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ABSTRACT

NON-OXIDATIVE DEHYDROGENATION OF PROPANE TO PROPENE
OVER PRECIOUS METAL-FREE ANATASE TITANIA

Khan, Iqtidar Ali
Master of Science, Chemical Engineering
Supervisor: Assist. Prof. Dr. Gokhan Celik

August 2022, 139 pages

Propylene is a versatile compound in the petrochemical industry. Albeit, it is merely
used as a final product, propylene serves as a building block for the production of a
wide variety of chemicals such as polypropylene, cumene, isopropanol, propylene
oxide, and acetone, to name a few. Conventionally, propylene is produced as a by-
product during fluid catalytic cracking (FCC) and steam cracking (SC) of oil
fractions. However, the supply-demand gap of propene produced from these
processes and their economic/environmental limitations have led to alternative
greener propene production routes such as non-oxidative propane dehydrogenation
(PDH). The PDH technology has been commercialized and applied on a wide scale
where alumina-supported chromia or platinum catalysts are used. However, the
toxicity of chromia and the high cost of platinum has surged interest in the use of
low-cost and environmentally benign catalysts. Bulk metal oxides such as zirconia,
titania, and alumina are the quintessence of such materials and have shown
promising results for non-oxidative propane dehydrogenation. Over these materials,
coordinatively unsaturated cations located near oxygen vacancies(defects) are
demonstrated to be the active sites for C-H activation. With the aforementioned fact,

we aimed to synthesize non-toxic, non-noble, and dopant-free titania for non-



oxidative propane dehydrogenation. Synthesized catalysts were characterized by
Nitrogen physisorption, Raman spectroscopy, Thermal Gravimetric Analysis(TGA),
Temperature programmed reduction (TPR), X-ray diffraction, UV-visible
spectroscopy, X-ray Photoelectron spectroscopy(XPS) and in-situ pyridine DRIFT.
In our study, we have demonstrated that the oxygen vacancies(defects) and surface
properties of titania can be tuned during the in-situ synthesis of titania by varying
the volume (0,2,6,8 and 10mL) of 1M HCI. The propane conversion and the yield of
propene showed the volcano-shaped curve with respect to the volume of HCI added
during the sol-gel synthesis of titania. Titania synthesized with 6mL addition of HCI
showed the best catalytic performance in comparison with other synthesized titania
samples. Over 99% selectivity was achieved for our best-performing catalyst tested
in a differential regime. Our best-performing catalyst also revealed industrial
relevance by showing a high initial propane conversion(~25%) with high propene

selectivity(~96%).

Keywords: Propane dehydrogenation, Propene, Titanium dioxide, Oxygen

vacancies, Coordinatively unsaturated Ti cations
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DEGERLI METAL iCERMEYEN ANATAZ TiTANYA UZERINDE
PROPANIN PROPENE OKSIiDATIF OLMAYAN DEHIDROJENASYONU

Khan, Iqtidar Ali
Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Ogr. Uyesi Dr. Gokhan Celik

Agustos 2022, 139 sayfa

Propilen petrokimya endiistrisinde kullanilan ¢ok amagl bir bilesiktir. Her ne kadar
propilen sadece nihai iiriin olarak kullanilsa da polipropilen, kiimen, izopropanol,
propilen oksit ve aseton gibi ¢ok ¢esitli kimyasallarin iiretimi i¢in bir yapi1 tas1 gorevi
goriir. Geleneksel olarak, propilen, yag fraksiyonlarinin akigkan katalitik par¢alama
(FCC) ve buharla parcalama (SC) esnasinda bir yan iirlin olarak iiretilir. Ancak, bu
proseslerden {iretilen propenin arz-talep acigi ve bunlarin ekonomik/gevresel
sinirlamalari, oksidatif olmayan propan dehidrojenasyonu (PDH) gibi alternatif daha
yesil propen iiretim yollarina yol agmigtir. PDH teknolojisi ticarilestirildi ve aliimina
destekli krom veya platin katalizorlerin kullanildig1 genis bir 6lgekte uygulandi.
Bununla birlikte, kromyanin toksisitesi ve platinin yiiksek maliyeti, diisiik maliyetli
ve cevreye zarar vermeyen Kkatalizorlerin kullanimina yonelik ilgiyi artirmistir.
Zirkonya, titanya ve aliimina gibi dokme metal oksitler, bu tlir malzemelerin 6ztidiir
ve oksidatif olmayan propan dehidrojenasyonu i¢in umut verici sonuglar
gostermistir. Bu materyaller iizerinde, oksijen bosluklarinin yakininda bulunan
koordineli olarak doymamis katyonlarin, C-H aktivasyonu i¢in aktif alanlar oldugu
gosterilmistir. Bahsi gecen durum ile, oksidatif olmayan propan dehidrojenasyonu

