantitatively analyze the chemical composition of the material.
Generally DTA is coupled with TGA for the proper interpretation to study exothermic,
endothermic events.

2.4.6. Temperature Programmed Reduction (TPR)

Analysis Valve Detector Heat Loop Valve
Heat Zone Zone Heat Zone

Cold Trap Valve
Heat Zone
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Preparation 5 Target Rate:
Gas MFC 25 mi STP/min
YYYY
1234
Looo
Run File: Temperatuse: 250.0°C
TCD Reading:  0.2000
Status: Idie
Inlet Valves
Reference Gas MFC Carrier Gas MFC Loop Gas MFC

Fig. 2.7 Schematic diagram of TPR/TPD [17]

TPR is a vital aspect of heterogeneous catalysis which enables the study of metal oxide based
materials upon varying thermal conditions. The instrument schematic shown in Fig. 2.7 is
common to TPR and TPD experiments. In a typical TPR analysis, the degassed sample is
treated with a reducing gas mixture (usually H, in Ar/N,) under programmed temperature. A
thermal conductivity detector measures the effluent and H, gas consumed can be quantified

as the function of temperature. The reaction may be represented in general as,
MOy + yH; — xM + yH,0 (Eq. 2.4)

Silver oxide is used for instrument calibration. Thus, TPR will provide the reducibility of
oxides and treated as both quantitative and qualitative technique. This method yields bulk
reduction of the oxide and is very sensitive to the metal support interactions [18]. The
instrument diagram is given in Fig. 2.8.
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2.4.7. Temperature Programmed Desorption (TPD)

The typical TPD analysis instrument scheme is shown in Fig. 2.7 and the instrument is
represented in Fig. 2.8. The experimental procedure is similar to TPR which is explained in
the Section 2.4.6. TPD is carried out to investigate the interaction of the solid surface with
gas molecules. Consequently, the active sites can be evaluated. This technique is crucial to
understand the catalytic reaction mechanisms.

Cold Trap to remove condensable
species — the Cold Trap is easily
bypassed to improve response time

i KwikCool
o for rapid

i cooling after
temperature
ramps

Easy-to-open clamshell Optional CryoCooler
furnace for accurate tempera- for subambient analyses
ture control and ramping up (-100 °C to 1100 °C)

to 1100 °C

Fig. 2.8 AutoChem 1 2920 instrument [17]

For example, probe molecules like NH3; and CO, are employed respectively to study the
acidic and basic properties of materials. After adsorbing these gas molecules at room
temperature it is desorbed by applying programmed thermal environment. The nature, type

and amount of acidity as well as basicity are evaluated by analyzing the TPD profiles [19].
2.4.8. Raman spectroscopy

Raman spectroscopy is a versatile analytical tool based on the Raman Effect [20].
Accordingly, when an incident light of wavelength 750-850 nm (usually Laser) falls on the
specimen; the molecule excite to a different vibrational level. The inelastically scattered
radiation is measured with the detector and converted to spectra as the function of the

Raman shift. The basic principle of Raman scattering is schematically depicted in Fig. 2.9.
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Consequently, if a molecule gains or losses energy; the corresponding processes result in
Stokes and Anti-Stokes scattering respectively. Moreover, the elastic scattering too occurs

which is called Rayleigh scattering.
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Fig. 2.9 Basics of Raman spectroscopy [21]
Raman shift may be calculated using the relation,
AB (em 1) r _ 1 . 107nm
L (Cm- = J—
by(mm) 2, (nm) cm
(Eq. 2.5)

Here, A¥ is the Raman shift in wave number (cm™), Ao and Ao are the excitation laser and

Raman scatter wavelength in nm respectively.
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Fig. 2.10 Instrument scheme of Raman spectrophotometer [22]
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As described above, this is a vibrational spectroscopic technique that measures the change
in polarizability during molecular vibration; although complementary to infrared absorption
spectroscopy. Thus, it provides the chemical and structural information about the sample.
However, reduced sensitivity is the main drawback of this analysis method. Fig. 2.10 shows
the instrumental set up of a typical Raman spectrophotometer.

2.4.9. X-ray Photoelectron Spectroscopy (XPS)

Heterogeneous catalysis is a surface process and so the understanding of physical and
chemical interactions occurring on the material surface becomes significant. XPS or electron
spectroscopy for chemical analysis (ESCA) is the most widely used surface characterization
technique based on the photoelectric effect. This phenomenon and the instrumentation are
simply represented in Fig. 2.11. When a solid surface is irradiated with monochromatic X-
rays, electrons are ejected and the detector records the kinetic energy (KE) of these electrons.
The resulting spectra will be a function of binding energy (BE).
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Fig. 2.11 Principle and instrumentation of XPS [23]
The basic principle of XPS may be mathematically represented as,
KE=hv-BE-¢-S (Eq. 2.6)

where, hv is the photon energy; ¢ is called work function related to the specific surface area
of a material and S is the eventual surface charge. This electron spectroscopic method gives

information about the electronic environment of elements [24].
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2.4.10. Fourier Transform Infrared Spectroscopy (FTIR)

The use of FTIR spectroscopy is considered as an effective analytical method to identify the
functional groups in organic as well as inorganic materials. When IR radiation passes through
the material, some of the radiation is absorbed by the material and excites to higher
vibrational mode. The transmitted radiation is collected by the detector; digitalizes and finally
Fourier transformed to the spectra which is considered as the molecular finger sprint of the
sample. A simple schematic representation of this process is given in Fig. 2.12.

—4\ Fixed Mirror
Scanning Mirror Path 2
Path 1 \,, Beam Splitter
& N
o = '\\ > Computer
A\
\
Detector

e Infrared Source

Fig. 2.12 Scheme of the FTIR system [25]

The spectrum measures absorption or transmission intensity versus wave number (cm™) of
the radiation and usually falls in 400-4000 cm™ range. This technique may be used in
specular reflection, transmission, diffuse reflectance and attenuated total reflection modes for

solid or liquid samples [26].
2.4.11. Ultra Violet-Visible Spectroscopy

UV-visible spectroscopy is a technique based on the absorption of ultraviolet or visible
radiation (210-900 nm) by the chemical compound. The electrons are promoted to higher
energy levels on irradiation with a known wavelength and regarded as a kind of absorption

spectroscopy. Generally, molecules containing either 7 electrons or non-bonding electrons are
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being excited to anti-bonding molecular orbitals. Here, the change in absorbance is monitored
with respect to radiation wavelength. It gives rapid quantitative measurements. The scheme

given in Fig. 2.13 denotes a classic UV-visible instrument.
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Fig. 2.13 Illustration of DRUV spectrometer [27]

The concentration of a known solute can be quantified from Beer-Lambert law which is

stated by the expression,
A = Logio (lo/T) = ecL (Eq. 2.7)

where, A is the absorbance measured, lp and | are the intensities of the incident and
transmitted radiation respectively, L is the path length of radiation through the sample (cm), ¢
is the concentration of dissolved solute (mol L™) and ¢ is extinction coefficient (L mol™ cm’
1); a constant for each species and wavelength. This technique employed in the diffuse

reflectance mode helps to investigate the local environment of atomic sites [28].
2.4.12. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS is developed for the detection and quantification of elements in the trace levels in
any given sample. It is a highly potent and extremely sensitive analysis method even used to
distinguish between isotopes. The basic principle of this spectrometry is atomic absorption

and atomic emission. During the analysis the elements are ionized and are detected with the
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mass spectrometer sorted by their respective mass. The ionization of elements is performed
with inductively coupled plasma which is energized with the electromagnetic coil by
inductively heating the gas [29]. Fig. 2.14 denotes the diagram of ICP-MS.

interface
mass spectrometer . inductively . solution
i coupled plasma i introduction
lens . | system
| cones
guadrupole \ |
detector v =
——— l <Ar
)
.___—3 | re— ’ .
l—ﬁ sample
L solution
vacuum pumps torch drain
| il
[ =i spray chamber
and nebulizer
signal conversion
Fig. 2.14 Schematic of ICP mass spectrometer [30]
2.4.13. Fixed Bed Reactor (FBR)
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Fig. 2.15 Experimental set up of FBR [31]
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A fixed bed reactor system is a simple reactor design where solid catalyst pellets are packed
as a bed and loaded inside a cylindrical tube. The empty space of the container can be filled
with some inert material. Further, the reactor tube is heated in a furnace with the help of
heating coils. The reactants are fed through the valves in to the catalyst bed. The complete
experimental scheme of FBR for the ethylbenzene DH is shown in Fig. 2.15. This kind of
reactor may be designed for different capacities. During the experiment, the rate of the
reaction and pressure drop at the catalyst bed must be balanced.

Fig. 2.16 FBR system engaged for the study

FBR is simple, flexible and easy to scale up. Nevertheless, high cost, low heat transfer,
development of hotspots and low effectiveness factor are a few drawbacks of this type. The
productivity of FBR may be improved by coupling with multiple reactors. It is utilized for the
large scale industrial production of necessary chemicals and intermediates [32]. The

continuous flow fixed bed reactor system used for the current work is given in Fig. 2.16.
2.4.14. Gas Chromatography (GC)

Gas chromatography is vitally important for identifying, separating and quantifying

compounds even from a complex mixture. It is a chromatographic method where gas is used
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as the mobile phase and solid or liquid as the stationary phase. The instrument diagram is
presented in Fig. 2.17 which mainly consists of three components viz. injection port, column
and detector. The mixture is introduced at the injector after combining with the carrier gas
(mobile phase) and passes through the column containing a suitable stationary phase. The
separation happen in this column kept inside an oven and finally the detector converts the

signals into chromatogram.

Carrier gas flow Sample injection Electrical signal
controller
Detector
i
e
Column oven v
)5

Data
processing unit

Cylinder

Fig. 2.17 GC system configuration [33]

GC column is selected according to the mixture to be analyzed. Thermal conductivity
detector (TCD) measures the thermal conductivity of the component gas using the
Wheatstone bridge principle as well as flame ionization detector (FID) where compound
ionizing and detection occur; are the primary type of detectors employed. The separation by
GC depends on the vapor pressure, boiling point and polarity of the component. However, a
conventional GC suffers from long analysis times. In addition, compound either having
boiling point above 400 °C or easily decomposing nature cannot be analyzed through this
technique [34].
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2.5. Instrument configuration

In this section, the instrument configuration of the above characterization methods employed
for the present work is given in concise. The detailed procedure for the sample analysis is
also mentioned in the respective parts.

2.5.1. Material crystallinity

Crystalline phases of the synthesized materials were identified by powder X-ray diffraction
analysis in PANalytical X’pert Pro dual goniometer diffractometer. The data were collected
with a step of 0.008° (20) and a scan rate of 0.5 ° min™ at room temperature. Cu Ka (1.5418
A) radiation was applied with Ni filter, and the data was obtained using a flat holder in

Bragg-Brentango geometry.
2.5.2. Textural properties

Nitrogen adsorption-desorption isotherms data were collected from Quantachrome
Quadrasorb SI (USA) using the Brunauer-Emmett-Teller (BET) model. The textural
properties of the materials were determined by N, physisorption at —196 °C after degassing at
300 °C. The data corresponding to the relative pressure of P/Py=0.05-0.3 was taken to

calculate BET surface area.
2.5.3. Catalyst morphology

A dual-beam scanning electron microscope FEI company made and Quanta 200 3D model
operated at 30 kV was used to collect scanning electron microscopy images. High-resolution
transmission electron spectroscopy study was performed in JEM2100 multipurpose
instrument operated at 300 kV. The sample is prepared by dispersing the powder in isopropyl
alcohol followed by drop casting on carbon-copper mesh (200 um size) and silicon wafer
respectively for TEM and SEM study. The non-conducting samples are gold coated prior to

SEM imaging.
2.5.4. Thermal properties

Temperature programmed experiments were carried out in a Micromeritics Autocem 11 2920
chemisorption analyzer (USA). In a single TPR analysis, 0.05 g catalyst was pre-treated at
400 °C inside the furnace coupled with the instrument with 30 cm® min™ of 10 % O./He

controlled by Brooks make mass flow controllers. Then, reduced with 5 % H./Ar at 30 cm®
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min™ flow rate while ramping the sample temperature from 50 to 1000 °C at 10 °C min™.
Hydrogen consumption was quantified using thermal conductivity detector.

Acidity and basicity of the materials are determined in the same model instrument. In typical
TPD study, the samples were degassed at 400 °C under Helium at 30 cm® min™ flow before
each run. Afterwards, sample temperature was brought down to 50 °C to adsorb the
respective probe molecule viz. 10 % NHa/He or 10 % CO./He (30 cm® min™) for the acidic
and basic site evaluation respectively in separate analysis. The desorbed gas was analyzed
from 100 to 1000 °C with 10 °C min™ ramp rate. The quantification is made from the
resulting TPD profiles.

Coke deposition over the spent catalyst was determined with the help of the Perkin Elmer
instrument. TG analysis was performed under the air atmosphere and the carbon combustion
temperature was taken from the exothermic event in DTA.

2.5.5. Spectroscopic studies

X-ray photoelectron spectra were acquired using Thermo Scientific K-Alpha+ using micro-
focused and monochromated Al Ko radiation with energy 1486.6 eV. Pelletized material was
taken for the surface analysis. Horiba JY LabRAMHR800 Raman spectrometer coupled with
a microscope in a reflectance mode under 628 nm excitation wavelength was used to record
Raman spectra of the catalyst pellets. UV-visible spectra of powder samples were collected
under diffuse reflectance mode in Shimadzu spectrophotometer (model UV 2550) with

spectral grade BaSQO, as reference material.

Fourier transform infrared spectra were collected using CO as probe molecule over the fine
powder catalyst in the range 500-4000 cm™. Nicolet iS50 Analytical FTIR spectrometer
(Thermo Fisher Scientific) instrument is connected with KBr window. The quantification of
elements was estimated by Microwave plasma atomic emission spectroscopy on 4100 MP-
AES spectrometer from Agilent Technologies. All samples were prepared into a dilute

solution after digesting in aqua-regia.

2.6. Catalytic activity study

The general description of the catalytic activity test is given as follows. The oxidative as well
as non-oxidative DH of C, hydrocarbons were studied in a continuous flow mode fixed bed
reactor system operated at the atmospheric pressure. During a particular catalytic run, a

definite amount (0.3-0.6 g) of catalyst was sieved into 1.2 mm to 1.7 mm grain sized pellets.
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Later, it was loaded in the middle of reactor tube made of Inconel (nickel-chromium based
alloy material) with 8x11x480 mm (IDxODxlength) dimensions. The catalyst bed was
formed between quartz wool, and the empty space was filled with thermally stable ceramic
beads. Afterwards, the reactor tube was heated to the desired temperature by two furnace
zones with heating coils. The catalyst bed temperature was continuously monitored using a K
type thermocouple inserted inside a thermowell. The reactant gas mixture was fed into the
catalyst bed using 5890E series Brook’s make mass flow controllers. The reaction parameters
were different for the selected reactions. Further details of the individual reactions are
illustrated in Table 2.7 given below.

Table 2.7 Description of reaction parameters

Reaction ODH of n-butane ODH of 1-butene DH of
isobutane

Catalyst system xBMO | yV5BMO Bismuth CF° Fe-alumina

ferrites”

Catalyst weight (g) 0.5 0.5 0.5 0.6 0.3

Temperature (°C) 350-550 | 400-550 350-500 200-300 400-600

Feed ratio 0,/Cy=1 | 0,/C4=1 0,/C4=1 Ar/C4=5 Ar/Cy4=1

GHSV (h™)? 600 3000 3000 3000 400

®Balanced with Ar.
bEffect of steam is studied in a different experiment with C4: O,: H,O: Ar=5:5:25:90 feed.
“Catalyst regeneration is performed at Ar/O,=5.

2.7. Quantification of reaction products

The reaction products were evaluated with the help of Thermo Scientific Trace 1110 gas
chromatography coupled with both FID outfitted with Alumina plot column and TCD
equipped with Porapak Q and Molecular sieve columns. Analysis was made in each 30 min
interval of time. The chromatogram was analyzed using the Chromcard software. Each
component in the gaseous mixture was quantified by comparing with the authentic calibration
gas mixture. The reaction data was taken for tabulation at the end of 4 h for each reaction.
The conversion of n-butane and selectivity for C, olefins were determined based on carbon
balance [35].

Conversion is defined as the fraction of reactant transformed and C, conversion can be

generally given by the relation,

C,H, (in) - C,H_ (out)
C,H, (in) (Eq. 2.8)

C,H, Conversion (%) =
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Here, x can be 8 or 10 depending on the reactant hydrocarbon. Selectivity for each
hydrocarbon is determined as,

C,H, (Products)
Total products (Eq. 2.9)

C,H, Selectivity (%) =

Here, y and z will vary for C;1-C, products. Another factor involved in the reaction parameter
is space velocity which is the ratio of flow rate to the size of the reactor. Hence, gas hourly
space velocity (GHSV) is defined as the volume of feed as gas per volume of the reactor or
its content of catalyst [36]. Table 2.7 represents GHSV selected for the reactions under study.
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3.1. Oxidative dehydrogenation of n-butane

Polymers play an essential role in the everyday life of human beings as a starting precursor
for almost all essential materials. Monomers are the basic unit of a polymer and among them;
1, 3-butadiene (BD) is one of the most important chemical commodities. It is a valuable
petrochemical product as well as a key monomer for the fabrication of synthetic rubber and
for the manufacture a wide variety of industrially useful chemicals [1, 2]. The on-purpose
synthesis strategy of BD is the industrially implemented catalytic dehydrogenation (DH) of n-
butane and/or n-butenes, namely; Philips process and Houdry Catadiene process respectively
[3]. Even though these processes provide a high selectivity towards the desired olefin, [4] the
endothermicity of DH (Eqg. 3.1) demands elevated operational temperatures of 550-700 °C
which causes rapid catalyst deactivation due to coke formation. Employment of steam [5] or
the regeneration cycles can improve catalyst lifetime, which might increase the unit
operational cost [6]. This scenario leads the research interest to uncover alternative methods
for DH with minimum capital cost and energy efficiency for industrial realization.

CsH10 « CsHg + 2H,; AH, = +107 kJ/mol (Eqg. 3.2)
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Scheme 3.1 Plausible reaction pathway of ODBNB [7]
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In the past decades, oxidative dehydrogenation of n-butane (ODHNB) has been attracted
enormous attention as an alternative route to normal non-oxidative dehydrogenation reaction
owing to its exothermic nature (Eqg. 3.2). Hence, the process becomes thermodynamically
favourable at lower workable temperatures with proper control over the equilibrium. The
presence of oxidant and the formation of stable water molecule during the reaction can retard
the coke formation to a certain extent and increases the catalyst life span [8]. The reaction
pathway and possible product formation are depicted in Scheme 3.1.