icin toksik olmayan, asil olmayan ve katki maddesi icermeyen titanya sentezlemeyi
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amagladik. Sentezlenen katalizorler Nitrojen fizisorpsiyonu, Raman spektroskopisi,
Termogravimetrik Analiz (TGA), Sicaklik programli indirgeme (TPR), X-151m
kirmimi, UV-goriiniir spektroskopisi, X-151n1 Fotoelektron spektroskopisi (XPS) ve
in-situ piridin DRIFT ile karakterize edildi. Calismamizda, 1M HCIl'nin hacmini
(0,2,6,8 ve 10mL) degistirerek titanyanin in-situ sentezi sirasinda oksijen
bosluklarimin ve yiizey oOzelliklerinin ayarlanabilecegini gosterdik. Propan
dontlistimii ve propen verimi, titanyanin sol-jel sentezi sirasinda eklenen HCl'nin
hacmine gore volkan sekilli egriyi gostermistir. 6 mL HCI ilavesi ile sentezlenen
titanya, diger sentezlenen titanya Orneklerine kiyasla en iyi katalitik performansi
gostermistir. Diferansiyel rejimde test edilen en iyi performans gosteren
katalizoriimiiz i¢in %99'un iizerinde seg¢icilik elde edildi. En iyi performans gosteren
katalizorlimiiz, yiiksek propen seciciligi (~%96) ile yliksek bir ilk propan doniistimii
(~%25) gostererek endiistriyel uygunluk diizeyini de ortaya koydu.

Anahtar Kelimeler: Propan dehidrojenasyonu, Propen, Titanyum dioksit, Oksijen

bosluklari, Koordinatlh doymamis Ti katyonlar1
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CHAPTER 1

INTRODUCTION

In this chapter, the importance of propene in the petrochemical industry is briefly
highlighted followed by its conventional production routes. Then, the objectives of

this study are presented.

1.1  Propene as a feed stock

Belonging to the alkene class of hydrocarbons, propylene is a versatile compound in
the petrochemical industry. Albeit it is merely used as a final product, propylene

serves as a building block for the production of a wide variety of chemicals.

Polypropylene constitutes a major fraction of propylene outlets. Owing to its
flexibility, heat resistance, and recyclability, polypropylene is used in the production
of packaging materials, drainage pipes, luggage, car bodies, kitchen appliances and
not to mention, and the much-needed surgical masks in COVID-19 outbreak[1].
Propylene oxide is another major derivative of propylene which serves mainly as a
raw material for the production of propylene glycols and polyurethanes. Due to its
chemical inertness, propylene glycol is best used as a solvent in the pharmaceutical
and cosmetics industry, as a preservative in the food industry, and anti-freezing agent
in the automotive industry. Polyurethanes on the other hand hold their importance in
the foam and insulation industry due to their resilience and lightweight. They are
used as a foam material for mattresses, sports shoes, automotive seats, and insulation
material for buildings and refrigerators, to name a few. Cumene is yet another
important derivative of propene which is used mainly for the production of phenol
and acetone. Phenol has a diverse array of applications. It is used as a raw material

for the production of Bisphenol A and due to its good thermal stability and



adhesiveness, it is best used in the manufacturing of nylon, epoxy-based furniture,
and polycarbonate plastics. Due to its antiseptic properties, phenol is used in the
production of anesthetics, mouthwashes, and topical medicines. In addition to
medicinal products, phenol is also used to produce detergents[2]. In fact, during the
COVID-19 outbreak, phenolic detergents served as an affordable option for the mass
population to curb the spread of coronavirus[3]. Acetone, on the other hand, is an
essential solvent and finds its use mainly in the cosmetics and paints industry where
it is used to remove nail polishes and thinning paints respectively[4]. Similarly,
acrylic acid and isopropanol are other essential derivatives of propene holding their

importance in the plastics and cosmetics industry respectively.



1.2 Propene production routes

As seen in section 1.1, propene undoubtedly holds immense importance in a diverse
array of chemical products. As of 2019, the annual worldwide production capacity
of propylene reached a total of approximately 130 million metric tons, making it the

second most organic chemical produced across the globe after ethylene[5].

Propene can be produced from three different energy sources, viz, oil, coal, and

natural gas.

As seen in Figure 1.1, the majority of propylene is produced as a byproduct during

fluid catalytic cracking (FCC) and steam cracking (SC) of oil fractions.
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Figure 1.1. Propylene production by different technologies (MTO: Methanol to
Olefins, OCT: Olefin Conversion Technology, PDH: Propane DeHydrogenation,
FCC: Fluid Catalytic Cracking, SC: Steam Cracking) [6]

Steam cracking is a well-known industrial process for the production of light olefins.
In a typical SC process, feed consisting of light alkane or naphtha is mixed with

steam and held in a reactor for a very short residence time at a temperature around



800°C. Thereafter, the reaction is quenched and the products are separated[7].
Currently, steam cracking produces approximately 50% of the total propene
produced[8]. However, producing propene from the SC process has several
shortcomings. The yield of propene from SC is very low (up to 5-20%), thus making
it an economically unfeasible process for propene production. This process is also
environmentally unfavorable. Steam cracking is a highly endothermic process and is
usually carried out at a high temperature, this high energy input requirement is
typically fulfilled by burning a large amount of fossil fuels leading to the exorbitant

amount of carbon dioxide emissions[9].