CaHio + '/,0; — C4Hs + 2H,0; AH,= —132 kJ/mol (Eq. 3.2)

A substantial amount of work has been done until now, while the development of an
appropriate ODHnNB catalyst for the successful commercial implanting remain challenging
due to the possible formation of over oxidation products at vigorous reaction environment
[9]. Hence, the catalyst should be tailored with suitable properties to immediately desorb the
formed products from the stream before any runaway reactions [3].

3.2. Background of the work

The ODH catalysts should be selected depending on the nature of the reactant alkane. Many
transition metal based materials are engaged taking advantage of their redox nature.
Molybdenum and vanadium based systems are well established for the ODH of alkanes.
Extensive studies were accomplished on vanadium-based catalytic systems for ODHnB to
BD [10-12]. It is widely accepted that, dispersion as well as the structure of vanadia species

over the support are the essential parameters to define the activity for ODHNB [9, 13].

Setnicka et. al. have studied supported VOy catalysts on HMS and recognized the formation
of four different types of surface vanadia species (Fig. 3.1): tetrahedrally coordinated highly
dispersed monomeric units (type 1), one-dimensional oligomeric units with distorted
tetrahedral coordination (type I1), octahedrally coordinated two-dimensional polymeric units
(type I11) and three-dimensional V,0s bulk crystallites (type 1V) [9]. Among these various
types, the major active species for a particular reaction is determined by the nature and
interaction of vanadium with the support. Highly dispersed vanadia species are found most
active and selective for ODHnNB, and hence type I, Il, and I11 are much desired to achieve the
best yield of BD. VOy species with more than four oxygen are more active but less selective
than VO, in tetrahedral coordination. Isolated tetrahedral species are more selective but less

active than V—O-V bridged V sites. Moreover the reduction of VV°* to V** as well as V** to
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V** can also play an important role in the mechanism. Following the reduction V>*—V**;
C—H activation by homolytic scission can occur over VO supported catalysts [14]. At a well-
dispersed level, VO units can selectively activate C—H bonds limiting the cracking-
combustion reactions by taking advantage of their geometric and electronic structure, which
is easily tuneable with the support and temperature.

¢

type | type ll
Fig. 3.1 Different types of surface VOy species [9]

The textural properties and acidic, basic nature of the catalyst support plays an indispensable
part in the activity performance via appropriately dispersing vanadia on the surface [15, 16].
Hence, MgO support protrudes among other systems since the basic butenes can easily
desorb from the basic support suppressing consecutive over oxidation and ultimately
improving BD selectivity. Moreover, the acidic nature of vanadia can accelerate maximum
dispersion on MgO support. Considering all these aspects, V/MgO can be the right candidate
for ODHNB and reported by Chaar et. al. [17]. Furthermore, Mg4V,B,Ox catalyst composition
exhibited very high selectivity to butenes at 500 °C providing structural site isolation of
vanadia. The recent studies in boron-based catalysts proved that Brgnsted acidic property of

BO, sites [18] could primarily increase the catalytic activity for alkane DH [19].

Apart from the previous studies, here we report a different citrate gel combustion method for
the in situ addition of boron in MgO, followed by the wet impregnation of vanadium. Further,
the effect of boron addition and vanadium loading on the catalytic activity towards BD
synthesis is investigated via ODH of n-butane in the presence of molecular oxygen as an
oxidant. Our main aim is to emphasize the synthetic strategy to develop a finely dispersed
material by varying the catalyst compositions. Further, the performance is correlated to the

material properties combing various analysis techniques like powder X-ray diffraction,
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nitrogen physisorption, temperature-programmed study, spectroscopy, and microscopic
methods.

3.3. Results and discussion

The catalysts were synthesized by combustion followed by wet impregnation of vanadium
and broadly discussed in the Section 2.3.1. Further, the activity for ODHnB was studied and
correlated to the material properties in this part.

3.3.1. Catalytic activity study

All synthesized catalysts were tested for the ODHnNB reaction to study the effect of boron and
vanadium composition in a continuous flow mode fixed bed reactor using molecular oxygen
as the oxidant (refer Section 2.6 and 2.7). Different reaction parameters like on set
temperature, alkane to oxidant ratio are varied to investigate their individual role in the final
product yield. Caution must be taken during the reaction since the reaction feed consists of a
combustible gas mixture of n-butane and oxygen operating at high temperatures. The
reaction data was collected for tabulation at the end of 4 h for each run. Negligible coke

formation was observed on the catalyst bed and is quantified post reaction.
3.3.1.1. Effect of boron content in xBMO

The BMO catalysts prepared by sol-gel combustion are subjected for ODHnB at 450 °C with
n-butane to oxygen ratio as one making a total feed flow of 600 h™. Fig. 3.2a reveals that
activity is observed even for the least boron-containing catalyst with minor selectivity
towards butenes (Sputenes). The conversion of n-butane (Xn-putane) iNCreases to a maximum of
15 % with the boron content up to 5BMO. After that, it decreases, making a parabolic activity
trend with the boron loading. BD selectivity (Sgp) also followed a similar behavior; however,

the value remained constant after 10BMO.

Additionally, a steady rise in the selectivity of butenes is found while increasing the boron
content. These observations indicate that an optimum amount of boron can selectively
navigate the formation of BD from butenes through the second dehydrogenation step.
Furthermore, high boron content can favor the first dehydrogenation of n-butane to butenes.
For the 5BMO sample, 8 % BD selectivity, as well as 10 % butenes selectivity, are
summarized from the reaction results at 46 % n-butane conversion. Hence, the catalyst

composition is optimized as 5BMO under the given reaction conditions.
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Fig. 3.2 Effect of (a) boron loading on MgO at 450 °C and (b) temperature over 5BMO.
Reaction conditions: 500 mg catalyst, 02/C4=1, 600 h™ GHSV with respect to total feed.

3.3.1.2. Effect of reaction temperature over 5BMO

Afterward, 5BMO catalyst is investigated to find the reaction temperature, which gives the
highest yield of BD. The onset temperature is varied from 350 to 550 °C in different runs
under the feed flow; O,/C,=1 at 600 h™ GHSV. The data obtained is graphically represented
in Fig. 3.2b. Though, maximum BD vyield is quantified at 350 °C, the reactant conversion is
almost zero and could not be considered for further studies. It is obvious to observe an
increase in n-butane conversion with the reaction temperature. At 550 °C, butene formation is
not detected due to the cracking process either to lower hydrocarbons, carbon oxides, or to
coke. The highest selectivity for BD and butenes is obtained as 8 and 10 % respectively for

5BMO at 450 °C; and therefore 450 °C is regarded as the optimized reaction temperature.
3.3.1.3. Effect of vanadium loading in yV5BMO

To improve the butenes’ yield, vanadium was loaded in different amounts on 5SBMO, the
optimized composition from the previous experiment. The catalyst performance of various
VBMO catalysts is executed at 550 °C with O,/C4=1 with Ar balance together making a total
GHSV of 3000 h™. The results are displayed in Fig. 3.3a, and there is a significant increase in
the n-butane conversion as well as the yield of C4-ODH products with vanadium loading upto
9V5BMO. At higher vanadium loading, the values gradually decrease. It may be observed
that the catalytic activity falls in a parabolic pattern with the addition of vanadium. From this
study, the role of vanadium is regarded as to improve the overall activity of ODHNB reaction;
but, a specific catalyst composition is decisive. Here, 9V5BMO gives the highest results
among the catalysts studied, and the values are 51 % n-butane conversion with 13 % as well

as 22 % selectivity towards BD and butenes, respectively. Therefore, 9V5BMO is considered
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as the optimum catalyst composition for the system under study. The reduction in the activity,
as well as product selectivity of higher vanadium-containing materials, could be attributed to

the polymerization of VOy species on the surface, [20] which is broadly discussed in the
Section 3.3.2.
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Fig. 3.3 Effect of (a) vanadium loading on 5BMO at O,/C, =1 and (b) O, to C, ratio over
9V5BMO.

Reaction conditions: 500 mg catalyst, 550 °C, 3000 h™* GHSV with respect to total feed, Ar
balance.

3.3.1.4. Effect of O, to C, ratio over 9V5BMO

The effect of feed composition is studied by conducting the reaction over 9V5BMO catalyst
with different oxygen to n-butane ratio ranging from 0.5-3.0 while keeping other parameters
constant as 550 °C and GHSV making up to 3000 h™ with argon gas. The data represented in
Fig. 3.3b shows that plenty of oxygen in the reaction mixture drastically amplifies the
conversion of n-butane reaching the maximum; 80 % at O,/C,=3.0. However, the ODHnB
product yield is sharply reduced with oxidant to n-butane ratio. Extra molecular oxygen
available during the reaction mainly leads to combustion products. The reaction is selective
under lean oxygen partial pressures, and the highest yield is found at O,/C,=1 and thus
selected for further studies. The peak result is depicted as 51 % n-butane conversion and 13

% BD selectivity under the specified conditions.
3.3.1.5. Effect of reaction temperature over 9V5BMO

The operating temperature is a vital factor influencing any catalytic reaction. From the earlier
study, the material composition, as well as reactant feed ratio, are chosen as 9V5BMO as well
as 0,/C,=1 at 3000 h™* GHSV. Further, the temperature onset is varied stepwise from 400 to
550 °C in a regular interval of 50 °C, and the results are summarized in Fig. 3.4a. An entirely
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different activity trend is observed for 9V5BMO compared to 5BMO discussed in the
Section 3.3.1.2. As expected, the conversion of n-butane is steeply increased up to 500 °C,
although, after that, it is independent of reaction temperature. Butenes’ selectivity falls in an
inverse parabolic trend with the temperature, as shown in the graph. The selectivity of BD is
gradually improved to 13 %, with the reaction temperature giving the maximum performance
at 550 °C. These observations match well with the reported literature that typically, vanadium
based catalysts are active for ODH at high temperatures [7, 9, 21].
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Fig. 3.4 (a) Effect of reaction temperature over 9V5BMO and (b) on stream study over
9V5BMO at 550 °C.

Reaction conditions: 500 mg catalyst, 02/C4=1, 3000 h™* GHSV with respect to total feed, Ar
balance.

3.3.1.6. On stream study

Finally, a separate experiment is conducted to test the stability of the best catalyst. Towards
this purpose, ODHNB is continuously run over 9V5BMO catalysts at the optimized reaction
parameters such as 550 °C, 0,/C,=1, and 3000 h™ GHSV as depicted in Fig. 3.4b. Initially,
there is a 55 % conversion of n-butane, which falls to 48 % after the induction period. This is
reflected as an improvement in C4 alkenes’ selectivity. After the second hour, the activity
performance of 9V5BMO remains constant for 150 h under the set reaction conditions. The
best ODHNB activity is observed as 48 % n-butane conversion with 13 % and 22 %
selectivity towards BD and butenes, respectively. Even though the product yield achieved is
lower than the reported vanadia based catalysts, [7, 22] this work has significance in terms of
steady catalytic activity over 150 h. The reasons behind the stable activity of this catalyst

composition will be explained in the following discussion.
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3.3.2. Catalyst characterization

This section establishes the relation between the catalytic activity results and the physico-

chemical properties (see Section 2.5) of materials with the help of reported literatures.
3.3.2.1. Material crystallinity

Crystalline phases of the powder samples are identified from PXRD analysis. The diffraction
patterns of xBMO calcined at 550 °C for 12 h are given in Fig. 3.5a. For the samples
containing boron up to 10 wt %, mainly five diffraction peaks observed at 36.7, 42.8, 62.2,
74.7 and 78.6 ° representing the (111), (200), (220), (311) and (222) planes of periclase MgO
phase respectively which are matching well with the JCPDS card no. 43-1022. No other
phase segregation is visible in these materials. The diffractogram of 0.1BMO clearly shows
well crystalline features of MgO, while the crystallinity decreases when increasing the boron
content. This is reflected as a gradual enhancement in the full width at half maximum
(FWHM) of the principal peak at 42.8 ° as observed from Fig. 3.5a. This indicates boron
incorporation into the MgO crystal lattice at lower loadings. Also, Pham et. al. have analyzed
(111) crystal plane of the periclase MgO phase and found that B®* can occupy either the
trigonal or tetrahedral position of MgO [23]. Even at higher boron loaded samples, such as;
25BMO and 50BMO, no reflections for either boron oxides or magnesium borates are
present. The broad peaks might correspond to an amorphous or nanomaterial formed during

the material synthesis. Further characterization of xBMO is beyond the scope of this work.
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Fig. 3.5 PXRD patterns of fresh (a) xBMO and (b) yV5BMO samples

They are shown in Fig. 3.5b, which is the wide-angle XRD patterns of vanadium loaded
5BMO catalysts generally represented as yV5BMO. Similar to xBMO, at lower vanadium

contents, the crystalline features of periclase MgO are present. At lower loadings, the
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synthesized catalysts do not contain V,0s polycrystallites because polymerization happens
only at a high concentration of vanadia species. Beyond 17 wt % of V, segregation and
separation of other peaks are predominantly seen. In the 25V5BMO catalyst, several small
peaks are observed, indicating mixed crystalline phases of magnesium orthovanadate
(Mgs(VOs)2), magnesium pyrovanadate (Mg,V-07) and small amount of bulk V,0s. Previous
studies on vanadium doped MgO depict the active phase as Mg orthovanadate [24]. This
could be due to the highly dispersed and isolated monomeric vanadia species, which serves as
the intense catalytic center for ODHNB as reported by Setnicka et. al. [9]. On the other hand,
it is reported that Mg pyrovanadate is nonselective for this reaction [25]. Furthermore, Mg
metavanadate (MgV,Og) is not present in this pattern. The optimized catalyst 9V5BMO also
contain highly dispersed Mgs(VO,), phase unidentified in PXRD, but the Raman spectrum of
the catalyst given in Fig. 3.13a confirms this active phase. Nonselective phases in the
catalysts at higher vanadium loading make them less active for the reaction. Similar to the
studies by Karakoulia et. al. [26]. And Liu et. al. [27], in the present work also V;0s
crystallites are detected at vanadium loadings more significant than 17 wt %. In summary,
Mgs(VOy,), phase is critical for the highest activity of 9V5BMO. But, further material

characterization should be made to find other reasons.

3.3.2.2. Textural properties

?
A
sy
H_a-H-H—Q-e—a—e—i—O'*‘r’%/ 0{"'
a,o‘,/"
Hﬁ /'i‘fﬁ P
1 ‘,0 9
o -o—o—e_o-m—""*r' N9
) »-0—0—0-0—9 _”e:%/‘a 9
£ A
v 25=%% %’_%,-e’ o7
R Wy Wy, ey ya—- 1 -‘:a-‘- =09
3 07
Gl
> 2B D= D= ===~ O-QM a/oﬂ/alo
Wr-P—P=9=9=9—¥ ,85,9/,0/ —9—1VSBMO
=" @ -
Hw-o«owo-‘vﬂ"' ,o’ /0’0 —a—:::::g
"s,g = —@—13V5EMO
renrw o Sl ——17V5BMO
O.H-O«-O-O-O""O 0 —@—21V5BMO
—@— 25V5BMO
' T T T v T T T i T '
0.0 0.2 04 0.6 038 1.0 1.2

Relative pressure (P/Pg)
Fig. 3.6 N,-sorption isotherms of calcined yV5BMO materials

AcSIR PhD Thesis, 2020
| Aswathy T V, CSIR-NCL |




69
Chapter 3: Enhanced catalytic activity of B-containing MgO on V-loading for the ODHNB

Textural properties of the catalysts synthesized via combustion followed by impregnation are
analyzed by nitrogen sorption study. The adsorption-desorption isotherms of these materials
represented in Fig. 3.6 revealed type IV isotherms with H1 hysteresis loop typical of
mesoporous structure. Table 3.1 shows the catalyst compositions and surface areas (Sger) of
the sintered catalysts calculated by the BET analysis method. Sample without vanadium
exhibited 66 m? g™ BET surface area. After loading vanadium, the value increases to 118 m?
g* for 1V5BMO. The optimized catalyst, 9V5BMO, has a considerable surface area of 117
m? g™.

Table 3.1 Physicochemical properties of the catalysts

Catalyst Sger H, Toax CO; NH; Coke
(m*gY | consumption® (°C) desorbed” | desorbed® | deposition®
(mmol g™) (mmol g?) | (mmolg™) (%)
5BMO 66 - - 1.326 1.308 -
1V5BMO 118 0.27 656 1.649 2.125 8
5V5BMO 111 0.72 573 1.508 1.914 4
9V5BMO 117 1.68 590 1.425 2.151 3
13Vv5BMO 90 2.25 643 0.983 1.41 1
17Vv5BMO 85 291 679 1.149 1.553 5
21V5BMO 83 3.47 702 0.866 1.203 4
25V5BMO 51 4.39 607 1.34 0.917 3

*Specific surface area determined by the BET method.
®Quantified from H,-TPR data.

“The first temperature of maxima in TPR profile.

“Total consumption quantified from CO,/NH; TPD results.
®Calculated by TG/DTA analysis under air atmosphere.

From the BET results of other samples given in Table 3.1, it appears that the surface area
reduces with vanadium loading. This behavior may be attributed to the deposition of vanadia
species on the pores, which will cause pore blockage, and ultimately Sger will be decreased
[28]. The polymerization of VO, occurring at higher vanadium loadings can also cover the
support surface. Surprisingly, the decrease in surface area is relatively gradual. The lowest
Sger for 25V5BMO might be credited due to the segregation of multi phases of magnesium
vanadates and minor amount of bulk vanadia crystals, as evidenced by PXRD data. This
could be one of the reasons for the least activity of this particular catalyst for ODHnB.
Therefore, catalytic performance can be directly related to the total surface area of the

catalyst systems.
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3.3.2.3. Catalyst morphology

Morphology and surface topology of the best catalyst are investigated with microscopic
techniques viz. TEM and SEM. The representative TEM images of the 9V5BMO catalyst are
given in Fig. 3.7. The fresh catalyst (Fig. 3.7a) exhibits a porous structure supporting the
mesoporous character evidenced by Nj-sorption isotherm. The electron diffraction pattern
given in the inset shows the crystalline nature of the material in accordance with the PXRD
pattern. Even after the reaction, the catalyst maintains its porosity, as seen from Fig. 3.7b.
The lattice fringes measure 0.2 nm width characteristic of the periclase MgO (200) crystal
plane.

Fig. 3.7 (a, b) HR-TEM and (c-f) elemental mapping images of 9V5BMO
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SEM image given in Fig. 3.8 doesn’t demonstrate any particular morphology. A collective
analysis of the EDX spectrum depicted in Fig. 3.8 and the elemental mapping images
represented in Fig. 3.7c-f shows the presence of elements viz; B, V, Mg, and O. Accordingly,
9V5BMO catalyst illustrates excellent dispersion of all elements as well as high material
purity. Also, the fine spreading of homogenous vanadia is deduced over 5BMO support. This
property of the optimized catalyst will also largely contribute to enhance C,4 olefins yield.
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Fig. 3.8 (a) SEM and (b) EDX spectra of 9v5BMO

3.3.2.4. DR UV-visible spectroscopy

Ultraviolet-visible spectroscopy in the diffuse reflectance mode often used to study the nature
of vanadia species and its local coordination. It also provides information about the oxidation
states of vanadium. The spectra recorded for all samples are shown in Fig. 3.9a. It may be
noted that BMgO supports do not exhibit any peak in the spectra. The absorption bands
usually represent the ligands to metal charge transfer transition (LMCT), O—V>" and d-d
transition [29]. The characteristic d-d transition identified for V** is weak, which means
vanadium mostly exists in the +5 oxidation state. No peaks are observed above 500 nm,
which deduces that the absorption band corresponds to inactive V,0s bulk oxide with
octahedral coordination is absent. The signals in the range of 200-300 nm belong to
tetrahedrally coordinated VO species [30]. Followed by that, at around 350 nm, a
combination of monomeric as well as oligomeric vanadia tetrahedral units are present. Above
350 nm, the presence of either tetrahedral oligomeric vanadia or bulk like octahedral species

is confirmed.

From the spectra, it is obvious to see a high concentration of vanadia monomeric and
oligomeric units for the 9V5BMO catalyst, which can contribute to the selective formation of
C4 olefins. Accordingly, it may be concluded that the polymerization of vanadia is proved

from DR UV analysis supporting H,-TPR results discussed in the Section 3.3.2.6.
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Fig. 3.9 (a) DR UV-Visible spectra of yV5BMO catalysts and (b) XPS spectra of B 1s, O 1s,
V 2p core levels of different catalysts.
3.3.2.5. XPS study

The surface atomic composition of the fresh catalysts is determined by XPS analysis. The
spectra of B 1s, O 1s, and V 2p core levels are shown in Fig. 3.9b. Boron exists in the +3
oxidation state in the studied catalytic systems, as revealed from the spectra. The function of
boron might be providing structural site isolation of the active vanadium species [31]. XPS
spectra of O 1s and V 2p are deconvoluted using XPSPeak41 software by taking C 1s of
contaminant carbon to correct any charge induced binding energy (BE) shifts. V 2p is
separated into two peaks corresponding to +4 and +5 at 516.2 and 517.4 eV, respectively.

However, 25V5BMO demonstrated a single peak attributed to V>* only.

o1ls (a ) — O 1s ( b) 25VBMO

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

T T T T T T
526 528 530 532 534 536 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

Fig. 3.10 Deconvoluted O 1s XPS spectra of (a) 1V5BMO and (b) 25V5BMO

O 1s give two different peaks after peak deconvolution, as represented in Fig. 3.9b and Fig.
3.10. The lattice oxygens on the material surface show peak around 529.6 eV. At 531 eV, the
contribution from the hydroxyl species and the surface adsorbed oxygens are identified [32].
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The amount of both lattice, as well as adsorbed oxygen species, are quantified from the
spectra and given in Table 3.2. The optimized composition 9V5BMO contains 47.6 % of
lattice oxygen along with VV**/V°* ratio, 0.7 appropriate for ODHnB. Jian et. al. proved that
selective oxidative of alkane over the VPO catalyst needs proper V**/V°* balance, which
plays a vital role in defining the final alkene yield [33]. This result may be applicable for the
current reaction also. Apart from this, V°* is essential for C—H activation [14].

Table 3.2 The surface atomic composition of the catalysts in percentage

Catalyst Ottt | Oass | V¥ | V7
5BMO 51.7 48.3 - -

1V5BMO a7.7 52.3 53.5 46.5
9V5BMO 47.6 52.4 42.8 57.2
25V5BMO 65.8 34.2 - 100

Meanwhile, 25V5BMO holds 100 % V°* due to a complex mixture of different phases
formed via the highest extent of polymerization of VO, units, as observed from XRD and
TPR. The surface will be covered entirely with bulk vanadia. However, the absence of any
V** ion reflects in the lowest selectivity for ODH butenes [24]. The polymerization
phenomena will reduce the active monomeric vanadia species and hence gives low BD

productivity at higher loadings.
3.3.2.6. Catalyst reducibility

Temperature programmed reduction technique is used to analyze the redox character of the
materials and also to distinguish different types of vanadia species dispersed on the surface.
The plotted TPR profiles are presented in Fig. 3.11a, and the additional results obtained from
the patterns are summarized in Table 3.1. MgO support does not exhibit any reduction peak
in the studied temperature range. From the table, it is clear that hydrogen consumption
linearly increases with the vanadium loading and reaches maximum for 25V5BMO. The
temperature corresponding to the first maxima; Tmax Of each catalyst is also given in Table
3.1. A proper reduction peak is not identified in the 1V5BMO sample owing to the least
vanadium content. The peak observed at 573 °C for 5V5BMO contributes to the reduction of
highly dispersed monomeric vanadia species with tetrahedral like coordination [34]. Further,
Tmax 1S shifted to a higher temperature region with an increase in vanadium content. For the
catalyst containing 21% V, Tnax is at 702 °C, signifying the gradual formation of polymeric
vanadia units probably in the octahedral coordination [34]. This result is in good agreement
with the DR UV spectra interpretations (Section 3.2.2.4).
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A thorough analysis of UV-visible, as well as TPR results, can indicate that the low-
temperature reduction peak might represent both monomeric and oligomeric tetrahedral like
VO species [34]. Hence, the catalysts with less vanadium are much prone to reduction than
other catalysts, which make it a better candidate for ODHnB reaction. Among the materials
with low vanadium, 9V5BMO exhibits two well-separated peaks attributing to the reduction
of isolated V°* in distorted tetrahedral VO, and isolated V°* in Mgs(VO,), [9]. Comparatively
higher activity of this material might be due to the sufficient amount of easily reducible

vanadia dispersed over the surface.
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Fig. 3.11 (a) H.-TPR and (b) NH3/CO, TPD profiles of yWV5BMO catalysts
3.3.2.7. Acid-base properties

The acidic-basic nature of the catalysts greatly influences the selectivity of BD and the C4
olefin distribution. Therefore, to explain the acidic and basic nature of the catalysts, all the
calcined catalyst samples were subjected to temperature-programmed desorption studies
using NH3 and CO; as probe molecules. The final plots are shown in Fig. 3.11b, and the
quantified values are given in Table 3.1. The presence of the weak, medium, and strong
acidic-basic sites are visible in the TPD profiles at the temperature region around 200, 450,
and 700 °C, respectively. Vanadium incorporation increases the acidic nature while slightly
reduces the basic character, as depicted in Table 3.1 and the TPD profiles.

Basicity is a significant factor in determining the desorption of formed olefins from the
catalyst surface [3]. In addition, a proper balance between acidity and basicity is crucial for
the activation of n-butane during the ODH process [35]. The TPD results show that an
increase in vanadium content has steadily increased the number of medium acid-base sites up

to 9V5BMO catalyst. At higher vanadium loadings, the strong acid-base character is
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prominent which is unfavourable for the reaction. The highest catalytic activity of 9V5BMO
might be because of the optimum amount of medium acidic and basic sites. An appropriate
balance between acid-base properties makes the easy desorption of the desired products from
the active sites [36]. This will further reduce the formation of cracked products and so the
selectivity of required products will be improved. Hence, coking can also be reduced to a

great extent.

3.3.2.8. Spent catalyst analysis
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Fig. 3.12 PXRD patterns of (a) spent yV5BMO catalysts and (b) 9vV5BMO after ODHNB for
different reaction time.
The characterization of the spent catalysts can provide valuable information regarding the

stability of the crystalline structure and the state of vanadia species. For this purpose, the
materials after the ODH reaction at 550 °C are subjected to detailed analysis. The crystalline
state of the spent catalysts is analyzed with PXRD, and the patterns are shown in Fig. 3.12a.
A thorough analysis of the diffractograms reveals the separation of various Mg vanadate
phases at lower and higher vanadium loadings. Hence, it may be deduced that these systems
fail to retain the structural properties after the high-temperature ODH reaction. However,
9V5BMO maintains the structural stability even under the harsh reaction conditions. Further,
spent catalyst was removed from the reactor bed after 24 and 150 h of on stream study in
different experiments and analyzed with PXRD. The results given in Fig. 3.12b depict that
the pattern is the same after 24 h reaction. However, Mgs(VO,), phase is separated from the
MgO lattice while the catalyst was still active for the ODHnNB reaction, as illustrated in the
150 h TOS analysis (Fig. 3.4b). This observation proves the active phase as magnesium
orthovanadate, Mgs(VOy)a.
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Table 3.3 ICP-AES analysis of fresh and spent 9Y5BMO

Sample V content (wt %)
9V5BMO Fresh 8.2
9V5BMO after 24 h 7.7
9V5BMO after 150 h 6.6

Conversely, the catalytically active magnesium orthovanadate phase is identified in the fresh
9V5BMO also from the Raman analysis. Further, Raman spectra of the fresh, as well as spent
catalysts are presented in Fig. 3.13a. Both catalysts comprise the Mg3;(VO,), phase, and the
structural features are intact even after the high-temperature ODH reaction at 550 °C. Thus,
Raman analysis substantiated the conclusions derived from PXRD of the used catalyst.

100
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Fig. 3.13 (a) Raman spectra of fresh and spent 9V5BMO; (b) thermograms of all spent
yV5BMO catalysts.

Further, the catalysts after 24 h and 150 h reaction are analyzed with ICP-AES. The values
tabulated in Table 3.3 shows that slight amount of vanadium leaching occurs during the
reaction. Coke formation and deposition are common during the ODHnB high-temperature
reaction, and the strength may fluctuate depending on the catalyst system employed and
reaction circumstances. Here, all yW5BMO spent catalysts after the reaction at 550 °C are
investigated with thermogravimetry in the air atmosphere, and the thermograms are
represented in Fig. 3.13b. Coke deposition on the surface is quantified for each catalyst at
around 350 °C, and the results are tabulated in Table 3.1. As shown in the table, the least
carbon deposits are found over 9V5BMO, indicating minimum C—C cracking reactions over

this catalyst compared to other compositions. Therefore, it may be summarized that other
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catalyst compositions are much prone to give the undesired products under the optimized
reaction parameters reducing the final C, olefin yield.

3.4. Conclusions

A series of vanadium loaded boron-containing MgO materials prepared by coupling
combustion as well as wet impregnation methods. The catalyst composition and reaction
parameters are varied to achieve maximum ODH butenes selectivity. The optimized catalyst
gave appreciable and stable BD selectivity over 150 h in the on-stream analysis. An
appropriate number of acid-base sites and suitable V**/\V°* ratio are beneficial for the
reaction. Boron helps to increase the dispersion of the active monomeric and oligomeric
tetrahedral vanadia units over the basic MgO support. This increase in the dispersion can
enhance the easy desorption of the products and improve the olefin yield. In summary, this
work discovers the synergy between the metallic and non-metallic systems co-existing in a

catalyst through a different approach towards the synthesis strategy for the ODHnNB reaction.
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Chapter-4
Oxidative Dehydrogenation of 1-Butene

Buta-1, 3-diene (BD) is one of the most important chemical commodities. It is a precursor for
the manufacture of many synthetic chemicals. A large number of polymers like styrene-
butadiene rubber (SBR), acrylonitrile-butadiene rubber (ABS), polybutadiene, etc can be
produced from BD as well [1]. Thus, it contributes substantially to assure the global demand
of synthetic rubbers; especially for the production of tires. The synthesis of BD mainly
comprises three methods: steam cracking of naphtha, catalytic dehydrogenation (DH) as well
as oxidative dehydrogenation (ODH) of n-butane and butenes [2]. Nearly 98 % of the global
demand for BD is achieved by the extraction of C, raffinates from naphtha through catalytic
steam cracking. However the high operating temperature, as well as separation processes
makes this method expensive and, also, the overall yield of BD will be very low. Although,
catalytic DH can give a better yield, rapid catalyst deactivation, and endothermicity (Eq. 4.1)

of the process are big challenges.
C4Hg < C4Hs + Hp;AH, = +107 kd/mol (Eq. 4.1)

Meanwhile, the annual demand for BD is increasing [3] and expected to incessantly increase
in the future. In consequence, ODH of n-butane and butenes has been practiced as a
promising energy-efficient method in the presence of an oxidant which oxidizes detached
hydrogen to a stable water molecule. A high BD vyield can be achieved via this independent
single unit method and has attracted remarkable attention. The exothermicity of the process
(Eq. 4.2) can perform subsequent coke removal and allows control over the existing
equilibria. Moreover, the reaction can be operated at lower temperatures compared to
naphtha, steam cracking and DH methods [4]. The presence of oxidants will reinforce
catalyst life time too. Besides, the limited availability of crude oil and the recent discovery of

shale gas resources have switched the feedstock from naphtha to gases.
C4Hs + 20, — C4Hg + H,0; AH, = —132.1 kl/mol (Eq. 4.2)

Among n-butane and 1-butene, the latter will be better as a feedstock starting material owing
to its higher reactivity. Furthermore, it is inexpensive and largely abundant in methanol as
well as the biomass industry. Hence ODH of 1-butene (ODH1B) has acquired much more

attention owing to its significant advantages over the other existing processes for BD
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production. The general route of ODH1B reaction with the major possible products formation
is represented in Scheme 4.1.

CH,=CHCH,CH; ——
1-butene 1, 0,
—— CH,=CHCH=CH,
I 1, 3-butadiene

CH,CH= CHCH;

2-butenes

2 nzl

3,0,
CH;CH=CHCOOH——— HOOCCH=CHCOOH

Butenic acid Maleic acid
20, l l
CH;CH=CH, CH,=CHCOOH l
Propvlene Acrylic acid
l — CH,
Methane

- CH,=CH,

4CO+5H, Ethylene

Scheme 4.1 Possible reaction pathway of ODH1B

The ODH of alkanes was proposed to progress by Mars van Krevelen (MVK) mechanism [5]
which mainly consists of some elementary steps. Alkane will be adsorbed on the catalyst
surface and the a—hydrogen will be removed to form an allylic intermediate. Later, the lattice
oxygen will react with the allylic intermediate to form desired products. Afterward the
reduced catalyst will be re-oxidized under an external supply of oxidant [6]. Accordingly, the
lattice oxygens play a vital role in the MVK mechanism as selective oxidizing agents to

improve the production of BD [7]. Scheme 4.2 denotes a simple representation of MVK
mechanism for ODH1B on the catalyst surface.

CH
CH, CH — CH,
H
|
S0/
CH,=CH-CH,-CH; 0, CH,=CH-CH=CH, +H,0
o / /

Scheme 4.2 MVVK mechanism for ODH1B

The nature of a catalyst and its activity for a particular reaction can be modified by changing

the support, adding promoter, etc. For ODH1B, the catalyst should be tailored to suppress
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hydrocarbon combustion without lowering C—H activation energy. At higher oxygen partial
pressure, total oxidation of 1-butene may occur as given in Eq. 4.3 and Eq. 4.4. In this
instance, a metal oxide catalytic system can be an appropriate candidate with an effective
redox cycle capacity for MVK mechanism.

CsHg + 60, — 4C0O5 + 4H,0; AH, = —2540 kJ/mol (Eq 4.3)
CyHs + 40, — 4CO + 4H,0; AH, = 2540 kJ/mol (Eq. 4.4)

In particular, a transition metal that can exist in multiple oxidation states could contribute to
this redox cycle, and also the mobility, as well as the capacity of the lattice oxygens, greatly
depends upon the nature of the metal cation. A wide variety of metal oxide-based catalysts
has been employed for the ODH1B including bismuth molybdates, [8] ferrites, [9] zinc
aluminates, [10] and vanadium-containing catalysts [11]. Multi-component bismuth
molybdates composed of transition, inner transition metals, or non-metals were broadly
investigated to improve the catalytic performance towards ODH [8, 12-14]. The catalytic
activity of these materials was affected by oxygen mobility, oxygen capacity, and the
crystalline phase composition [15, 16]. However, the design of a suitable catalyst with

appropriate oxygen species active and stable for ODH1B is a pivotal challenge.
Depending upon the catalyst system employed, this chapter is further divided into two parts.

A. Influence of transition metal addition in bismuth ferrite on the oxidative dehydrogenation
of 1-butene
B. Utilizing the oxygen carrier property of cerium iron mixed oxide for the low temperature

synthesis of 1, 3-butadiene from 1-butene
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Chapter-4A
Influence of Transition Metal Addition in Bismuth

Ferrite on the Oxidative Dehydrogenation of 1-Butene
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Highlights

4 Transition metal (Cu, Ni, Zn, Co, Mn, Cr) doped bismuth ferrites are synthesized by
simple scalable method and employed for the oxidative dehydrogenation of 1-butene

(ODH1B) to 1, 3-butadiene with molecular oxygen as oxidant

4 Catalyst composition as well as reaction parameters are tuned and optimized to

achieve maximum product yield
4+ PXRD study showed that the materials exist in distorted perovskite structure

4+ Zinc doped catalyst gave the highest yield and the best catalyst found stable over 100

h of time on stream

4 Lattice oxygens drive the reaction for a few hours and the presence of steam enhanced

selectivity
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4A.1. Background of the work

Bismuth molybdates are the extensively studied oxide system for the ODH1B reaction. Many
transition metals have been employed to enhance the oxygen mobility of bismuth molybdates
[1-3]. Bismuth functions as the component responsible for the C—H activation process [3].
Meanwhile, bismuth ferrites constitute a large family of sillenite and perovskite-type
materials. Consequently, they receive distinguished consideration due to its fascinating
properties. Although the synthesis of phase pure BiFeOs; (BF) is very difficult and always
accompanies with the impurities such as Bi,Fe,Og, Bi;O3, and BixsFeOsg [4, 5]. This arises
due to the incomplete reaction by the volatile nature of some of the reactants.

Bi

\<

Fe

Fig. 4A.1 Distorted perovskite structure of BiFeO3

Bismuth ferrites mainly fall under the structured oxides called perovskites with general
formula ABO3; where A is a 12 fold coordinated cation and B cation is 6 fold coordinated
with oxygen anions [6]. At room temperature, Fe** ions are in the distorted oxygen octahedra
while Bi** occupying dodecahedral positions moved near to one of the Fe** ions because of
the lone pair effect and hence BF exists in the distorted rhombohedral perovskite structure. In
the perovskite unit cell, Bi*" and Fe** occupy in eight and six-fold coordination respectively
[7]. Fig. 4A.1 represents the unit cell structure of BF in the distorted perovskite structure.
These multiferroic materials have widespread applications as spintronics, sensors,
photovoltaics, compact storage devices, etc [8, 9]. Apart from these, they function as good
oxidation catalysts also [10]. The previous studies have proved that the abstraction of a-

hydrogen for 1-butene and the formation of the allylic intermediate is the rate-determining
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step in ferrite catalysts (Scheme 4A.1). Moreover, the addition of metal cations to ferrite
catalysts can improve the catalytic properties.
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Scheme 4A.1 Proposed ODH1B mechanism over ferrites [11]

The co-substitution in BF at Bi** and Fe** cationic sites were performed by many research
groups. Structural, electrical, and optical properties of BF were observed to influence by
doping with rare earth metal cations like La**, Eu®* and Er®* synthesized via microwave-
assisted solution combustion method [12]. It has been observed that the doping of Gd** at the
A site enhanced the photocatalytic degradation of Rhodamine B [13]. In addition, the doping
of Sn** improved the electromagnetic properties of BF material [14]. The simultaneous
doping of these two has substantially improved the photocatalytic activity [15]. Kung et. al.
observed that zinc oxide can increase the selectivity when added along with haematite for 1-
butene to BD reaction [16]. Among various spinel metal ferrite systems studied, ZnFe,O4 was
best active mainly because of the high surface acidity. Furthermore, the density of selective

oxidation sites is more than unselective combustion sites [17].