Fluid catalytic cracking (FCC) is yet another important technology for the production
of light olefins. Put simply, in the FCC process higher fractions of crude oil are
converted into gasoline and other high-market value products with the application of
a catalyst. In FCC, the catalyst bed is fluidized and the feed is made in contact with
the bed, yielding cracking products which are separated in fractionating column[10].
FCC also has several shortcomings in the production of propene. Since the FCC
process was originally developed for the production of gasoline, propene is merely
formed as a byproduct[8]. Thus, it is difficult to control the already low selectivity
to propene, making the FCC process economically unfeasible for propene
production. Nevertheless, it is not the selectivity per se that makes the production of
propene from FCC unfeasible, but this process is responsible for high carbon dioxide
emissions. Even though the energy input required for FCC is significantly lower than
that of SC, the regeneration step in FCC contributes to nearly one-fourth of the

carbon dioxide emission from refineries [11]

Propylene can also be produced by utilizing coal and natural gas sources.
Technologies based on these feedstocks can be further divided into direct and

indirect routes.

For the indirect route, methane present in natural gas could be first converted into

syngas (CO+H2) by the steam reforming reaction (Equation 1.1):



CH, + H,0 = CO + 3H, AHjqg = 206.0k]/mol 1.1

This reforming reaction usually takes place at 815°C over a bed of nickel catalyst

inside a tubular reactor[12].

On the other hand, coal could also be utilized to generate syngas via a coal-
gasification reaction (Equation 1.2) whereby, coal reacts with steam or carbon

dioxide to yield syngas [13].

C+H,05 CO+H, AHjog = +131.46Kk]/mol 1.2

The syngas generated from coal-gasification or steam reforming of methane can then
be converted to propene via Fischer Tropsch synthesis (FTS). FTS is a mature
commercial technology comprising a fixed bed, slurry, or fixed bed reactor. The
reaction usually takes place at temperatures over 200°C and 300°C for low-
temperature and high-temperature Fischer Tropsch synthesis respectively. Nickel,
iron, and cobalt materials are commonly used as catalysts, and the pressure used
ranges from 10-40bar. FTS is a well-known technology and has plants across several

parts of the world however suffers from low efficiency and selectivity.

Production of syngas from either steam reforming of methane or coal-gasification is
a highly endothermic process (Equation 1.1 & 1.2), requiring high input energy. The
heat requirement for syngas generation from coal gasification is compensated by the
following combustion reaction in the gasifier resulting in carbon dioxide

emissions[13]:

C+ 0, 5 CO, AHje5 = —393.98 kj/mol 1.3



Similarly, the syngas generation from steam reforming of methane also requires high
energy input and produces one mole of carbon dioxide for each mole of steam
reformed. Thus, generating syngas from the coal gasification and steam reforming
process is not environmentally feasible owing to their exorbitant amount of carbon

dioxide emissions|14].

Controlling the selectivity towards propene from FTS is not facile as this reaction
can yield a variety of hydrocarbons as evident in Equation 1.4 which represents the
general reaction for FTS. Here, n and m represents the number of carbon atoms in

hydrocarbon and number of hydrogen atoms in hydrocarbon molecule respectively :

m
nCo + (n + 7) H, - C,H,, + nH,0 1.4

The main product from FTS is ‘Syncrude’ which contains Cs+ hydrocarbons in
liquid-solid form and Ci-Cs products are merely formed as byproducts[15]. Thus,
synthesizing propene from FTS is economically and environmentally unfeasible, and

alternative routes for propene production are better sought.

To overcome the low selectivity to propene via FTS, syngas can be first converted
to methanol, and then methanol can be further converted to propene via methanol to
olefin (MTO) or methanol to propene (MTP) technologies. MTO is a mature
technology commercialized by UOP, DICP, and Sinopec for the synthesis of
dimethyl ether (DME) and light olefins from methanol over zeolite catalysts. The
unique geometry and microporosity of zeolite materials hinder the diffusion of long
chain hydrocarbons and enhanced selectivity of light olefins is achieved[16,17].
Similarly, high selectivity to propene can be achieved from the methanol to propene
(MTP) process. This technology was commercialized by Lurgi wherein specifically,
zeolite tailored catalysts are utilized to obtain a significant yield of propene[18].
MTO/MTP technologies undoubtedly offer a significant advantage over propene
production with high selectivity however the process relies on the availability of
methanol. This raw material is conventionally produced from syngas and as
discussed earlier in this section, the production of syngas is an economically and

environmentally inefficient process.



With the rising concerns of the global greenhouse gas emission from various
processes and propene production from FCC/SC and syngas-based routes
exacerbating the situation, an alternative and greener way of propene production is
sought. Additionally, as evident from Figure 1.2, propene production from
conventional routes cannot fulfill the increasing demand for propene and alternative

production routes could fill the gap between the supply and demand of propene.
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Figure 1.2. Supply and demand of propene[19]



1.3  Aim of the study

As evident from the succinct discussion in the above sections, alternative greener
propene production routes are indispensable to impede the reverberating economic

and environmental impacts caused by conventional propene production routes.