Meanwhile, the irreversible reduction of Fe** to Fe?* in the spinel structure can cause catalyst
deactivation of ferrites which may be avoided by the addition of promoters [11]. Conversely,
bismuth ferrites including in the perovskite system can be active for ODH1B. The
mechanistic steps involved in the ODH process over a ferrite system are represented in

Scheme 4A.1. Accordingly, C—H activation is the slow rate determining route and Fe®*/Fe®*
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redox couple is crucial. Hydrothermal, coprecipitation, sol-gel, thermal decomposition, and
molten salt techniques have been employed for doped BF synthesis while the hydrothermal
method can produce this oxide with different morphology by carefully tuning the conditions
[18].

In the current study, ODH1B over various transition metal-doped bismuth ferrites systems
were tested for the first time. The present study mainly aims to explicate the effect of
different promoters in the given structured metal oxide for the catalytic performance of 1-
butene conversion to BD. We investigated the properties of different transition metal-doped
bismuth ferrites (M14Bi;xFeO3z and BiM2,Fe;.xO3; where M1=Cu, Ni, Zn and M2=Co, Mn,
Cr respectively) and the catalytic activity of these materials for ODH1B. These catalysts were
characterized for phase identification and purity using PXRD; oxygen species were
quantified with XPS and TPR studies. TEM, N, sorption, and SEM analysis provided the
textural properties of the synthesized materials. Post reaction characterization of the catalysts

was also conducted to examine the changes occurred during the reaction.
4A.2. Results and discussion

Various perovskite catalysts are prepared by coprecipitation and the experimental procedure
for the catalyst synthesis is elaborated in the previous chapter (see Section 2.3.2). The below

given part discussed the important results obtained from the study.
4A.2.1. Catalytic activity study

A systematic study of catalytic properties of the materials for ODH1B to BD is carried out in
a continuous flow fixed bed reactor at varying reaction conditions (refer Section 2.6 and 2.7).
Caution must be taken due to the exothermic nature of the reaction which is practiced in the
presence of combustble hydrocarbon and oxygen mixture operated at high temperatures. The
reaction proceeded through side processes also; viz 1-butene isomerization to 2-butenes,
cracking to C;-C3 hydrocarbons, and combustion to COy along with the selective ODH to
BD. The catalyst composition is optimized by separately doping different metals at A as well
as B sites and also by varying the amount of metal doping. The temperature for the highest
activity is determined and taken forward for further studies. Steam is employed to see any
enhancement in the BD selectivity. The role of lattice oxygen is also analyzed using the best
catalyst composition. Finally, the stability of the material is tested with the optimized catalyst

at optimized reaction conditions.

AcSIR PhD Thesis, 2020

| Aswathy T V, CSIR-NCL |



88
Chapter 4A: Influence of transition metal addition in bismuth ferrite on the ODH1B

4A.2.1.1. Effect of cation doping

ODH1B over BF is performed at 400 °C with 3000 h™ GHSV where 0,/C, ratio is taken as
one. Transition metal cation is doped at the “A” and “B” sites of distorted perovskite bismuth
ferrite and conducted the reaction to investigate any effect on catalytic activity. Conversion of
1-butene (Xi-bueene) and selectivity for BD (Sgp) are compared with BF for both batches of
materials in Fig. 4A.2 a and b respectively. 0.1 mol % of Ni (BNiF), Cu (BCuF), and Zn
(BZnF) are doped at the “A” site, and among all; BZnF exhibited the highest activity with 37
% conversion and 38 % BD selectivity. Even though conversions were good, selectivity was
lower for BNiF and BCuF. A detailed analysis of the activity results showed that doping in
BF has considerably enhanced the conversion of 1-butene; while it does not follow this trend
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Fig. 4A.2 Effect of cation doping in (a) “A” and (b) “B” site of BF on ODHI1B.

Reaction conditions: 500 mg catalyst, 400 °C, O,/C,=1, balance Ar and 3000 h™* GHSV with
respect to total feed.

Similarly, the effect of cation doping at the “B” site is also evaluated at the same reaction
conditions. Co, Cr, and Mn are doped with 0.1 mol% at Bi*" site and the catalytic activity
performance is depicted in Fig. 4A.2b. Significant enhancement in conversion is noticed in
this case also, after the cation doping. Surprisingly, BD selectivity do not improved in any of
these doped catalysts but, it is decreased for BCoF, BCrF, and BMnF compared to BF. The
activity of  these studied catalysts is reduced in the order:
BZnF>BNiF>BCoF>BF>BMnF>BCuF>BCrF. Hence, BZnF is selected as the best catalyst.
Although, the yield obtained for the catalysts used in this study is lower than bismuth
molybdates; it provides the consequences of transition metal doping in the presently

discussed system.
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4A.2.1.2. Effect of Zn doping

Catalyst composition has a crucial role in the activity performance of any reaction. BZnF has
shown the highest activity for ODH1B at 400 °C with O,/C4=1 and GHSV making upto 3000
h with Ar. Further, the amount of zinc is varied as 0.05, 0.1 and 0.2 mol% to optimize the
effect of doping under the same reaction parameters (Fig. 4A.3a). At the lowest and highest
Zn doping, i.e; for BZn0.05F and BZn0.2F conversion slightly improves; while Sgp is low. It
is clear from the activity data that BipsZno1FeO3s (BZn0.1F) exhibits the best conversion for
1-butene as 37 % with 38 % BD selectivity.
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Fig. 4A.3 Effect of (a) Zn doping in BF at 400 °C and (b) temperature over BZn0.1F on
ODH1B.

Reaction conditions: 500 mg catalyst, O,/C,=1, balance Ar and 3000 h™* GHSV with respect
to total feed.

4A.2.1.3. Effect of reaction temperature

The temperature of a reaction is one of the most important parameters directly affecting the
catalytic activity. Hence to determine the optimum operating temperature, BZn0.1F catalyst
is further evaluated from 350 to 500 °C with stepwise increment of 25 °C. O,/C, ratio is kept
one with balance Ar under 3000 h GHSV concerning the total feed. The activity results are
depicted in Fig. 4A.3b. At 350 °C, the lowest Sgp is observed and the product distribution
shows that isomerization of 1-butene happens at this temperature. As expected, Xi-putene
drastically increases with temperature up to 450 °C where Sgp is 34 %. Further, the increase
in temperature negligibly improved the conversion. However, the correlation of BD
selectivity with reaction temperature exhibited a volcano-shaped curve which suggests that
moderate temperature is suitable for ODH1B. At higher temperatures, the possibility of coke
formation, as well as combustion, will be more which will lead to low selectivity towards the
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desired product. The best result is observed at 400 °C as 37 % conversion for 1-butene and
38 % selectivity towards BD. Thus, 400 °C is chosen as the optimized temperature for further
studies.

4A.2.1.4. Effect of steam

Most of the reported works have been employed steam in the reactant feed to improve the
activity of the catalysts inspired by the commercial practice. To examine the effect of steam
on the catalytic performance; BZ0.1F is chosen as a model catalyst and the reaction is
executed under the optimized operating conditions. Reactant feed in a fixed composition, i.e;
C4:0z:steam: Ar=5:5:25:90 is supplied in to the catalyst bed at 400 °C. Fig. 4A.4a shows the
activity performance of BZ0.1F as a function of reaction time. Initially, there was a 63 %
conversion with 18 % BD selectivity. After 5 h, a stable activity is achieved and X;.pytene Was
39 % with 43 % Sgp. Interestingly, the catalytic activity is improved in the presence of steam.
A maximum selectivity for the preferred product indicated that the undesired reactions have
been decreased with a minimum selectivity for combustion products. Meanwhile, the reaction
data obtained in the previous sections concludes no steam is requisite for maximum

conversion of 1-butene.
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Fig. 4A.4 Effect of (a) steam at C4:0,:steam:Ar= 5:5:25:90 and (b) lattice oxygen with 5
%1B in Ar for ODH1B.

Reaction conditions: BZ0.1F, 500 mg catalyst, 400 °C, 3000 h™ GHSV with respect to total
feed.

The existing literatures proved that steam can preferably block the active site for CO,
generation and function as a heat sink for hindering hot spots during the reaction.
Furthermore, steam plays vital role in decreasing contact time, lowering partial pressure, and

regenerating active sites on the catalyst surface. Jung et. al. employed steam in the reaction
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mixture to improve BD yield over bismuth molybdates [19]. Another study proved that the
addition of water vapor has promoted acetic acid formation from 1-butene suppressing the
total oxidation reactions [20]. In conflict ODH reaction is suppressed at higher temperatures
in the presence of steam [21, 22]. However, a huge quantity of steam is not
thermodynamically favorable for the ODH reaction.

4A.2.1.5. Effect of lattice oxygen

Perovskites are structured oxides with plenty of labile oxygen. It is reported that ODH1B
follows MVK mechanism where the lattice oxygens directly react with 1-butene and the
gaseous oxygens will make up the vacancy created on the catalyst surface. Accordingly, the
available oxygens of BF could be utilized for the non-oxidative DH of 1-butene. The reaction
is conducted with 5 % 1-butene in Ar to make a total GHSV of 3000 h™ at 400 °C for 12 h of
time on stream (TOS) as represented in Fig. 4A.4b. Initial conversion of 44 % and 38 % BD
selectivity is observed and the activity has been dropped within 6 h with the consumption of
lattice oxygens. Then, the catalyst bed is reoxidised for 1 h with 5 % molecular oxygen in Ar
to fill the vacancies. Later, the feed is again switched to the reactant mixture for a second
cycle after flushing the catalyst surface with pure Ar for one hour to remove any loosely
bound molecular oxygens. The reaction results observed are in accordance with the trends of
the previous reports for the ODH of propane, ethane, and ethylbenzene [23-25]. Surprisingly,
the same trend in catalytic activity is followed in the second cycle also with a considerable
decrease from the initial conversion as well as selectivity. This could be due to the decreased
chemisorbed oxygen on the catalyst in the second cycle; which can also contribute to 1-

butene conversion.
4A.2.1.6. Long term stability test

To appraise the stability of BZ0.1F catalyst, a long term activity evaluation is performed for
100 h of time on stream study under the optimized reaction parameters. Wherein, 37 % 1-
butene conversion, as well as 38 % Sgp, is retained for ODH1B as outlined in Fig. 4A.5.
Throughout the reaction, conversion is maintained with a slight decrease in the selectivity
during 100 h of reaction. However, BZ0.1F was established stable at the given reaction
conditions from the long term stability experiment. Hence it can be concluded that the
catalyst is sturdy with an appreciable performance which make it economically executable.
The slight drop in selectivity may be due to the bismuth ferrite impurity phases Bi,Fe4Oy,

Bi,03, and BiysFeO3g separated under the reaction conditions [4, 5].
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Fig. 4A.5 Long term stability test of BZ0.1F for ODH1B over 100 h

Reaction conditions: 500 mg catalyst, 400 °C, O,/C, =1, balance Ar and 3000 h™* GHSV with
respect to total feed.

4A.2.2. Characterization of the catalysts

Analysis of the material properties are further done with appropriate instrumentation

techniques (given in Section 2.5) and interpreted to correlate with the activity results.

4A.2.2.1. Crystallinity of the materials
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Fig. 4A.6 PXRD patterns of the (a) as-synthesized materials and (b) enlarged view of (104)
and (110) planes.
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The crystalline phases of the synthesized materials sintered at 550 °C are analyzed from
PXRD patterns shown in Fig. 4A.6a. The structure of different transition metal-doped
bismuth ferrites are compared with pristine BF. All peaks are indexed with JCPDS card no:
71-2494 existing in a hexagonal system with distorted rhombohedral perovskite structure of
BiFeOs [7]. The synthesis of single-phase pure BiFeOs in perovskite structure is difficult and
always accompanied by the impurity oxides due to the kinetics of formation and possible
volatilization of the reactants as reported by many researchers [26]. Fig. 4A.6a depicts
secondary phases like BigO7, BixFesOq, and BiysFeOsg as impurities [27, 28]. The diffraction
patterns of BCuF, BCrF, and BMnF showed secondary impurity peaks. Fig. 4A.6b exhibits
doublet peak corresponds to (104) and (110) planes. Except in BCoF, these peaks are
merging to singlet showing the effect of doping the foreign transition metal cation due to the
ionic radii difference between the host and guest species [29]. A shift of this merged peak
also indicates the phase transformation from rhombohedral to orthorhombic with the co-
doping of transition metals [30]. Hence, doping has significantly affected the crystal structure
of pristine BF. A slight shift in the main peak for (110) plane (26=32 °) is observed towards
higher 20 value for BCoF, BNiF, and BCuF which might be due to the unit cell contraction
arise from the substitution of smaller radii cation. This phenomenon may also cause a
decrease in the interplanar distance [31, 32]. In contrast, the peak at (110) plane has
considerably shifted to a lower diffraction angle for BMnF because of the higher ionic radii
of Mn*".
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Fig. 4A.7 PXRD patterns of zinc doped bismuth ferrite catalysts
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The crystallite size of the materials is tabulated in Table 4A.1; calculated using Debye-
Sherrer formula D=kA/Bcos® where D is the average crystallite size, k is the dimensionless
constant with a value 0.9, A is the wavelength of X-ray source (1.54178 A), 0 is Bragg angle
of the diffraction peak and B is the structural broadening. The mean crystallite size of the
material exhibited large value due to its high crystallinity. Notably, the optimized catalyst

showed a minimum D value of 35.3 nm represents the formation of small crystallites.

Table 4A.1 Textural and structural properties of the as-synthesized materials

Catalyst Sger® (M?g) Pore volume? Average Average
(cm®/g) pore diameter® crystallite size”
(nm) (nm)
BF 3 0.023 4.3 56.4
B0.05ZF 6 0.026 3.1 47.0
B0.1ZF 6 0.021 3.1 35.3
B0.2ZF 18 0.056 3.4 40.3
BCuF 8 0.036 3.1 65.1
BNiF 11 0.027 3.4 36.8
BCrF 12 0.052 3.1 49.8
BCoF 5 0.027 3.4 60.5
BMnF 11 0.054 3.1 26.5

Data obtained from BET analysis.
®Calculated using Scherrer formula for the (111) crystal plane.

The stability of a perovskite structure can be expressed with Goldschmidt’s tolerance factor

defined with the equation as,
t=(ra+ro)/\N2(rg+ro0) (Eq. 4A.1)

where, ra, rg, and ro are the average radius of A, B cations, and O? respectively. When t
value is less than 1, Fe—O bonds will be compressed inducing lattice distortion in Bi—O
bonds. To reduce this lattice stress rotation of oxygen octahedra will take place which leads
to the evolution of the lower symmetric orthorhombic phase by suppressing the rhombohedral
phase [33, 34]. Hence, a smaller tolerance factor specifies more aggressive distortion of Fe-O
in the octahedral site [35]. In the case of doped bismuth ferrites, the effective ionic radius
should be included for the calculation of t as, raefn = ra(1-x)+ ru(x) where M is the metal-
doped at A site [36].

The powder diffraction analysis of Zn doped BF materials (BZnF) represented in Fig. 4A.7
revealed that minimum impurity phases are present in BZ0.1F and evidences perfect doping

of zinc in the crystal lattice; which might be one of the reasons for its highest activity.
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Therefore, it may be concluded that the crystal structure influences the activity of the material
for ODH1B to some extent.

4A.2.2.2. No-sorption analysis

Fig. 4A.8 represents the nitrogen adsorption-desorption isotherms of all synthesized catalysts.
The textural properties of the materials including surface area (Sger), pore volume, and
average pore size are given in Table 4A.1. All samples have low surface area values
characteristic of perovskite oxides [37]. BET isotherms exhibited typical of type 1V with the
initial region close to type Il [15]. Capillary condensation was also observed from the
hysteresis loop and the materials have mesoporous structure. The average pore size of doped
materials is almost the same but lower than that of fresh BF. The doped BF materials
exhibited larger surface area than the un-doped BF sample, which could be contributed to the
increased activity. B0.2ZF showed the highest surface area; probably due to the largest
separation of the impurity phase.
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Fig. 4A.8 N,-sorption isotherms of the as-synthesized materials
4A.2.2.3. Catalyst morphology

Surface morphology of the highly active catalyst; BZ0.1F is studied with TEM, SEM, and
elemental mapping analysis. The HRTEM micrographs of as-synthesized BZ0.1F catalysts
are presented in Fig. 4A.9a and b. Irregular nanocrystals of mean particle size 13.1 nm are

visible which is lower than the crystallite size calculated from Scherrer equation. An
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agglomerated plate-like structure with well-developed lattice fringes are seen in Fig. 4A.9b
having widths; 0.5 and 0.29 nm which can be correlated to (012) and (110) planes
respectively. The perfect doping of Zn into the pristine BF crystal lattice slightly increased
fringe widths from the original 0.395 and 0.279 nm for the BiFeO3 phase. These values are in
consistent with the interplanar distance (d) calculated from PXRD using Bragg’s equation;
nA=2dsin6, where, n is the order of diffraction, A is the wavelength of CuKa radiation
(1.54178 A) and 0 is the angle of diffraction. Selected area electron diffraction (SAED)
pattern of sharp bright spots and well-defined periodicity shown in the inset proved high

crystallinity of the sample complementing PXRD results.

Fig. 4A.9 HRTEM images of fresh BZ0.1F

The SEM images of fresh BZ0.1F (Fig. 4A.10a) showed an aggregated spherical morphology

accompanied by porous nature which is preserved even after the reaction (Fig. 4A.10b).

Fig. 4A.10 SEM images of (a) fresh and (b) spent BZ0.1F
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Elemental mapping images of pristine BZ0.1F are shown in Fig. 4A.11. All elements are
detected and are assigned different colors for better understanding. Form the images an

excellent dispersion is observed for the optimized catalyst.

Electron Image 1 Fe Kal Bi Lal

(a) (b)

-

Zn Kal 0O Kal

EDS Layered Image 1

250nm | ™ 250nm

Fig. 4A.11 Elemental mapping images of fresh BZ0.1F. (b) Fe-Pink, (c) Bi-green, (d) Zn-
yellow, (e) O-Blue and (f) overlay image.

4A.2.2.4. Reduction properties

Reducibility of the catalysts is one of the most significant properties of materials in ODH
reaction and demonstrated using H,-TPR. Reduction properties of zinc doped BF materials
are compared with pristine BF in the TPR profiles given in Fig. 4A.12. Two reduction peaks
are reported for pristine ZnO at 465 and 800 °C for Zn** to Zn° and sublimation [38, 39].
Besides, pure Fe,O3 in the haematite phase consumes hydrogen in three steps occurring at
different temperatures. At 348 °C, the transition of Fe,O3 to Fe;04 will happen followed by
Fe30,4 to FeO transition at 621 °C. Further, FeO will be reduced to metallic Fe above 800 °C
[40]. Usually, fresh Bi,O3 exhibits two reduction peaks at 446 and 628 °C corresponding to

the reduction of surface and bulk oxygen species [41].
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Fig. 4A.12 H,-TPR profiles of BZnF catalysts

It can be perceived from the TPR results that the reduction properties of the materials are

increased after doping Zn at low temperatures; while the bulk reduction around 550 and 800

°C is declined to around 500 and 600 °C respectively [42]. The addition of zinc as a dispersed

impurity may generate more defects by incorporating Bi-Zn—F bonds which causes a

considerable change in the reduction behaviour and contribute towards the activity. Total H,

consumption for the Zn doped samples is slightly reduced to ~12 mmol g™ compared to BF

(14.5 mmol g?). A small difference in the reduction temperature is also observed. Hence,

TPR results supported fine dispersion of zinc within the BF structure. The optimized BZ0.1F

is exhibited maximum H; consumption and the main reduction peak falls at the highest
temperature at 448.8 °C as illustrated in Table 4A.2.

Table 4A.2 Thermal and surface properties of BZnF materials

Catalyst H, consumption?® Timax” Amount of lattice | Coke deposition®
(mmol g™ (°C) oxygen® (Wt %)
(%)
BF 14.5 401.2 45.2 1.0
B0.05ZF 12 437.4 27.5 1.9
B0.1ZF 12.1 448.8 35.1 1.3
B0.2ZF 11.9 411.4 30.6 0.9

®Calculated by H,-TPR.

*Temperature of the first maxima in the H,-TPR profile.

“Calculated from XPS.

%Quantified from TG analysis under air atmosphere.
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4A.2.2.5. XPS study

The nature and composition of a catalyst surface are very important in heterogeneous
catalysis and hence, the XPS study becomes highly crucial. Bi 4f, Fe 2p, Zn 2p as well as O
1s core-level spectra are analyzed using XPS for pristine BF and BZnF as shown in Fig.
4A.13. Binding energy (BE) value of 284.8 eV was assigned to adventitious carbon and all
peaks are corrected with respect to this value. Drastic changes in the surface atomic

composition are observed in all spectra after successive Zn doping to pure BF.

4f

5/2

Bi

Fe 2p,, ] 2p1/2 Zn

Intensity (a.u.)

— BZO0.05F
— BZO0.1F
— BZO0.2F

T T T T T T T N 1 ' I ' I ' I ' 1 i I '
156 159 162 165 710 720 730 1020 1030 1040
Binding Energy (eV)

Fig. 4A.13 Bi 4f, Fe 2p and Zn 2p XPS core-level spectra of BZnF catalysts

A thorough analysis of Bi 4f spectra proved that Bi exists predominantly in Bi** state in pure
BF with BE values 158.8 and 164.2 eV corresponding to 4f7;, and 4fs/, respectively. After Zn
doping, these peaks are shifted to 159.3 and 164.5 eV for both B0.1ZF and BO0.2ZF. This
represents Bi in +3 oxidation state with a peak separation of 5.2 eV related to spin-orbit
coupling [43]. The gradual shift of the main peaks corresponding to Bi towards higher BE with
zinc addition shows the proper doping of Zn in Bi site [44]. The O 1s spectra of all samples are
deconvoluted using XPSpeak41l software into four signature peaks (Fig. 4A.14). The figure
shows that XPS peaks of O 1s spectra are shifted to lower BE which could be due to the changes
in crystallinity with Zn addition [45] and supported from PXRD results (Table 4A.1). Metallic
Bi do not observed in any of these samples. The addition of zinc can increase the bond energy
of Bi—O in the BZnF catalysts which is reflected in the Ho-TPR where the Tax is shifted to a

higher temperature for B0.1ZF sample (Fig. 4A.12). The observed BE at 710.9 and 724.4 eV
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are attributed to Fe 2ps, and Fe 2p;/, respectively emerging from the spin-orbit interaction. A
satellite peak is also observed at 718.0 eV. Furthermore, the metal exists in both Fe?* and
Fe** oxidation state [46]. At the highest Zn doping (BZ0.2F) a binding energy shift is
observed due to the presence of a small amount of zinc ferrite. The characteristic peaks for
Zn?* are observed at 1021.5 and 1044.7 eV for 2ps;; and 2py, respectively [47].

BO.2ZF

BO.1ZF

B0.0SZF

Intensity (a.u.)

524 526 528 530 532 534 536 538 540
Binding energy (eV)

Fig. 4A.14 Deconvoluted XPS spectra of O 1s core level

Fig. 4A.14 denotes peak positioned at 529.6 eV corresponding to the lattice Fe—O oxygens.
The Bi—O oxygens are appearing at around 531.4 eV [48]. Hydroxyl and carbonate species
adsorbed on the surface exhibited a peak at higher BE values near 533 eV [49]. At 535 eV
adsorbed water molecules are detected [50]. A shift in BE towards lower value was observed
for the BZ0.1F sample, which implies the highest electronic interaction after Zn doping. The
quantification of lattice oxygen species on the surface is shown in Table 4A.2. Lattice
oxygens are believed to assist MVK mechanism for the production of BD from 1-butene.
BZ0.1F holds the highest amount of lattice oxygens among other BZnF catalysts. Even
pristine BF consists of 45.2 % lattice oxygens; the high amount of chemisorbed oxygens
present in this catalyst can cause undesired reactions. This observation is reflected in the
activity performance (refer Section 4A.2.1.2) also with very good Xipuene While low Sgp
over BF. Hence it can be confirmed that the addition of Zn can make the reaction more

selective. Minimal chemisorbed oxygens (5.2 %) in BZ0.1F also supports this prediction.
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4A.2.2.6. Spent catalyst analysis

Analysis of the catalyst after the reaction for any structural and textural changes can provide
hints for the processes occurred during the reaction. PXRD pattern of the spent catalyst is
taken after 100 h of TOS study and compared with that of freshly calcined catalyst as given
in Fig. 4A.15a. The spent catalyst exhibited no phase transition; with a slight increase in the
full width at half maximum (FWHM) value. This observation proved that the catalyst is intact
and structurally stable even after the reaction.
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Fig. 4A.15 (a) PXRD of fresh and spent BZ0.1F (b) thermograms of spent BZnF catalysts

Thermogravimetric analysis is conducted to quantify coke deposited on different BZnF
catalysts during the reaction. Weight loss is calculated at 350 °C from the thermograms of the
materials shown in Fig. 4A.15b. The temperature of weight loss is selected in accordance
with the exothermic reaction for carbon burning as detected from DTA given in the inset. The
amount of coke deposited is displayed in Table 4A.2. All catalysts showed negligible coke
deposition on the surface even after the reaction at 500 °C. After 400 °C, weight gain is

observed for all samples which might be due to the phase transformation to either bismuth or

iron rich phases.
4A.3. Conclusions

In this study, a series of first row transition metals doped bismuth ferrite catalysts were
synthesized adopting a coprecipitation method to study ODH1B to BD. The
structural,morphological, thermal, and spectroscopic properties of the materials have been
rigorously inspected with various physic-chemical characterization techniques. The proper

doping of zinc in BZ0.1F and a proper amount of lattice oxygens contributed towards the
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highest activity. The labile lattice oxygen can direct the reaction only for a few hours while
steam can considerably improve the BD selectivity. This a first study to investigate the metal
doping effect in bismuth ferrite for the ODH reaction. In summary, this work provides a

stable novel perovskite like catalytic system for the activation of lower hydrocarbons.
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Chapter-4B
Utilizing the Oxygen Carrier Property of Cerium Iron

Oxide for the Low-Temperature Synthesis of

1, 3-Butadiene from 1-Butene
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Highlights

4 Cerium iron mixed oxide is synthesized by citrate gel combustion and employed for

the dehydrogenation of 1-butene in an oxygen free atmosphere

4+ Oxygen carrier property of the catalyst is utilized for the low temperature synthesis of
1, 3-butadiene

4+ H,-TPR, XPS and oxygen uptake studies evidenced the abundance of replaceable
labile oxygens in the material

4+ The activity is decreased through consuming the lattice oxygen and restored after
catalyst re-oxidation exploiting Ce**/Ce** and Fe**/Fe®" redox centers
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4B.1. Background of the work

Over the past decades, CeO; in the fluorite structure has become the most attractive oxide and
well known for its excellent oxygen storage capacity (OSC) over a wide range of
temperatures owing to its ability to switch between Ce** and Ce** [1]. This peculiar property
of ceria has been utilized in numerous applications such as threeway catalysts (TWCs),
photocatalysis, solid oxide fuel cells, UV rays blockers, oxygen sensors, low-temperature
water gas shift (WGS) reactions, water purification, and ceramic materials etc [2—4]. Pure
ceria is thermally unstable and undergoes sintering rapidly at high temperatures; therefore not
recommended as a catalyst. The addition of trivalent, as well as a smaller sized ion in CeO,,
can lower the activation energy for oxygen migration and enhance the OSC respectively; due
to the distortion of the lattice which can create more oxygen vacancies [5]. Furthermore, Pr**
and Tb*" in CeO; lattice substantially improved the oxygen migration [6].

Fig. 4B.1 Cubic (fluorite) structure of ceria

As a cheaper and the most abundant metal in the earth’s crust, Fe is likely to be an
appropriate candidate for incorporation in ceria lattice. The ionic radius of Fe** in six
coordination (0.68 A) is much lower than Ce** in its eight coordination (1.11 A) [7].
Moreover, a large number of iron-based catalysts; especially ferrites are reported for the
ODH of n-butenes [8]. Still, dissolving Fe in ceria lattice remains a challenging task. Though,
there are reports where the synthesis of Ce;.xFexO2.5 has been achieved by precipitation, sol-
gel, micro emulsion, and hydrothermal methods [9]. It has been believed that the sharing of
oxygen in Ce—O-Fe linkage is the main reason for its significant catalytic performance.
Meanwhile, the oxygen storage properties of ceria can be improved by the synergy achieved
by the combination of Ce**/Ce*" and Fe**/Fe** redox centres. Preetam et. al. have studied a

wide range of transition and inner transition metals substituted in CeO, lattice and Ce;.
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«Fex02.5 was found to contain more labile oxygens [10]. This enhanced OSC property was
originated from the oxygen sub lattice distortion during Fe substitution [1]. Consequently,
iron modified cerium oxide was proposed to have improved textural properties along with the
excellent oxygen release capacities [5, 11]. This ability was extensively employed for
selective and total oxidation reactions [5, 12—16]. Moreover, these materials can serve as

good oxygen carriers too [17, 18].

An ideal ODH catalyst should suppress the combustion of 1-butene without lowering the
C—H bond activation energy. Also, the rate-determining step of ODH at temperatures lower
than 350 °C mainly depends upon the re-oxidation of the catalyst as well as product
desorption from the catalyst surface [19]. According to the existing literature, Ce and Fe
could form a solid solution up to 30 mol% Fe when synthesized by conventional precipitation
methods [20]; however it will depend upon the synthesis method. Mazan et. al. could
successfully synthesize nanocrystalline cerium iron oxide by citrate synthesis method with
excellent OSC properties [4]. Furthermore, CO, was used for the reduction and reoxidation of
ceria by employing Fe as the promoter for the ODH of ethylbenzene [5].

Most of the studies have reported ODH1B in the presence of oxygen, air, or CO; as oxidants.
Employing molecular oxygen may increase the total oxidation products and results in a low
BD vyield. Some researchers have availed lattice oxygen for ODH1B to inhibit complete
oxidation. Kiyokawa et. al. have reported that copper ferrite supported on activated carbon
could be used repeatedly for ODH by subsequent re-oxidation with molecular oxygen [21]. A
type of chemical looping method is also discussed by Keller et. al. where releasing and
restoring of oxygen species were carried out in two different reactors while circulating the
oxygen carrier [22]. Moreover, the reaction is believed to proceed through MVK mechanism

where lattice oxygens take a vital role.

The oxygen activation and electron transfer on the catalyst surface are depicted by Eq. 4B.1,
2 and 3. Accordingly, nucleophilic O® species is responsible for the selective oxidation to

desired products; while others will lead to combustion reaction [8].

02 @iyt € — Oz (ags) (Eq. 4B.1)
O2 (aas)+ € — 20 (ags) (Eq. 4B.2)
O (@iy+ € — O (atice) (Eq. 4B.3)
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The work reported here is discussed about the synthesis of cerium iron oxide catalyst by a
simple citrate gel combustion method. Here, the operating temperature of ODH of 1-butene
to BD is considerably reduced by utilizing the oxygen carrier property of the catalyst for the
MVK mechanism through which the reaction is known to proceed. The catalyst properties are
investigated and the utilization of lattice oxygen is screened by XPS analysis, temperature-
programmed methods, and oxygen uptake studies at the reaction temperature. Herein, we
report experimental proof for the MVK mechanism occurring during the ODH reaction at
significantly low temperature.

4B.2. Results and discussion

Cerium iron oxide is prepared by citrate gel combustion as explained in Section 2.3.3. The

reaction and material characterization are illustrated in this part.
4B.2.1. Catalytic activity study

The experimental methods of ODH1B in FBR and the product analysis in GC are discussed
in Section 2.6 and 2.7. The scheme of reaction over the ceria iron oxygen carrier is depicted
in Fig. 4B.2. Main products observed were minor quantities of n-butane, 2-butenes, propane,

propene, ethane, ethene, methane, carbon oxides and water.

4B.2.1.1. Effect of reaction temperature

1-butene O,/Ar
1 Reduced
Oxygen carrier | {Redox cycling oxygen carrier

U

1, 3-butadiene

Fig. 4B.2 Method of repeated ODH1B

To determine the best operating temperature, ODH of 1-butene using the lattice oxygen is
carried out over CF in the temperature range 200-300 °C with the flow rate C4:Ar=1:5 at
3000 h* GHSV concerning the total feed. The effect of reaction temperature on the
conversion of 1-butene (Xihutene) and the selectivity of BD (Sgp) is depicted in Fig. 4B.3a.

Reaction products are analyzed in every 10 minutes and the catalyst is regenerated for
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another 10 minutes under O,: Ar=1:5 at 3000 h™ GHSV. Initially, the catalyst demonstrated
75% 1-butene conversion at 200 °C with 12 % selectivity for BD which might be due to the
maximum availability of lattice and chemisorbed oxygen in the fresh catalyst. Later, the
catalyst bed is re-oxidized at 200 °C followed by increasing temperature to 225 °C under
argon gas flow. Subsequently, the reactant feed; C,:Ar=1:5 at 3000 h™ GHSV is introduced
into the reactor and the product analysis is done after 10 minutes of reaction. This
simultaneous ODH and re-oxidation processes are continued at the reaction temperatures viz;
250, 275, and 300 °C under the above-mentioned feed. Pure argon is flushed through the
catalyst bed after regeneration to remove any loosely adsorbed oxygen. Interestingly at 225
°C, the Xi-puwene IS reduced to 10 % while Sgp is increased. Upon further increasing the
reaction temperature, the catalytic performance of the catalyst is gradually improved and the
highest activity is achieved at 275 °C with Sgp 28% and 40% 1-butene conversion.

Henceforth, 275 °C is considered as the optimized reaction temperature for further studies.

4B.2.1.2. Catalyst stability during repeated ODH
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Fig. 4B.3 ODH of 1-butene over CF (a) at different temperatures with catalyst regeneration
and (b) TOS study at 275 °C.

Reaction conditions: 600 mg catalyst, C4:Ar=1:5, GHSV=3000 h™*with respect to total feed.

As 275 °C is found as the optimum temperature for the reaction, both the time on stream
(TOS) study and the maintenance of activity over repeated ODH is studied at this reaction
temperature with C4:Ar feed flow in 1:5 at 3000 h™ GHSV with respect to the total feed. The
activity results are shown in Fig. 4B.3b. The first cycle is started from zero hour where the
conversion of 1-butene is negligible with the highest selectivity for BD. After 10 minutes, the
conversion is increased to a maximum value of 40 %; and the selectivity is observed as 28 %.

The catalytic activity has been gradually decreased to nearly zero conversion and 20 % Sgp
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over 6 h of TOS. Further, regeneration is carried out for one hour under O, to Ar feed mixture
in 1:5 ratio making 3000 h* total GHSV. Any loosely adsorbed oxygen molecules are

removed while flushing the catalyst bed under pure Ar for another one h.

Afterwards, the second reaction cycle is continued while introducing 5 mL 1-butene along
with 25 mL Ar in the feed generating the initial reaction feed. The activity is regained with a
10 % decrease in conversion and selectivity. The reaction is continued for another 4 h until
the activity becomes stable and negligible. A second regeneration process is carried out
followed by the third reaction cycle for another 4 h. During the three reaction cycles, the
overall activity is observed to decrease over the TOS study. The loss of lattice oxygen is
replenished by molecular oxygen feed and the conversion as well as BD selectivity is restored
in the third cycle. Whereas, an appreciable decrease in activity in the second cycle might be
due to some changes happened on the catalyst surface explained with the help of XPS studies.

4B.2.2. Catalyst characterization

The fresh catalyst (CF), the catalyst after 6 h of TOS study (CFt), and the catalyst after re-
oxidation process (CFr) are collected from different experiments and analyzed for the
properties to duly study ODH process. Since lattice oxygens are believed to involve in the
reaction, its nature and quantification are made with XPS, TPR, and O, chemisorption

studies. Further description of the instruments is given in Section 2.5.
4B.2.2.1. Material crystallinity

To investigate the structural and chemical changes happened after the ODH reaction and re-
oxidation, all samples are analyzed with various techniques. The PXRD patterns of the
synthesized CeFeO,.; (CF) is compared with ceria and iron oxide synthesized via the same
combustion method as shown in Fig. 4B.4a. Pure ceria exhibited reflections mainly from
cubic fluorite phase (JCPDS number:34-0394) with typical planes (111), (200), (220), (311),
(222), (400), (331) and (420) corresponding to the diffraction angles 28.59, 33.06, 47.52,
56.39, 59.12, 69.49, 76.71 and 79.23 ° respectively [23]. For iron oxide, the a-Fe,O3 hematite
(hexagonal) phase is identified with the available database (JCPDS card no. 39-1346) [24].
Although in the freshly prepared catalyst, any reflection corresponds to the hematite phase is
not observed. This implies either the absence of crystalline iron species or the substitution of
Fe into the ceria lattice. A shift in the peaks to higher 26 values is observed for CF, CFt, and
CFr compared to ceria which might be because of the modification of lattice parameters after

substituting Fe cation into CeO, lattice [25]. The increase in FWHM of the peaks of CF
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compared to pure ceria might be due to the incorporation of Fe®" in the ceria lattice site
owing to the smaller ionic radii of the former (Ce*"=0.97, Ce®*"=1.43 and Fe**=0.68 A).
Furthermore, it may also indicate the lower degree of crystallinity or smaller crystallite size
[26]. The absence of any cerium ferrite phase nullified the possibility of the formation of
perovskite kind of solid solution. Moreover, atom scattering factor of the heavier Ce cations
is higher than that of the Fe cations which result in an increased relative high intensity than
the a-Fe,O3 peaks [27].