The on-purpose dehydrogenation of propane present in shale gas can serve as an
unorthodox commodity for propene production and at the same time mitigate
economic and environmental damage caused by conventional propene production

methods

Figure 1.3 discerns that shale gas reserves are ubiquitous across the globe with China
and United States as major players[20,21]. Propane is present in considerable
amounts in shale gas and can be easily separated to serve as a source of propane for
Propane dehydrogenation thus our reliance on waning oil sources could be

minimized[22].
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The following section gives a brief overview of on-purpose propane
dehydrogenation technologies and their bottleneck problems. Then, a synopsis of
alternatives to commercial catalysts used for propane dehydrogenation in the
literature is presented along with their shortcomings. In the light of those problems,
synthesizing non-noble and non-toxic catalyst was the aim of this study, and its
activity against non-oxidative propane dehydrogenation while supporting the results

with multiple characterization techniques are presented.






CHAPTER 2

LITERATURE REVIEW

In this chapter, a brief overview of oxidative propane dehydrogenation is presented

while emphasis is given to non-oxidative propane dehydrogenation.
The dehydrogenation of propane can take place via two different routes:

1. Oxidative Dehydrogenation
a) Oxygen-air assisted dehydrogenation
b) Carbon dioxide-assisted dehydrogenation

ii.  Non-oxidative Dehydrogenation

2.1 Oxidative Propane Dehydrogenation(ODH)

In the oxidative dehydrogenation route, propane can be dehydrogenated with air-

oxygen or carbon dioxide as an oxidant.

2.1.1 Air-oxygen-assisted oxidative Propane Dehydrogenation

Oxygen-assisted propane dehydrogenation(O2-PDH) reaction is represented by
Equation 2.1:

1

C.H
3 8+2

0, 5 C3Hg + H,0 AHy9 = —117.4 k] /mol 2.1

As seen in the above equation, oxygen-mediated propane dehydrogenation is an

exothermic reaction and is carried out in the temperature range of 400-650°C. Figure

11



2.1 depicts that this reaction has no thermodynamic limitation as evident from the

relatively large equilibrium constant in the reaction temperature range[23].
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Figure 2.1. Equilibrium constants vs temperature plot for propane

dehydrogenation[23]

Despite the minimum heat input requirements and no thermodynamic limitations,
oxygen-assisted propane dehydrogenation technology has not been commercialized
yet due to its inherent drawbacks. Firstly, the O2-PDH suffers from low selectivity
to propene. Figure 2.2 illustrates the possible reaction products during Oz-assisted
propane dehydrogenation. Minor side reactions include cracking of propane to yield
methane and ethene. However, a substantial amount of propane is combusted and the
dehydrogenation products also undergo overoxidation to carbon dioxide and carbon
monoxide. Secondly, the reaction is highly exothermic (Equation 2.1), thus
specialized equipment to extract the excess heat generated is vital for achieving a
desirable yield of propene. Thirdly, in the case where the air is used as an oxidant,
the separation of nitrogen would add considerable cost to the energy

consumption[24].
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Figure 2.2. Oz-assisted propane dehydrogenation reaction pathway [24]

2.1.2 CO:-mediated oxidative propane dehydrogenation

Oxidative propane dehydrogenation with carbon dioxide as a mild oxidant is yet
another way for on-purpose propene production. Like non-oxidative propane
dehydrogenation, COz-assisted propane dehydrogenation is thermodynamically
limited which is reflected by the very low equilibrium constant in the reaction
temperature range (Figure 2.1). Main CO: assisted propane dehydrogenation

reaction could be represented by the following equation (Equation 2.2):

CsHg + CO, 5 C3Hg + H,0 + CO AHjgg = +164 kJ/mol 29

Despite the high endothermicity, this reaction could be carried out at low
temperatures (450-600°C) due to the reverse water gas shift (RWGS) reaction
(Equation 2.3). This slightly endothermic reaction shifts the equilibrium of the main
reaction (Equation 2.2) towards high propylene yield by consuming the hydrogen

produced during the reaction, yielding carbon monoxide and water[25]. However,
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due to the formation of carbon monoxide, CO:z-assisted propane dehydrogenation

demands an efficient technology to segregate carbon monoxide[23].

H, + CO, < H,0 + CO AH,o = +40.6 k]/mol 2.3

H, + CO, = H,0 + CO
6CO+ 4H,

/ H, 3H, 3CO,
3co, /
—— C3Hg

3H,0
CH,+ CH, j

Figure 2.3. COr-assisted propane dehydrogenation reaction pathway[24]

3CO+ 7H,

COr-assisted propane dehydrogenation reaction can follow several reaction
pathways as illustrated in Figure 2.3. Dry reforming of propane is a competing side
reaction at the reaction conditions. Other undesired reactions include steam
reforming of propane and deep dehydrogenation to coke which can further react with

carbon dioxide to yield carbon monoxide[24].