Table 4B.1 Physicochemical properties of the samples

Sample Sger” V2 D° Lattice 0, H,

code (m*g™) | (cm®g™) | (nm) | constant® | uptake® | Consumption®
(hm) (mmolg™) |  (mmolg™)

CeO; 33 0.054 19.04 | 0.5403 0.67 8.21

Fe,0s 15 0.024 45.59 - 0.23 26.31

CF (fresh) 21 0.046 3.99 0.5373 0.51 12.94

CFt (after

T0S) 40 0.077 3.81 0.5372 0.68 10.84

CF (after 35 0074 | 378 | 0.5373 0.23 14.21

regeneration)

“Specific surface area (Sger) and pore volume (V,) from BET method.

®Average crystallite size calculated using Scherrer formula for the (111) crystal plane.
‘Derived from XRD for the (111) crystal plane.

“Calculated by O, pulse chemisorptions @ 275 °C.

*Total H, consumption quantified from H,-TPR.

Meanwhile, the spent catalyst after the time on stream study (CFt) and the regenerated
catalyst after the reaction (CFr) are analyzed for any structural change during the reaction.
Both CFt and CFr have retained the structural properties. The crystallite structure was not
much altered during the regeneration under molecular oxygen. The lattice parameters for
cubic ceria and the other considered solid materials are calculated from the high intense (111)
plane in the XRD patterns and tabulated in Table 4B.1.

The mean crystallite size is calculated by using Scherrer equation, D=kA/Bcos; where k is
the shape factor ~0.9, A is the wavelength of Cu Ka radiation equal to 0.15 nm, B is the
structural broadening and 0 is the diffraction angle of the main peak for ceria at (111) plane.
It should be worth to mention that the mixed oxide CF exhibited lower cell parameter
(0.5370) than pure ceria (0.5403) as given in Table 4B.1 which is also observed as a shift in
the main peak might be due to the contraction in unit cell proving the substitution of small-

sized Fe*" in ceria lattice [25]. While in the case of CFt and CFr hardly any change in the cell
AcSIR PhD Thesis, 2020

| Aswathy T V, CSIR-NCL



113
Chapter 4B:Uftilizing the oxygen carrier property of CeFe oxide for the low temperature ODH1B

parameter is observed suggesting stability in the crystal structure even after ODH and

regeneration processes.
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Fig. 4B.4 (a) PXRD patterns and (b) Raman spectra of the samples

4B.2.2.2. Raman spectroscopy

To acquire more structural information, Raman spectroscopy is availed for CF, CFt, CFr,
pure CeO,, and Fe,O3 samples and represented in Fig. 4B.4b. The high intense peak at 460
cm™ in pure CeO; is assigned for the symmetric breathing F», mode of oxygen atoms around
Ce*" ions in the cubic fluorite structure. Moreover, the weak second-order peak observed at
260 and a shoulder band at 590 cm™ are originated from the transverse mode vibration and
lattice oxygen vacancy respectively [28]. The main peak is drastically diminished after
incorporating Fe which might be due to the reduction in the crystallite size of CeO,. A similar
tendency is observed by Laguna et. al. in their study that Fe will considerably interact with
the oxygen vacancy bands of ceria [25]. Meanwhile, a-Fe,O3 exhibited A;4 bands at 222 and
491 cm'™; and E;4 bands at 240, 288, 404, and 604 cm™ respectively.

Furthermore, Raman peaks at 662, 816, 1104 and 1320 cm™ for hematite rarely reported by
the researchers are also observed [27]. A small shift from the main peak at 463 cm™ could be
due to the formation of defects related to the substitution of Fe in ceria lattice [29]. The peaks
corresponding to hematite structure is retained in the mixed oxide CF while it is shifted to
lower wave numbers after 6 h of reaction as seen in CFt. However, followed by the re-
oxidation step, all the peaks are moving back to the initial state proving the structural
rearrangement happening within the crystalline solid. The results obtained from Raman are in

good agreement with XRD data.
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4B.2.2.3. N, physisorption

N adsorption-desorption isotherms and pore size distributions of CF compared with CeO,
and Fe,O3z samples are given in Fig. 4B.5. The surface area (Sger) and average pore volumes
(Vp) of the samples obtained from the BET isotherms are tabulated in Table 4B.1. All the
materials exhibited low surface area and it is observed that the pore volumes have increased
after the reaction and regeneration. The adsorption-desorption isotherm of CF is typical type
IV with a hysteresis loop on the range of 0.4-0.99 according to IUPAC classification. A
small increase in the surface area and pore volume for CFt and CFr might be because of the

surface modification that occurred during the redox process.

dV(p)(cc/A/g)

Quantity adsorbed (cm 39' 1)

0.0 ' 0.2 ' 014 ' 016 ' 0.8 1.0
Relative pressure (P/Pg)

Fig. 4B.5 BET isotherms of calcined CF, CeO, and Fe,Os; pore size distribution is given on
inset.

4B.2.2.4. Morphology of the catalyst

The SEM image and elemental mapping of the as-synthesized CF sample are respectively
shown in Fig. 4B.6a and b-d. SEM micrograph doesn’t depict any particular morphology
while the mapping clearly revealed the fine dispersion of the metals over the catalyst surface.
TEM images, as well as the SAED pattern of the fresh catalyst, are also shown in Fig. 4B.6e
and f. The (111) crystal surface is identified and a decrease in the lattice distance is observed
at 29 ° 0.262 nm) for CF compared to that of pure ceria (0.312 nm). This observation could
be explained as the ionic radii difference between Fe** and Ce**/Ce** and the preference of

the former ion to occupy in ceria lattice. The above observations are in good agreement with
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the result obtained from PXRD [30]. Moreover, the substitution of Fe in ceria can reduce the
interplanar distance also with lattice contraction [5]. The electron diffraction pattern is typical

of a nanocrystalline material which is also evidenced as broad diffraction peaks in PXRD.

Fig. 4B.6 (a) SEM image, (b-d) elemental mapping and (e, f) HRTEM images of pure CF.
SAED pattern is given on inset.

4B.2.2.5. XPS analysis

XPS analysis is performed to investigate the surface compositions and changes in oxidation
states of the catalysts. Fig. 4B.7 shows the XPS spectra of Ce 3d (a) and Fe 2p (b) of CF,
CFt, and CFr compared with that of pure CeO, and Fe,O; to study any structural changes
occurred during the experiments. The binding energy scale is corrected by using the
adventitious carbon (284.8 eV) of each sample. Ce 3d spectrum of pure CeO; is originated by

multiple peaks labelled u and v which represents the 3ds, and 3ds;, spin-orbit components
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respectively. The peaks correspond to Ce®* (3d™ 4f") will be appeared at uo, u’, vo and v’ due
to the fewer defects in ceria; while u, u”, u’”, v, v’ and v’”’ are associated with Ce* The major
peaks are observed at BE ca 882.1, 887.8, 898.1, 900.6, 903.6, 906.6 and 916.3 [31]. Further
analysis of the spectrum revealed that the 4+ oxidation state is dominating in pure ceria. Even
after the incorporation of iron oxide, the fresh catalyst CF maintained predominantly Ce*".
After the reaction, the surface of the oxygen carrier is reduced by 1-butene. Therefore the
oxidation state of Ce** will change to Ce®" in CFt. Eventually, the surface is re-oxidised again
to Ce™* by the external supply of molecular oxygen in the regeneration step as shown in the
Ce 3d spectrum for CFr [11].

Ce3d /'; . (a)

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

T T T T T T T T T
880 890 9200 910 920 930 710 715 720 725 730 735

Binding Energy (eV) Binding Energy (eV)
Fig. 4B.7 XPS spectra of (a) Ce 3d and (b) Fe 2p core levels of the materials

The characteristic peaks for Fe2ps, and Fe2pi, are observed at 710.8 and 724.1 eV
respectively (Fig. 4B.7) with the corresponding satellite peaks at 718.3 and 731.9 eV [16]. Fe
exists in both 2+ and 3+ oxidation states. The shift in binding energy values might be due to
the electronic interaction of iron and cerium core levels. The oxygen species present on the
surface are varied with the samples and are reflected in the XPS spectra as depicted in Fig.
4B.8. O 1s spectrum of Fe,O3; showed typical peak for lattice oxygen at higher binding
energy than other samples revealing the high reducibility of the material. This is detected in
the TPR profile also. For other ceria containing samples, the main peak at 529.4 eV can be
assigned to the lattice oxygen whereas a shoulder detected at 531.1 eV is treated as
chemisorbed oxygen species [32]. A peak observed at 533 eV can be due to the surface

hydroxyl groups and carbonate impurities [31].
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Meanwhile, the adsorbed water moieties are also observed at the highest BE 534.9 eV [33].
The peak shift observed in CFt to higher BE suggest that the labile lattice oxygens from the
lattice have been consumed during the reaction and more surface defects are created.
Moreover, XRD and Raman patterns of CF, as well as CFr, are similar which implies the
possible migration of Fe species during the reduction/re-oxidation cycles [11]. At higher BE
values absorbed oxygen/water molecules are detected [34].

Table 4B.2 Surface composition of different oxygen species

Sample Olatt Oads | Oiatt/ Oads
(%) | (%)

CF 20.5 | 69.5 0.295
CFt 29.2 | 43.8 0.667
CFr 40.4 | 48.6 0.831

The distribution of various surface oxygen species is quantified and listed in Table 4B.2. The
chemisorbed oxygens are denoted as Ongs mainly contributing from the electrophilic O™ and
O% at higher and lower BEs respectively. The high-temperature treatment could remove
these species substantially which is reflected as an increase in the amount of lattice oxygen
[33]. These species will also contribute to the conversion of 1-butene to selectively forming
combustion products. This is observed in Fig. 4B.3a with 80 % 1-butene conversion at 200
°C. Therefore, it may be concluded that the catalyst exhibit excellent oxygen carrier property

due to the synergy achieved by the combination of Ce**/Ce** and Fe®*/Fe** redox centres and

is evidenced from the XPS results.

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

526 528 530 532 534 53 538 % “EE 5 SR O e
Binding Energy (eV) Binding energy (eV)

Fig. 4B.8 (a) O1s XPS spectra of all samples and (b) deconvoluted O 1s XPS spectra of CFr,

CFt and CF.
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4B.2.2.6. H,-TPR study

XPS is a surface analysis technique and hence to quantify the lattice oxygens in bulk, H,-TPR
of the samples is conducted. Also, it is observed that the lattice oxygens are participating in
ODH reaction which makes the study of redox properties of the oxides significant. The TPR
profiles of CF, CFt, and CFr are compared with that of pure CeO, and Fe,O3 in Fig. 4B.9.
The reduction of pure Fe,Os is believed to occur in two steps. At low temperature, Fe,Os
(hematite) will be reduced to FesO, (magnetite) which appears at around 382 °C. Further
reduction of FesO4 to FeO and FeO to Fe° happens above 500 °C in the TPR profile [35]. In
the case of CeO;, the low-temperature reduction peak is attributed to the reduction of surface
CeO, covered by surface capping oxygen, and the reduction peak observed at high
temperature is credited to bulk CeO,.

CeO,

H2 consumption (a.u.)

" T T T T T T T
150 300 450 600 750 200
Temperature (°C)

Fig. 4B.9 H,-TPR profiles of the samples

The surface lattice as well as the bulk oxygen of ceria will be reduced at around 470 and 800
°C respectively [36]. The incorporation of iron in the ceria lattice increases the mobility of
surface lattice oxygen and shift the reduction peaks to lower temperatures with a considerable
decrease in hydrogen consumption. This might be due to the synergistic interaction between
ceria and iron oxide. The high dispersion of Fe ions in the ceria matrix as evidenced by

PXRD could form surface Fe—O—Ce species and is attributed to synergism. Henceforth, the
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enhanced reducibility improves the redox properties of CF and is reflected in the catalytic

activity [16].

4B.2.2.7. O,-pulse chemisorption

The labile oxygens available for the reaction have to be quantified to study the redox
mechanism in detail. In favour of this, the amount of oxygen adsorbed at the optimized
reaction temperature i.e; 275 °C is calculated with the oxygen pulse chemisorption
experiment (Fig. 4B.10) and the values are displayed in Table 4B.1. The strength of oxygen
storage capacity (OSC) will be in the order CFt~CeO,>CF>CFr=Fe,03. Thus, CFt contains
more oxygen vacancies which prove that lattice oxygen is consumed for the conversion of 1-
butene to BD in the TOS study. During re-oxidation, these vacancies will be restored and

hence least oxygen uptake was observed for CFr.
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Fig 4B.10 O,-uptake pulses of (a) CeO; (b) Fe,O3 (¢) CF (d) CFt and (e) CFr at 275 °C

It could be concluded from the combined results of TPR and oxygen pulse studies that more
selective surface and bulk oxygen species are available in cerium iron mixed oxide than pure
ceria which can contribute towards the catalytic activity [5]. It is observed from the TOS
study that 1-butene DH is decreased over 6 h mainly because the labile oxygens are
consumed during the reaction. These vacancies could be later regenerated with external
molecular oxygen supply. Apart from this, total H, consumption for CF is 12.94 mmolg™and
the value decreases to 10.84 mmolg™ for CFt which indicates that the catalyst surface is
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reduced during the DH reaction. This observation is in good agreement with the XPS results
also. Following this, the reduction peak is shifted to 586 °C for CFt when compared with CF
(558 °C). After the catalyst is treated with oxygen, the reduction peak is restored to 558 °C
for CFr. Considering all these observations, it can be concluded that the CF mixed oxide
serves as an excellent oxygen carrier with replaceable lattice oxygens and regenerable redox
properties.

4B.2.2.8. in situ FTIR spectroscopy

CO-FTIR spectra peformed in situ can provide evidences for the lattice oxygen utilization.
Two different experiments are conducted to support the oxygen carrier property of the
synthesized material. In the first experiment, interaction of CO with the catalyst is carried out
at different temperatures from 50-275 °C and illustrated in Fig. 4B.11a. The bands at 1298
and 1778 cm™ correspond to the carbonate species adsorbed on the surface. The peak around
2100 cm™ represents the surface physical adsorption of CO [32]. Gaseous CO; is observed at
about 2112 cm™. The enhancement in the CO oxidation reaction with the increase in
temperature is reflected in the intensity of the second band. From the spectra, it is evident that
CO can adsorb to Fe** as well as Fe** at 2100 and 2200 cm™ respectively. XPS results also
revealed the presence of these iron species on the surface. The results demonstrate that CO
can react with the lattice oxygen even at 50 °C. This is because of the excellent CO oxidation
property of ceria based catalyst systems even at low temperatures reported in the literature
[14, 37].
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Fig. 4B.11 in situ CO-FTIR spectra of CF at (a) different temperatures and (b) 275 °C
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Similarly, Fig. 4B.11b shows the second experiment where the utilization of lattice oxygens
is studied at the optimized reaction temperature viz; 275 °C. Gaseous CO, formation is
identified immediately after the exposure to CO and is continuously observed up to 45
minutes. After the regeneration process with 5 % oxygen in nitrogen, the surface is flushed
with pure nitrogen to remove any loosely bound molecular oxygen. Then, the second step of
CO-FTIR is started and the formation of CO; is detected. After a few minutes, the peak
corresponding to CO, becomes weak with the appearance of CO peak. These experiments
further confirm the efficient utilization of lattice oxygen and the replenishing of the vacancies

created in the cerium iron mixed oxide.

In another study, soon after the pre-treatment of the fresh catalyst with nitrogen for one hour,
in situ FTIR is performed using 1-butene as a probe molecule at 275 °C. The spectra are
recorded up to 4 h at different time intervals and represented in Fig. 4B.12. When the reactant
molecule 1-butene is introduced into the chamber containing the fresh catalyst, typical bands
correspond to the alkene were immediately emerged due to the adsorption of 1-butene on CF.
Distinctive C=C stretching vibration is observed at 1660 cm™. The symmetric and
asymmetric vibration modes of —CH, can be assigned to the bands evolved at 2856 and 2934
cm™. Bands observed at 1257 and 1305 cm™ could be raised from C—H scissoring [38]. The
increasing features at 1588, 3000, 3090, and 3110 cm™ indicate the formation of BD [39].
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Fig. 4B.12 in situ FTIR of CF with 1-butene as probe molecule
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The experiment is continued for 4 h and the formation of BD was steady throughout the
analysis. Compared to the CO oxidation reaction, 1-butene conversion to BD happens very
slowly with the utilization of lattice oxygen. This observation is supported by the
disappearance of the CO, band after 45 minutes in the in situ CO-FTIR spectra. It might be
because of the better oxidation activity of CO than 1-butene. Nevertheless, in situ 1-butene

DH supports the previous results retrieved from other characterization techniques.
4B.3. Conclusions

The present work could successfully incorporate Fe in ceria lattice which improved the
textural properties and oxidation properties by lowering the activation energy for oxygen
migration. XPS, PXRD, and HRTEM results are evidenced for this and were correlated with
the catalytic activity measurements. Since ODH is known to proceed through the Mars van
Krevelen mechanism by consuming the lattice oxygen from the catalyst, the oxygen carrier
property of the synthesized oxide has been effectively utilized for BD synthesis. It is
achieved at a lower temperature over CeFe oxide which is not reported in the literature so far
up to our knowledge. During the reaction, the catalyst surface is reduced and the vacancies
are replenished with molecular oxygen. In conclusion, this work utilized the oxygen carrier
property of a simple cerium iron mixed oxide for the low-temperature ODH of 1-butene in a
continuous flow fixed bed reactor resulting in an appreciable yield of BD and experimentally
demonstrated MVK mechanism. Also, a substantial reduction in the reaction temperature
diminishes the operating cost and makes BD synthesis more inexpensive. Moreover, steam
was not used in the present work which has added advantage over the existing methods. The
outcomes of this study give new insights to the ODH of the 1-butene process as energy-
efficient and economically viable for the production of BD by considerably bringing down

the operating temperature.
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Chapter-5
Selective Dehydrogenation of Isobutane to Isobutene

over Promoted Mesoporous Fe-Alumina Catalysts
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Highlights
+ Promoted mesoporous iron doped alumina catalysts are synthesized and studied for

the high temperature dehydrogenation of isobutane to isobutene

+ PXRD, Raman and TEM studies revealed proper doping of Fe in alumina matrix

+ Silver promoted catalyst exhibited the highest isobutene yield under the studied
reaction conditions