Despite the side reactions and the thermodynamic limitation involved in carbon
dioxide-assisted propane dehydrogenation reaction, researchers have been trying to
develop an optimum catalyst that could inhibit the undesired side reactions and
increase the propene yield. The motivation stems from the fact that if this technology
is commercialized, the large-scale consumption of carbon dioxide from the
environment or other chemical processes will lead to a circular carbon economy and

combat global climate change [26—28].
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2.2 Non-oxidative propane dehydrogenation(PDH)

Non-oxidative propane dehydrogenation is yet another technology for on-purpose
propene production. This reaction is highly endothermic as demonstrated by
Equation 2.4. Also, the non-oxidative propane dehydrogenation reaction is
thermodynamically limited as depicted in Figure 2.1 whereby the equilibrium

constant is relatively low in the reaction temperature range.

C3Hg = C3Hg + H, AHjo = +125 KkJ/mol 2.4
C3Hg = CH, + C,H, AH,95 = +98.9 k] /mol 2.5
C3Hg = 3C + 4H, AH,45 = +119.5 kj/mol 2.6
C3Hg + H, 5 C,Hg + CH, AHyg = —37.7 kJ/mol 2.7
C,H, + H, 5 C,Hg AH,95 = —136.6 kJ/mol 2.8

The possible reactions during PDH are given in Equation 2.4-2.8 and also illustrated
in Figure 2.4. The main reaction is the dehydrogenation of propane with the
evolution of hydrogen as a by-product. Thermal/catalytic cracking of propane is a

major side reaction whereby propane is converted to methane and ethene. The ethane
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formed can be hydrogenated to yield ethane. Propane also undergoes hydrogenolysis
during PDH reaction yielding methane and ethane. A crucial aspect of non-oxidative

propane dehydrogenation is the coke formation due to deep dehydrogenation.

0O
w
i
0o
0O
w
B E
(4]

3C

CH, + C,H, \’
I CZHE

Figure 2.4. Non-oxidative propane dehydrogenation reaction pathway[24]

Non-oxidative propane dehydrogenation reaction (Equation 2.4) is favored at high
temperatures and low partial pressures of propane according to Lechatlier’s
principle. Figure 2.5a. discerns the aforementioned reasoning with the fact that as
the reaction temperature increases, the equilibrium conversion increases at a given
pressure. Similarly, at a constant temperature, equilibrium conversion increases as
the partial pressure of propane decreases[29]. Figure 2.5b is a plot of free energy vs
temperature for non-oxidative propane dehydrogenation and associated side
reactions at lbar. At this pressure, PDH reaction is typically favored at high
temperatures (above 550°C) since the Gibbs free energy gets more negative. Under
these conditions, the side endothermic reactions of propane cracking (Equation 2.5)
and deep dehydrogenation (Equation 2.6) are also favored. However, the exothermic
reactions, propane hydrogenolysis (Equation 2.7) and ethene hydrogenation
(Equation 2.8) remain relatively unaffected[29]. Thus, to achieve a better yield of

propene via non-oxidative propane dehydrogenation it is of utmost importance to

16



control the reaction via kinetics. Thus, an appropriate choice of catalyst for PDH is

essential which can suppress the side reactions and enhance the propene selectivity.
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Figure 2.5. Thermodynamic analysis of PDH [29]
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23 Commercial propane dehydrogenation processes

From the preceding discussion, non-oxidative propane dehydrogenation can serve as
a greener alternative for on-purpose propene production. As yet, all the commercial
technologies are based on non-oxidative propane dehydrogenation. The following
discussion will highlight the operation of propane dehydrogenation commercial

technologies and the catalysts involved.

2.3.1 Catofin Process

Catofin was the first technology developed for the dehydrogenation of light alkanes.
Apparently, this process was initially used for isobutane dehydrogenation. The
isobutene produced from isobutane dehydrogenation was then used for the synthesis
of Methyl tertiary butyl ether (MTBE). This chemical was introduced as an anti-
knocking agent for gasoline in the 1970s. However, it was banned after a couple of
decades since it was causing ground water contamination upon spillage[30].
Thereafter, the use of Catofin technology was then shifted towards propane

dehydrogenation. Figure 2.6 shows the schematic of the Catofin process.
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Figure 2.6. Catofin process [6]
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Catofin technology operates in cyclic mode, where dehydrogenation (DH), purging,
and regeneration(regen.) are carried out in adiabatic-fixed bed reactors. There are
typically 5-8 reactors connected in parallel. Each reactor undergoes DH, purge, and
regen. cycle with each cycle lasting for about 15-30 minutes. Thus, in this
arrangement, a continuous operation is achieved. The reaction is carried out at 575°C
and low pressure (0.2-0.5bar). The catalyst used in this process is alumina-supported
chromia with alkali promotors. Chromia content is typically 18% which can achieve
over 87% selectivity of propene. Very recently (2019) a new formulation (Catofin-
311) was devised to obtain even better selectivity and yield of propene, however, the
formulation is undisclosed as yet. The high endothermicity (Equation 2.2) of DH is
partly fulfilled by the heat generated from the adjacent reactors which are
regenerating the catalyst by burning off the coke. In addition to that, the reaction feed
is also preheated before it enters the reactor. Since the reaction acts as a heat sink,
inert material is often added to the reactor. The inert material acts as a heat-
generating material by undergoing a redox cycle during the reaction, thus ensuring a
stable temperature profile of the catalyst bed. On average, the catofin catalyst lasts
for almost 3 years. The gradual loss in its activity is compensated by increasing the

operating temperature.
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2.3.2 Oleflex Process

Oleflex is yet another major technology for propane dehydrogenation. This
technology was first commercialized in 1990 in Thailand by Honeywell UOP.

Schematic of oleflex process is given in Figure 2.7:
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Figure 2.7. Oleflex Process [6]

Oleflex process operates in continuous mode where adiabatic flow reactors are
connected in series. The catalyst bed comprises of alumina supported Platinum
catalyst with tin as promoter. Dehydrogenation reaction is carried out at 525-705°C
and 1-3 bar. The feed is preheated before entering the reactor by preheater. The
catalyst bed is fluidized and allowed to flow through the adjacent reactors to the
continuous catalyst regeneration unit (CCR). In CCR, the used catalyst is regenerated
by burning off the coke deposited on the catalyst using an air-chlorine mixture at ~
700°C. The heat generated from the highly exothermic regeneration step is utilized
to heat the feed. While air oxidizes the coke, chlorine redisperses the platinum
particles which are sintered during the reaction. The regenerated catalyst is then fed

back to the first reactor and this whole cycle takes 5-10days.
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233 Steam Active Reforming (STAR) process

STAR technology is another technology for propane dehydrogenation. This
technology was pioneered by Phillips petroleum in 1992 for the production of
isobutene. However, STAR technology was later acquired by ThyssenKrupp Uhde
in 1999. Currently, this technology is in operation at three different locations and
more licenses are being granted [31]. A schematic of the STAR process is given in

Figure 2.8:

unreacted paraffin roducts
eam p ’ /G_S\ : :

byproducts
paraff in "

all'

water
fuel condenser

|

* I‘. g

L
oxygen

L, i

Figure 2.8. STAR/ Linde-BASF process process [6]

STAR technology operates in a cyclic mode where two fixed bed reactors are
connected in series. The first reactor is enclosed in an oven which is heated by
burning off the fuel gas. This reactor acts as a propane reformer where propane is
cofed with steam. Propane dehydrogenation takes place at 500-600°C over a bed of
Platinum catalysts supported by calcium and zinc aluminates. Cofed steam assists in
burning off any coke deposited on the catalyst; thus, a long operation time(~7hrs) is
achieved. Effluent from the first reactor is cooled and then fed with oxygen and
steam mixture to the second reactor where hydrogen produced from dehydrogenation

is selectively combusted. This shifts the chemical equilibrium towards a higher

21



conversion of propane. Additionally, the heat generated from the selective
combustion of hydrogen is utilized to fulfill the endothermicity of propane
dehydrogenation (Equation 2.2). Thereafter, the products are separated in a gas

separation unit (GS).

234 Fluidized-Bed Dehydrogenation(FBD) process

FBD technology developed by Yarsintez-Snamprogetti is another continuous
operation-based technology for alkane dehydrogenation. The aim of this technology
was first to produce synthetic rubbers in the 1960s. Later in 1994, this technology
was set up in Saudi Arabia for butane dehydrogenation (FBD-4). The same
technology can be used for propane dehydrogenation (FBD-3). A schematic of the

FBD process is given in Figure 2.9:

reaction mixture regeneration offgas
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Figure 2.9. FBD Process [6]

The setup comprises dehydrogenation and regeneration reactors. The
dehydrogenation reactor is loaded with an alumina-supported chromia catalyst with
lower chromium loading than in Catofin technology. The catalyst bed is fluidized

using the feed-air mixture. Dehydrogenation reaction takes place at 550-600°C and
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1.1-1.5bar. Coke deposition during the dehydrogenation causes the catalyst to
deactivate. Thus, the catalyst is transferred to the regeneration unit. In the
regenerator, the coke deposited on the catalyst is burnt off at 700°C and the catalyst
is regenerated which is later fed back to the dehydrogenation unit. In addition to the
heat supplied by burning fuel gas, the heat generated during the regeneration step is
utilized for the dehydrogenation reaction. The fluidization offers good heat and mass
transfer in the catalyst, however severe attrition shortens the mechanical life of the
catalyst. However, the lost catalyst can be compensated by adding a fresh catalyst to

the regenerator. Thus, the continuous operation remains uninterrupted.

2.3.5 Linde-BASF process

Similar to STAR technology, the Linde-BASF process is yet another commercial
propane dehydrogenation technology developed in 1992. Thus far, this technology
has been set up in Germany and Norway. The working principle of this technology
is conceptually similar to STAR technology (Figure 2.8). There are three reformer-
type reactors in this process. Two of those are used for dehydrogenation reactions.
The dehydrogenation reactors are externally heated. Like the STAR process, paraffin
feed is mixed with steam, and a dehydrogenation reaction is carried out at 550-650°C
over a fixed-bed catalyst. Originally, the catalyst used for the Linde-BASF process
was chromia-alumina with Cesium and Zirconium promoters. However, later the
catalyst for this technology was changed to hydrotalcite-supported platinum which
was claimed to achieve 50% propane conversion and 91% propene selectivity. On
the other hand, the third reactor operates under regeneration mode where the
deactivated catalyst is regenerated with an air-steam mixture, ensuring a continuous

operation.
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2.4  Need for alternative catalysts for non-oxidative propane

dehydrogenation

From the preceding discussion, non-oxidative propane dehydrogenation presents a
promising alternative way of propene production. As yet, all the commercial
technologies are based on non-oxidative propane dehydrogenation. The catalysts
applied constitutes mainly Chromia or Platinum supported on alumina. However,
there are several shortcomings of these materials. Exposure to toxic Cr (VI) species
poses several health risks to the workers. Upon inhalation, chromium dust can cause
asthma, bronchitis, and nasal ulcer. Some other serious risks upon exposure to
hexavalent chromium species include respiratory cancer, DNA damage, and

reproductive problems [32—-34].