4+ The catalytic activity is slightly declined over 60 h of stability test due to particle

agglomeration as well as carbon nanotubes formation

AcSIR PhD Thesis, 2020

| Aswathy TV, CSIR-NCL



126
Chapter 5: Selective DH of isobutane to isobutene over promoted mesoporous Fe-Al,O; catalysts

5.1. Selective dehydrogenation of isobutane

The demand for light alkenes is increasing since the last century mainly because of the
application in polymer industry. They are the fundamental precursor for synthetic rubber [1].
Among them, isobutene has a significant role as the intermediate for high octane oxygenates
production. The presence of highly reactive double bond in isobutene is utilized for the
conversion to a large number of reaction intermediates like methyl tert-butyl ether (MTBE),
ethyl tert-butyl ether (ETBE), methacrylates etc [2]. The worldwide demand of isobutylene is
predicted to increase in the nearest future as depicted in Fig. 5.1. Current production of
isobutene is achieved by conventional steam cracking and fluid catalytic cracking of naphtha
along with ethene and propene as main products [3]. However, the final yield of isobutene is

low in these processes and hence the direct dehydrogenation (DH) of isobutane acquires a

significant role.

|
L
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B North America M Europe M Asia Pacific @ South America B Middle East and Africa

Fig. 5.1 Global isobutene market size [4]

Dehydrogenation of isobutane (DHisoB) has attracted wide industrial attention for the bulk
synthesis of isobutene. Usually, Pt and Cr based catalysts are employed for this purpose.
Even though these systems are giving reasonable product yield, the toxicity as well as related
environmental problems has to be taken into consideration [5]. Therefore, researchers aim to

develop a safe and cost effective catalyst for the selective DH reaction.
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Scheme 5.1 Product distribution in DHisoB [6]

General pathway of DHisoB is represented in Scheme 5.1. The reaction gives multiple side
products and so reduces the selectivity towards isobutene. The endothermicity of the reaction
(Eq. 5.1) demands higher operating temperature which increases the chances of coke

formation.
i—C4H19 <> i-C4Hsg + Hz; AH=+117 kJ mol™ (Eq. 5.1)

Hence, designing suitable catalyst for the selective conversion of isobutane to isobutene is a
big challenge in heterogeneous catalysis. More detailed information about isobutene is given

in Section 1.7.
5.2. Background of the work

Catalyst support has a significant role in defining the performance. Especially, for a DH
reaction, the support should be thermally stable to survive the rigorous reaction conditions.
Moreover, the limited acidity can evade undesired C—C cracking and alkane isomerization
reactions. High surface area and uniform pore size distribution of the support will enhance
homogeneous metal dispersion [7, 8]. While considering all these aspects, the non-reducible
metal oxide; alumina will be an excellent candidate for the DH reaction owing to its high
thermal stability as well as mechanical strength. Moreover, the state of art drawn from the
existing literature evinced alumina as the most preferred support for DHisoB including
industrial applications [6, 9-10]. Meanwhile, the commercialized catalysts have been
modified to overcome the current difficulties and improve activity by adding different metal
oxides as active components [11, 12]. Recently, Uwe et. al. have proved that bare alumina
itself is active for the reaction with a 30 % yield for isobutene due to the coordinatively
unsaturated Al sites on the surface [13]. The supported VO, GaOy and MoOy materials on

alumina have improved the conversion and selectivity for DHisoB [8].
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Alumina is acidic and hence it should be modified to restrain the acidity. Researchers have
successfully attempted to reduce the acidic properties of alumina by combining with ZnO and
MgO which has improved the dehydrogenation activity and catalyst stability [14]. The
addition of alkali metals can also contribute to this by selectively poisoning the acidic sites
and hindering the coke formation [15, 16]. Shingo et. al. have established that the addition of
a small amount of iron can improve the activity, selectivity, and stability of Pt/Al,O3 catalyst
for the dehydrogenation of isobutane. NHs-TPD studies have proved a considerable reduction
in strong acid sites after Fe addition [10] which is in good agreement with the studies of
Kania et. al. [17]. These strong acidic sites prompt alkene hydrogenolysis and decrease
isobutene selectivity [18]. Apart from these, iron oxide-containing activated carbon also

served as a good catalyst for the dehydrogenation of C,—Cs hydrocarbons [19].

Inspired by these described observations, here we illustrated the synthesis of chromium free
mesoporous iron alumina catalytic systems. To solve the above-discussed problems, the
catalyst is separately modified with an alkali metal, phosphorous as well as noble metal via
dry impregnation method. The synthesized materials are characterized for their topology,
morphology and chemical properties by an array of instrumentation techniques including
PXRD, N physisorption analysis, SEM, TEM, Raman spectroscopy, XPS, H,-TPR, NHs-
TPD and TGA. The materials displayed promising catalytic activity towards the non-

oxidative DH of isobutane.
5.3. Results and discussion

Mesoporous alumina based catalysts are synthesized by soft template method followed by dry
impregnation as elaborated in Section 2.3.4. The reaction results and the catalyst

characterization are briefly discussed here.
5.3.1. Catalytic activity study

The catalytic activity of the mesoporous alumina catalysts are measured in a conventional
fixed bed reactor as described in Section 2.6. The effect of different promoters as well as
reaction parameters like temperature on the activity performance is investigated through
different experiments. Effluents are identified in GC (refer Section 2.7) and the major
components were n-butane, 2-butenes, butadiene, propene, propane, ethene, ethane, methane
as well as hydrogen. No carbon oxides were observed. Coke deposition is also detected near

the catalyst bed at the end of each experiment.
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5.3.1.1. Effect of promoters

It is a normal practice to utilize catalyst promoters on an existing catalyst to improve the
product yield. Therefore, the effect of different promoters on the selective DH of isobutane to
isobutene is analyzed at 600 °C. All experiments are conducted at 400 h* GHSV concerning
isobutane and argon mixture taken in 1:1 ratio and the results are depicted in Fig. 5.2a. For
the comparison study, the reaction is carried out over MesoAl also. Interestingly, as can be
seen, the bare support exhibited appreciable activity under the given reaction conditions with
the highest selectivity towards total dehydrogenated products (Stpp) which include isobutene,
1-butene, 2-butenes, propene, and ethene. However, the final conversion and selectivity for
isobutene (Sisos) are negligible. The incorporation of Fe simultaneously decreased Stpp and
increased isobutane conversion. It can be realized from the activity performance given in Fig.
5.2a that the addition of a small amount of promoters noticeably affects the DH reaction
pattern at 600 °C. Potassium promoted catalyst (KMesoFeAl) showed very good selectivity
towards the reaction while conversion was comparatively low. Conversely, the acid-treated
material (PMesoFeAl) was less selective for isobutene with a better isobutane conversion.
Surprisingly, the noble metal promoted AgMesoFeAl displayed the highest activity at the
studied reaction parameters. Isobutane conversion achieved was 36 % with 32 % selectivity

towards isobutene. It is important to highlight the appreciable Stpp over the same catalyst.
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Fig. 5.2 (a) DHisoB over different catalysts at 600 °C and (b) effect of reaction temperature
on catalytic activity over AgMesoFeAl.

Reaction conditions: 300 mg catalyst, i—-C4/Ar=1, GHSV=400 h™* with respect to total feed.
To investigate the effect of synthesis strategy adopted for Fe incorporation in MesoAl support

on the reaction, FeMesoAl is prepared by dry impregnation method.Further, the activity
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performance of this catalyst is compared with the in situ prepared MesoFeAl catalyst. The
activity results represented in Fig. 5.2a clearly illustrate that FeMesoAl shows the least
selectivity towards the DH process among all. The reason for this observation is analyzed
with the material properties and explained in the respective sections. It may be interpreted in
terms of the amount of coke deposited on the surface which is quantified from TG analysis.
From the above results, AgMesoFeAl is selected as the optimized catalyst for further

analysis.
5.3.1.2. Influence of reaction temperature

Fig. 5.2b shows isobutane conversion and isobutene selectivity as a function of reaction
temperature over the AgMesoFeAl catalyst. At 400 °C, isobutane conversion was
insignificant with the least isobutene selectivity through the formation highest Stpp. The main
process occurred at this temperature would be isomerization of the formed alkene. On further
increasing the reaction temperature up to 500 °C made a very slight improvement in
conversion accompanied by the steady increase in product selectivity. After 500 °C a sharp
increase in reactant conversion is observed. Contrastively, selectivity is slowly increased with
temperature and remained constant after 550 °C. Fig. 5.2b illustrates 36 % isobutane is
converted with 32 % selectivity towards isobutene at 600 °C. The formation of other alkenes
is also in line with isobutene selectivity pattern when plotted against temperature. At higher
temperatures, the formed isobutene might further cracked into lighter hydrocarbons. Finally,
coke is formed which will be deposited on the catalyst surface blocking the active sites. Post
characterization of the spent catalysts supports this observation. This activity trend may also

be correlated to the particle size distribution over the alumina support.
5.3.1.3. On-stream performance of the catalyst

The stability of a catalyst under the reaction conditions has great significance once
approaching commercialization. Hence, the time on stream study of the best catalyst is
executed at optimized reaction temperature; 600 °C. Fig. 5.3 further depicts the long term
performance of AgMesoFeAl and it is perceived that at an early time on stream, the
conversion is 30 % with high selectivity for DH reaction. Gradually, isobutane conversion
improves over 4 h of reaction time and correspondingly the selectivity for isobutene
decreases. The highest performance is achieved as 32 % isobutene selectivity and 36 %
conversion of isobutane under the studied conditions. After 4 h, the catalytic activity

decreases to 30 % conversion as well as 30 % selectivity over the analysis time. Afterwards,
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this activity remained constant after 10 h. Followed by this initial phase, nearly stable activity
IS maintained up to 60 h.
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Fig. 5.3 Time on-stream performance of AgMesoFeAl for DHisoB
Reaction conditions: 300 mg catalyst, 600 °C, i-C4/Ar=1, GHSV=400 h™* with respect to total
feed.

The main significance of the present work is the maintenance of overall product yields over
60 h under the drastic reaction conditions. Additionally, here DH is practiced with a low
space velocity. Major reasons for the decrease in activity after 10 h and the maintenance of
isobutene yield will be explained in the material characterization section based on the particle

distribution and carbon deposition on the catalyst.
5.3.2. Material characterization

All synthesized mesoporous alumina catalysts are well studied for the structural, textural
properties and surface morphology to establish the correlation between activity and material

characteristics. The instrumental description is explained in Section 2.5.
5.3.2.1. Textural properties

Textural features of the calcined promoted catalysts and pure MesoAl support are depicted in
Fig. 5.4. Total BET surface area (Sger), pore volume (Vy), and average pore-size values were
calculated and presented in Table 5.1. According to the IUPAC classification system, the N-
sorption isotherms given in Fig. 5.4a indicate type IV isotherms with H1 hysteresis loop

typical of mesoporous materials. However, FeMesoAl possesses slight features of the H, loop
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with wide pore size distribution. These are characteristic of bottlenecked pores [20]. A close
analysis of isotherms of the promoted catalysts proves that even after the impregnation
process, the materials retained mesoporosity. Pore size distribution curves derived from the
N-desorption process shown in Fig. 5.4b also supports the presence of mesopores.
Additionally, it may be mentioned here that small pores are unfavourable for the migration of

coke deposited from the active sites towards the acidic sites [21].

—e— MesoAl
—@— MesoFeAl
—@— KMesoFeAl
—@— PMesoFeAl
—@— AgMesoFeAl
—@— FeMesoAl

Quantity adsorbed (cm 39'1)
dVlogr (cc/qg)

o o
a o Ws Wo g
a-a-3—-—9—4 [o N
. g
-
- 4
a3l
a4 4
—@— FeMesoAl
—@— AgMesoFeAl]
—@— PMesoFeAl

—@— KMesoFeAl
—@— MesoFeAl

—@— MesoAl

Relative pressure (P/Pg) Pore diameter ()

Fig. 5.4 (a) Nj-adsorption-desorption isotherms and (b) pore size distributions of as-
synthesized samples.

Table 5.1 Textural and chemical properties of the mesoporous alumina catalysts

T T T T T T T T T T T T T T T T T M T
0.0 0.2 0.4 0.6 0.8 1.0 25 50 75 100 125 150 175 200 225

Catalyst Sget” S Dy Acidic H, Coke
(m*g™) | (ccg® | (A) | amount® | consumption® | deposition®
(mmolg™®) | (mmolg?) (%)
MesoAl 162 0.407 100.1 0.02 0.23 7.2
MesoFeAl 259 0.378 58.3 0.34 0.86 16.2
KMesoFeAl 301 0.388 51.6 0.21 0.06 15.9
PMesoFeAl 247 0.459 74.4 0.25 0.14 12
AgMesoFeAl 287 0.424 59.1 0.32 1.49 12.7
FeMesoAl 153 0.32 83.4 0.07 2.21 26.6
AgMesoFeAl-TOS - - - - - 14.4

“Calculated from N,-sorption isotherms.

Determined from NHs-TPD results.

‘Quantified from H,-TPR data.

Measured by TGA in presence of air.

All mesoporous materials exhibited an appreciable specific surface area. Surprisingly, the

total surface area of MesoAl increases after Fe doping. However, iron impregnation on
mesoporous alumina support may block the pores of FeMesoAl sample in the rich presence
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of iron oxide resulting in a slight reduction in surface area from 162 to 153 m? g™ [22]. The
average pore diameter (Dp) considerably decreases in the synthesized catalysts compared to
the pristine support MesoAl due to the entering of the active metal species into the pore
channels. The uniform mesoporous structure and noticeably large pore volume of these
materials can significantly contribute to catalytic activity. AgMesoFeAl has a remarkable
surface area with optimum pore dimensions compared to other samples which make this

catalyst a perfect applicant for the non-oxidative DH reaction.

5.3.2.2. Structural properties
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Fig. 5.5 (a) X-ray diffraction patterns and (b) Raman spectra of the materials

Fig. 5.5a presents the diffractograms of the synthesized mesoporous alumina-based catalysts.
The diffraction pattern of all samples indicated the formation of y-Al,O3 phase with JCPDS
card no. 10-0425. The reflections observed at 31.9, 37, 39.5, 45.9, 60.5 and 67 ° are attributed
to the diffraction planes (220), (311), (222), (400), (440) and (511) respectively [23]. For
MesoFeAl, no peak linked to iron is found suggesting high dispersion of Fe during the in situ
synthesis and the formed iron oxide domains are too small to be detected. However, Fe is
indeed detected in XPS and elemental mapping analysis. Moreover, Kobayashi et. al.
reported that at low content; Fe,O3 can form a solid solution with y-Al,O3 [10]. Although, the
iron impregnated sample FeMesoAl exhibited peaks at 20 values 24.3, 33.3, 35.9, 41.1, 49.6,
54.3, 57.6, 57.9, 62.7, and 64.4 ° corresponding to a-Fe,O3; phase (JCPDS card no. 33-0664).
This observation stipulates that only diminutive amount of Fe is doped in the alumina
framework and also iron oxide species are poorly dispersed on mesoporous alumina support
due to the ex situ synthesis method. The excess amount of Fe would oxidize in the air during

the calcination process to form iron oxide and separately crystallizes on the surface.

AcSIR PhD Thesis, 2020

| Aswathy T V, CSIR-NCL |



134
Chapter 5: Selective DH of isobutane to isobutene over promoted mesoporous Fe-Al,O; catalysts

When promoters are added in the MesoFeAl sample, the corresponding peaks are not
identified due to the high dispersion of those species on the alumina matrix. Except in
FeMesoAl, a small shift in the diffraction angle to lower 20 values is noticed in all solids
compared to the pristine support MesoAl. This could be because of the changes occurred in
the lattice parameters which might arise from the proper doping of elements into the
aluminium site [24]. The difference in ionic radii of Fe** (0.645 A) and A" (0.535 A) might
cause the broadening of y-Al,O3 reflections. Compared to other materials, AgMesoFeAl best
resembled in crystalline structural features with MesoAl proving the perfect incorporation of
Fe and Ag and could be a reason for the observed highest activity. No silver oxide peaks are
found in this sample, because of the very small size and greater dispersion in the MesoFeAl
matrix. Hence, it can be concluded that stable phases of Fe,O3 and Al,O3 are formed in the
studied catalysts after sintering at high calcination temperature.

Further examination of the structural and crystalline properties to support PXRD results is
conducted with Raman analysis of the annealed samples. Fig. 5.5b shows the Raman spectra
of FeMesoAl, MesoFeAl, and AgMesoFeAl samples. FeMesoAl revealed peaks at 228 as
well as 504; and 247, 297, 416, as well as 620 cm™ corresponding to A;q and E4 modes of o-
Fe,O3 respectively. Additionally, some rare Raman peaks reported by a few researchers for
the hematite phase are also identified at 669 and 836 cm™ [25]. Surprisingly, MesoFeAl does
not exhibit a single peak attributing to iron oxide demonstrating either high dispersion of Fe
in alumina matrix or undetectable in Raman analysis. This observation further supports
PXRD and HRTEM studies.

5.3.2.3. Catalyst morphology

Material morphology and proper dispersion of the elements contribute to a great extent
towards the catalytic performance. Hence, the optimized catalyst is analyzed with TEM, and
the images collected were shown in this section. The bare support, MesoAl is shown in Fig.
5.6a. The TEM results (Fig. 5.6 and 5.7) exhibited a mesoporous structure supporting the
data obtained from BET analysis. A sheet-like morphology is visible for the fresh
AgMesoFeAl catalyst (Fig. 5.7a) with evenly distributed metal nanoparticles. High-
resolution TEM analysis provided well-resolved lattice fringes with 0.2 nm spacing
characteristic of the interplanar distance of (104) plane of the o-Fe,O3; phase. The SAED
pattern of this sample with concentric rings and bright spots represented typical of a

nanocrystalline material with an average particle size measured 5.6 nm.
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Fig. 5.6 TEM images of (a) MesoAl and (b) FeMesoAl
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Fig. 5.7 TEM images, SAED pattern and particle size distribution of (a) AgMesoFeAl- Fresh,
(b) AgMesoFeAl- after 6 h and (c) AgMesoFeAl- after TOS study.

Agglomeration and small clusters of iron oxide particles on the surface were observed in
FeMesoAl as represented in Fig. 5.6b demonstrating poor dispersion of the material proving
the PXRD results. This could be due to the different synthesis strategies adopted for this

material. Therefore, all other catalysts are superior to FeMesoAl in the studied selective DH
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reaction. On the other hand, AgMesoFeAl exhibited better dispersion of metal nanoparticles
which can contribute to catalytic activity. Elemental mapping of fresh AgMesoFeAl as a
respect for its best catalytic properties is performed using HRTEM and the results are shown
in Fig. 5.8. The images revealed uniform distribution of the elements over the surface and can

be correlated to the corresponding PXRD studies.

o

T 4';'Qv_elrla‘y

Fig. 5.8 HR-TEM mapping images of fresh AgMesoFeAl

SEM analysis is used to determine the surface morphology of the catalyst and it do not
exhibited any particular morphology as represented in Fig. 5.9. The particle shape remained
the same before and after the non-oxidative DH reaction. The EDX data also confirms the
presence of all elements in the catalyst. No elements other than Ag, Fe, Al, and O are present
which signify very good purity of the sample. Therefore, the proper dispersion of active metal
species on the mesoporous alumina matrix can facilitate the DH activity. These observations

declare the proper incorporation of Fe in alumina consistent with PXRD analysis.
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(b)

(d)

Fig. 5.9 (a, ¢) SEM images and (b, d) EDX spectra of fresh and spent AgMesoFeAl
respectively.