On the other hand, the use of noble platinum is associated with the high upstream
cost of propane dehydrogenation. Platinum is a rare metal with a natural abundance
of 0.0001% in the earth's crust[35]. Very few countries are privileged to have
platinum reserves with South Africa as the major player[36]. The natural minute
reserves of platinum and their presence in very few countries make the price of
platinum expensive and very volatile[37]. The platinum price skyrocketed in
February 2008, when its price reached over 2000 USD per troy ounce due to the
electricity shortage in South Africa [38]. With its use in commercial propane
dehydrogenation, platinum undergoes agglomeration. To redisperse platinum
particles, an air-chlorine mixture is typically used[39]. The use of chlorine gas has
its own environmental and health impact. Upon exposure, chlorine can severely
irritate the eyes and damage the respiratory system. The high oxidizing ability of
chlorine gas makes it very reactive with most of the elements. The formation of
chlorinated organic chemicals such as dioxins pollutes marine life which thereafter

enters the whole food chain[40—43].

Nevertheless, researchers around the globe have been trying to tailor the Pt-based
catalyst by tuning the support and adding promotors to achieve desirable acid/base

properties for propane dehydrogenation. Their objective is to come up with a catalyst
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with a minimum amount of platinum that can maintain high propylene selectivity

with stable catalytic activity[39].

An alternative way to cope with the limitations of commercial propane
dehydrogenation catalysts is to utilize non-toxic and non-noble materials. Bulk
catalysts such as zirconia, titania, and alumina are the quintessence of such materials

and have shown promising results for non-oxidative propane dehydrogenation[23].
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2.5 Titania

The discovery of titania dates back to the end of the 18" century when Clergyman
and William Gregor discovered the evolution of white metal oxide upon treating
menachanite at high temperatures[44]. Titania is a transition metal oxide of titanium.
Titanium has a relative atomic mass and an atomic number of 47.88 and 22
respectively. It is the ninth most abundant element in the earth's crust. Due to its
strong affinity with oxygen, titanium naturally exists in the oxide form (titania).
Owing to its natural abundance, titania is cheaply available. Its characteristics
include high chemical and mechanical stability, nontoxicity, UV absorption, and
biocompatibility. Due to these properties, titania is used in a wide variety of
applications such as dental implants, paint industry, food industry, self-care

products, glass coatings, and in particular photocatalysis[45,46].

2.5.1 Properties of titania

Naturally, titania (TiO2) exists in three phases, viz. anatase, rutile, and brookite
phase. The Brookite phase is rare in comparison with the other two phases. In terms
of stability, the rutile phase has more stability than anatase and brookite. The later
phases transform to rutile upon high-temperature treatment. The schematic of the
three phases of titania is given in Figure 2.10 and its chemical properties are

tabulated in Table 2.1.
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Figure 2.10. TiO2 crystal phases: (a) Rutile, (b) Anatase and (c) Brookite [47]

Table 2.1 Properties of pure titania phases

Anatase Rutile Brookite
Structure Tetragonal Tetragonal ~ Orthorhombic
Density(g/cm?) [48] 3.84 4.26 4.12
Lattice Parameter[49] a=b=3.79 a=b=4.60 a=9.17
c=9.44 c=2.96 b=5.44
c=5.14

Band gap[50] 3.20(Indirect) 3.01(Indirect) 3.13(Indirect)
3.53(Direct)  3.37(Direct)  3.56(Direct)

It can be seen in Figure 2.10. that all three phases of titania have octahedral geometry.

In all phases, one titanium atom is bonded to six oxygen atoms. However, the

different bond orientation leads to different crystal structure. The rutile phase

exhibits nearly hexagonal close packing with titanium atoms filling half of the

octahedron. The edge-sharing of rutile octahedrons results in the formation of linear

chains. Anatase and brookite phases have cubic packing. Anatase exhibits a

tetragonal crystal structure in which octahedrons are connected through corner

sharing. Unlike Rutile, anatase does not exhibit edge sharing. On the other hand, the

brookite phase has an orthorhombic structure due to the edge and corner-sharing. A
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typical sol-gel synthesis to prepare titania results in the anatase phase, which could
be transformed to pure rutile upon high-temperature treatment. A mixture of anatase
and rutile phases of titania could be synthesized with low-temperature hydrothermal

synthesis[51].