5.3.2.4. Acidic properties

Acid basic properties of the materials are crucial in defining the catalytic activity. In view of
this, temperature-programmed desorption experiments are conducted with NH3 as probe
molecule to measure the amount of acid sites present in the catalysts. The uptake of NHj3 is
propotional to this value. The TPD profiles are given in Fig. 5.10a and the acidity values
measured are represented in Table 5.1. According to the existing works from the literature,
the samples exhibit two major peaks at around 150 and 450 °C corresponding to NH3
desorbed from the weak and medium Lewis acidic sites respectively [26]. It is observed from
the TPD profile and the acidic strength values given in Table 5.1 that bare support MesoAl
(0.02 mmol/g) and FeMesoAl (0.07 mmol/g) are least acidic in nature. lron doping to

MesoAl has considerably improved the acidity to 0.34 mmol/g.

As reported by Carvalho et. al., strong acid sites cause hydrogenolysis of alkenes [18] which
are absent in the studied materials. Isobutane mainly activates on the acidic centres promoting
the conversion. On the other hand, desorption of isobutene may inhibit at the medium and
strong acidic centres which can promote the cracking reactions [21]. The in situ Fe-doped

catalysts show a comparable amount of medium acidic sites which matches well with the
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activity trend proving the role of catalyst acidity. The ratio between the number of active
metal sites to the number of acidic sites has a great role in defining catalytic performance.
AgMesoFeAl might have the optimum amount of acidic sites among all which can contribute

to its highest activity for DH reaction.

0.10

MesoAl (b)
MesoFeAl
0.08 - KMesoFeAl
PMesoFeAl ’;
’; 0.06 —— AgMesoFeAl o
.06 - ~
] FeMesoAl c
& ]
T =
o Q.
2 0.04- g f//_,_,_/——/”’\
] =
v (7}
] c i
. 0024 9 FeMesoAl
L o —— MesoAl
z T ——— MesoFeAl
0.00 —— KMesoFeAl
—— PMesoFeAl
—— AgMesoFeAl
T T T T 1
0 200 400 600 800 1000 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Fig. 5.10 (a) NH3-TPD and (b) H.-TPR profiles of the calcined catalysts
5.3.2.5. Reducibility of the catalysts

The redox properties of the catalysts are another factor affecting the catalyst performance.
Therefore, the synthesized materials are measured with H, probed temperature-programmed
reduction analysis. Under the reducing atmosphere, the amount of consumed hydrogen for all
sintered catalysts is quantified from the TPR profiles given in Fig. 5.10b and tabulated in
Table 5.1. AgMesoFeAl exhibited the highest H, consumption among the promoted catalysts
(1.49 mmol/g); due to the additional reduction of silver oxide which occurs at low
temperatures. Except in FeMesoAl, no other materials demonstrate reduction peaks
correspond to the iron oxides proving the high dispersion of these species on alumina. On the
contrary, the sample FeMesoAl is reduced in different steps as Fe,03—Fe;0,—FeO—Fe [27,
28]. The peak broadening is detected due to the multistep reduction. Easily reducible silver

oxides make AgMesoFeAl favourable for high-temperature dehydrogenation.
5.3.2.6. XPS study

To understand the surface species involved, XPS analysis is conducted ex situ for the fresh
and spent catalysts and the results are represented in the given figures. All spectra are BE
shifted by carbon correction using the C 1s core level value of adventitious carbon on the
surface as 284.8 eV. Spectra recorded for Ag 3d (Fig. 5.11a) exhibited main peaks at 367.8
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and 373.7 eV constitute for 3ds;, and 3ds;, of Ag,0 in Ag” state [29]. The presence of AgO
cannot be rejected or confirmed owing to its high instability under ultra-high vacuum [30]. Al
2p spectra given in Fig. 5.12a contained 2pss, peak at 74.5 eV assigned to AI** in mesoporous
alumina [31]. XPS peak appeared at 78 eV is attributed to anhydride Al,O3 [32]. The doping
of metal into alumina lattice can affect the chemical states of Al and O and the binding energy
values may be changed [33].

Ag N ' |
[\245r2 (@) N 2 (b)
| / Y 32 M2p
[ /Y P2
| i\ [ W\
| ) WV "
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Fig. 5.11 XPS spectra of (a) Ag 3d and (b) Fe 2p core levels

O 1s level XPS spectra recorded is shown in Fig. 5.12b for the samples before and after
reactions. A major broad peak at lower BE value 530 eV represents the lattice oxygen
collectively contributed from all metals. The surface Al-O species will be present at around
531.4 eV. Subsurface O species form silver may also contribute towards this peak [34]. The
isolated —OH groups give rise to a peak at 532.7 eV [35]. It is well known that any
chemisorbed oxygen species like water molecules appear at higher BE. These values fall in
slightly higher regions compared to the reported data. A close inspection of Fe 2p core-level
spectra of fresh AgMesoFeAl in Fig. 5.11b hints the presence of 2ps, at BE 712 eV
accompanied by satellite peak located at 720 eV [36]. A small peak shift observed indicate

that the catalyst surface is reduced after the reaction.

Silver oxide can be reduced to metallic silver under the high-temperature DH atmosphere in
the presence of isobutane. Probably the Ag® would drive the reaction. But no peaks
correspond to Ag metal were detected in XPS may be due to its high susceptibility for
atmospheric oxidation. Interestingly, phenomena called voltage induced differential charging

happen in the core level spectra of the studied samples. Consequently, distortion of emission
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peaks and shift of the measured position of the peaks corresponding to the core levels occurs.
This is usually observed on the non-uniformly conducting sample surface [37].

Al 2p (a) O1ls (b)
& &
2 2
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Fig. 5.12 XPS spectra of (a) Al 2p and (b) O 1s core levels
5.3.2.7. Post reaction analysis

Post reaction analysis of the catalysts was carried out to discover the structural and chemical
changes occurred during the high-temperature isobutene synthesis. The X-ray diffraction
patterns of all catalysts after the reaction are collected and given in Fig. 5.13a. The
crystallinity of the samples remained intact even after the reaction at 600 °C. Crystalline
phases are analyzed after 6 as well as 60 h of DHisoB at the optimized reaction parameters
and presented in Fig. 5.13b.
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Fig. 5.13 PXRD patterns of the spent catalysts
TEM images of spent AgMesoFeAl catalyst are recorded to study the changes occurred in the
catalyst morphology. The material retained sheet-like structure and the mesoporous structure
even after 6 h of dehydrogenation reaction at 600 °C with a small increment in particle size to
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7.7 nm as depicted in Fig. 5.7b. Also, slightly bigger particles are observed in the TEM
image. However, after 60 h of TOS study more agglomerated metal particles are seen in Fig.
5.7c and the average particle size is increased to 16.9 nm. The SAED pattern given in the
inset corroborated the separation of crystalline metal oxides and is also distinctly perceived
from the XRD pattern of the AgMesoFeAl-TOS sample presented in Fig. 5.13. Moreover,
thermogravimetric analysis in presence of air quantified 14.4 % coke deposition on the
catalyst after on-stream analysis (Table 5.1) which is observed as carbon nanotubes in the
TEM images depicted in Fig. 5.7c. Close analysis of the TEM images illustrates some of the
active metal particles are entrapped in the nanotubes which would also be a reason for the
activity decrease. A Raman spectrum of this sample shown in Fig. 5.14a is confirmed the
formation of both sp® and sp® hybridized carbon formed during the high-temperature DH
process. This coke formation mainly leads to slight deactivation of AgMesoFeAl over the 60

h of stability test. However, the material maintained mesoporosity throughout the reaction.
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Fig. 5.14 (a) Raman spectra of AgMesoFeAl-TOS and (b) thermograms of spent catalysts

Coke formation is one of the chief concerns involved in DHisoB at high temperatures. The
type of coke formed and the blocking of active sites after coke deposition can cause severe
catalyst deactivation. Hence, AgMesoFeAl spent catalyst after 60 h of on stream study is
investigated with Raman spectroscopy to study the nature of coke. The spectrum is given in
Fig. 5.14a proved the presence of D and G bands at 1330 and 1590 cm™ respectively
attributed to the disordered and pristine graphene bands [38]. In addition to this, peaks
correspond to Fe,O3 are also emerged which were not visible in the fresh catalyst. These
observations could be correlated to PXRD and TEM results evidencing phase separation as
well as carbon deposition happening on the catalyst surface which leads to the deactivation

on the catalyst during TOS analysis.
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Since, carbon formation is observed as the main reason for catalyst deactivation; the
quantification of coke deposited over the spent catalyst becomes inevitable. Therefore,
thermogravimetric analysis is carried out for all spent catalyst after the reaction and depicted
in Fig. 5.14b. The thermogram of AgMesoFeAIl-TOS after on stream DHisoB reaction is also
represented. The amount of coke for each spent catalyst is quantified at 300 °C and tabulated
in Table 5.1. The pristine support MesoAl exhibited least coke deposition which might be
due to the less C—C cracking reactions occurred during DH reaction. The table clearly shows
PMesoFeAl (12 %), as well as AgMesoFeAl (12.7 %) materials; have lower coke compared
to other promoted catalysts. Highest C—C cracking occurred on FeMesoAl (26.6 % coke)
which is more than AgMesoFeAl after 60 h TOS study (14.4 %) and MesoFeAl (16.2 %).

These observations illustrated the importance of in situ Fe doping in alumina and Ag
promotion of the materials. The results obtained from TG analysis could be directly
correlated to the DHisoB reaction trend. FeMesoAl exhibited very low isobutene yield due to
the cracking of formed alkene under severe reaction conditions. Therefore, maximum carbon
deposition is calculated for this sample. Additionally, sometimes carbon deposition can also
contribute to maintaining the alkene selectivity through deactivating the extreme active sites
[39]. This can also be positively connected to the reaction results where the activity is

maintained on the carbon nanotubes in TOS study.
5.4. Conclusions

In summary, mesoporous alumina-based catalysts synthesized by the sol-gel method along
with the material characterization correlated to their activity performance for non-oxidative
DH delivered essential insights to the synthesis of isobutene. The overall yield of isobutene
over these catalysts was improved after promoting the selected chemical species. The proper
doping of iron in the alumina matrix and the optimum surface acidity are viewed as the chief
properties to inhibit cracking reactions and thus affecting isobutene selectivity. The optimized
catalyst was proven to have the best doping of iron oxide with the highest dispersion of active
metal species. The catalyst surface was reduced after the reaction. Particle agglomeration
followed by carbon nanotube development has occurred over the continuous gas phase high-
temperature dehydrogenation reaction and isobutene formation is slightly hindered. To
conclude, Ag promoted catalyst present appreciable activity and can be a promising catalyst
for the DHisoB.
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6.1. Summary of the thesis

This chapter summarizes the complete details of the research work covered for this thesis.
The background of the scientific problem, various experimental measures executed towards
the solution and the key results achieved from the study are briefly delivered. The thesis has
undertaken three different reactions for the lab-scale production of industrially important
monomers such as n-butenes, BD and isobutene using particular catalyst systems. The

concise summary of each chapter is given.
Chapter 1: Introduction

The basic definition of catalyst and heterogeneous catalysis are stated in the introduction part.
The importance of selective activation of alkanes particularly C, hydrocarbons is analyzed
through past and present industrial trends. The market size and worldwide demand of C4
olefins such as; BD and isobutene are quoted from the industry reports. It is elaborated that
the existing production methods should shift to more cost-effective and secure process like
ODH. The scientific characteristics of this method are widely discussed citing previous
literatures. A thorough study of the research background allows concluding the selection

criteria of perfect catalysts for the selective conversion of C4 hydrocarbons.
Chapter 2: Catalyst synthesis and characterization

The basic norms furnished from the literature survey are followed to design suitable catalytic
systems. The synthesis approach for V-Mg-B oxides, bismuth ferrites, Ce-Fe oxide and
mesoporous alumina are broadly explained and listed in this chapter. The theory and
instrumental configuration for the characterization techniques like PXRD, BET analysis,
microscopy, spectroscopy, thermal methods etc., are briefly described. Reactor specifications

and analysis methodology adopted are also elaborated.

Chapter 3: Enhanced catalytic activity of boron-containing MgO on vanadium loading for

the oxidative dehydrogenation of n-butane

In this chapter, ODH of n-butane to BD was investigated over B-containing MgO systems
synthesized by citrate gel combustion method and the catalyst composition was optimized.
Further, vanadium was loaded through wet impregnation over this optimized catalyst to
improve BD selectivity. The best catalyst composition was screened, and the reaction
conditions were varied to maximize the desired product yield. A combined study of PXRD,

Raman spectroscopy, UV-DRS and H,-TPR results proved magnesium orthovanadate as the
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active phase for ODH of n-butane. Boron functioned for the active site isolation of the
vanadia species which will facilitate better dispersion tetrahedral vanadia. XPS analysis
demonstrated that the proper balance of V** and V°* is necessary to improve the selectivity
towards BD. The best catalyst composition was displayed an optimum population acidic-
basic sites in molecule probed thermal desorption studies. Post reaction evaluation of the
catalysts showed stable activity even after 150 h of continuous-time on stream reaction with
appreciable yield.

Chapter 4

A Dbrief introduction on the ODH of 1-butene and the economic importance of BD is

discussed. Chapter 4 is divided into two parts depending on the catalyst system employed.

A. Influence of transition metal addition in bismuth ferrite on the oxidative dehydrogenation
of 1-butene

A comparatively better starting molecule such as 1-butene was used to synthesize BD by the
ODH process using bismuth ferrite based catalysts. Various catalysts were prepared by the
coprecipitation method by doping different transition metals such as Ni, Cu, Cr, Mn, Zn and
Co on bismuth ferrite. PXRD revealed the materials exist in a distorted perovskite structure.
Among all, zinc-containing bismuth ferrite exhibited the highest activity for 1-butane ODH at
400 °C owing to its structural retaining ability in the rhombohedral phase. The amount of
zinc was optimized and the catalyst was sturdy under reaction conditions over 100 h.
Employing steam into the reaction feed has considerably improved BD selectivity. The
optimized catalyst composition contained the maximum amount of lattice oxygen crucial for
the reaction mechanism as quantified with XPS and the lattice oxygen was observed to solely

drive the reaction for a couple of hours under DH condition.

B. Utilizing the oxygen carrier property of cerium iron mixed oxide for the low-temperature

synthesis of 1, 3-butadiene from 1-butene

To further reduce the working temperature for BD synthesis from 1-butene, the cerium-iron
mixed oxide was synthesized through the citrate sol-gel combustion method. The material
was proved to have oxygen carrier property by oxygen uptake analysis. H,-TPR
demonstrated that the redox properties of the material were improved in the Ce-Fe mixed
oxide compared to the corresponding pure single metal oxides. Restorable oxygen vacancies

helped to maintain the catalytic activity over three reaction cycles after replenishing with
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oxygen as proved from XPS and in situ CO-FTIR studies. The synthesized catalyst gave
better BD yield than the reported catalysts for the low-temperature ODH of 1-butene.

Chapter 5: Selective dehydrogenation of isobutane to isobutene over promoted mesoporous

Fe-alumina catalysts

Isobutene (2-methylpropene) is one of the important C, olefin extensively used for the
synthesis of various oxygenates and butyl rubber. The increasing demand for isobutene
persists the researchers to uncover alternative methods other than conventional catalytic
cracking methods that deliver low product yield. Dehydrogenation of isobutane is well
exploited in this regard especially over Pt and chromium-based catalytic systems.
Considering the cost-effectiveness and environmental impacts of these catalysts, a better
promising in situ Fe loaded mesoporous alumina catalyst was synthesized by utilizing a soft
template method followed by dry impregnation of P, K and Ag as promoters. Promoters have
substantially improved isobutane conversion while easily reducible Ag promoted
Mesoporous Fe-alumina catalyst exhibited slightly better isobutene selectivity than other
promoted materials. Dry impregnated Fe on mesoporous alumina showed the lowest surface
area and also the poorly dispersed iron oxide increased unwanted cracking reactions

subsequently retarding catalyst lifetime.
6.2. Conclusions

C4 hydrocarbons are potential precursors for the manufacture of a large number of organic
chemicals and serve as the building blocks of the synthetic rubber industry. However, the
activation of these hydrocarbons which comprises indirect or multistep reaction routes is a
big challenge. The currently existing dehydrogenation and steam cracking processes suffer
from many disadvantages which brought the ODH process as an alternative method. Still,
many factors could affect this process like the nature of catalysts, reactor type, reaction
parameters, etc. These variables may be properly tuned to achieve maximum olefin
selectivity. Hence, the catalyst should be designed to overcome the drawbacks of existing

materials.

6.3. Scientific contribution

The current thesis work has been contributed to the research community with new

heterogeneous catalytic systems for the dehydrogenation of n-butane, 1-butene, and isobutane
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under oxidative as well as non-oxidative reaction conditions with considerable activity. The
studied reactions are significant considering the commercial importance of the end products
in synthetic and polymer chemical industries. In conclusion, a catalyst system should be
modified to attain suitable physicochemical properties for the activation of a particular
substrate for a specific reaction. The information coined from the former studies is applied to
improve the efficiency of the catalysts to achieve reasonable productivity. The current work
was thriving to realize the selected reactions under relatively cost-effective conditions than
the industrially executed processes.

6.4. Future perspectives

The attractiveness of C4 dehydrogenation process rests mostly in the difference between the
cost of the feedstock and the sale price of the olefin being produced. To make the industrial
process economically interesting, it is worthwhile to increase the conversion per pass at the
point of maximum selectivity of the required product. It will make recycling and downstream
processing inexpensive. A capable catalyst employed in a suitable reactor configuration
might be discovered providing a high yield of desired product through the activation of C4
hydrocarbons. The key results of the current studies also specify that the ODH reaction can

be made eco-benign and more profitable engaging CO, as the oxidant.
6.5. Outlooks of the work

The major advantages of ODH reactions over the existing processes drive that to employ in
industries. However, the problems of ODH method and the catalytic systems have also to be
considered. Even though some of the reported catalysts are giving better C,4 olefin yield than
the manufacturing process, these techniques are inadequate to convince industrialists. The
energy loss and environmental issues happening during C4 hydrocarbon activation have to be
contemplated. The design of a catalyst to avoid the side reactions with more selectivity
towards C, olefins is a big challenge. More research may be implemented to elucidate the

mechanism of C—H activation and the nature of active sites for the process.
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