Titania has been widely used in the literature as a photocatalyst. Pure anatase titania
has shown better performance for solar cell applications and photocatalytic activity.
The rutile phase, on the other hand, exhibits low performance in its photocatalytic
application. However, a mixture of these phases is reported to have better

performance than the pure phases alone[52].

2.5.2 Oxygen vacancy defects in titania

The physical and chemical properties of titania are greatly influenced by the presence
of defects such as line, bulk, interstitial, surface, and point defects. One of the point
defects in titania is oxygen vacancy which can exist in bulk and/or surface and is
widely utilized in applications such as solar cell, photocatalysis, and propane
dehydrogenation. As seen in Figure 2.11, in this type of defect, the oxygen atom
which is normally present in the lattice is missing [53]. When lattice oxygen leaves
the lattice, it leaves behind the two free electrons which could be identified with
electron paramagnetic resonance(EPR) [54]. These vacancies are the active centers

in alkane dehydrogenation as discussed in later sections.
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Figure 2.11. TiO2 with (a) Perfect lattice and (b) Oxygen vacancy

253 Tailoring oxygen vacancies

As evident from the succinct discussion in the previous section, oxygen vacancies
on metal oxides play a crucial role in a wide variety of chemical reactions. The
evolution of oxygen vacancies not only changes the local electronic environment but
also affects the inherent physicochemical properties. In general, oxygen vacancies
could be incorporated by post-treatment reduction or could be induced during in situ
synthesis of the titania[55-57]. The following discussion will highlight several

possible ways to tune the concentration of oxygen vacancies in metal oxides.

2.5.3.1  Post-treatment in reducing atmosphere

Once the metal oxide is synthesized, oxygen vacancies could be generated by
thermal treatment in reducing the gas atmosphere. Typically, H2 and CO are used as
reducing gases. The evolution of oxygen vacancies over titania could be written

according to Kroger-Vink notation (Equation 2.9):

TiO, 1
Og «— Vo + EOz(g) + 2e” 2.9
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The equilibrium constant for the above Krdger-Vink equation is represented by the

following equation (Equation 2.10):

K = [Vo]n?p(0,)/? 2.10

The above equation could be rearranged in terms of oxygen vacancy concentration

(Equation 2.11):

[Vo] = Kn=2p(0,)~ /2 2.11

Thus, it could be deduced from the above equation that the concentration of oxygen

vacancies could be enhanced upon reducing the oxygen partial pressure[58].

Upon the generation of oxygen vacancy, the oxygen atom that leaves the surface also
leaves behind two electrons on the vacant sites. These electrons could either reduce
Ti*" cations to Ti*" or remain at the oxygen vacancy sites which depends on several
factors such as reducing the temperature, concentration, and partial pressure of the

reducing gas[57,59].

H. Liu et al.[60] elucidated the effect of treatment temperature on the formation of
Ti** and oxygen vacancies with trapped electrons. With EPR characterization
(Figure 2.12), it was found that the H> treatment under 450°C caused the formation
of oxygen vacancies with trapped electrons only. However, as the H> treatment
temperature was increased above 450°C, both Ti*" and oxygen vacancy signals with

trapped electrons were detected[60].
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Figure 2.12. EPR spectra of TiO2 at different H> treatment temperatures [60]

A similar pattern was observed by Li et al. [61]. The authors elucidated the effect of
different H> pretreatment temperatures on propane dehydrogenation activity
(Discussed in detail in section 2.6.2.1). It was found that upon increasing the H>
treatment temperature, the signal associated with the oxygen vacancies with trapped
electrons decreased in intensity. On the other hand, the signal associated with the

Ti** increased in intensity with an increase in reduction in treatment temperature.
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2.5.3.2 Incorporating oxygen vacancies during in situ synthesis of titania

Unlike the post-treatment method to generate oxygen vacancies in titania, there are
several ways to incorporate oxygen vacancies in titania such as metal or non-metal
doping, reduction with hydrides, and reduction with organic/inorganic reagents to

name a few.

Doping of low valence metal during the synthesis of metal oxides is a widely used
method to include oxygen vacancies in titania. Yunxuan and coworkers [62]
investigated the effect of copper doping on the concentration of oxygen vacancies.
The increase in oxygen vacancy concentration upon increasing copper doping was
reflected in the UV-Vis spectroscopy. Copper-doped titania showed an enhanced
photocatalytic reduction of N2 to NH3 in an aqueous medium. The absorption edge
shifted from 400nm to 700nm after copper doping. The underlying phenomena
behind the formation of oxygen vacancies upon doping low valence metals are the
compensation of positive and negative charges [62]. Similarly, other metals such as
zinc and aluminum could also be used to incorporate oxygen vacancies in titania

[63,64].
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Figure 2.13. Representation of oxygen vacancy generation in titania due to copper

doping[62]
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Metal doping to induce oxygen vacancies in titania is not only limited to transition
metals but other classes of metals such as alkaline earth metals, noble metals, and
lanthanides metals could also be used to incorporate oxygen vacancies in titania.
Jiale and coworkers investigated the effect of doping lanthanide metals on the
oxygen vacancies in Na2Ti307. When lanthanide metal was doped in Na:Ti307, the
lattice structure was slightly distorted which resulted in oxygen vacancies. The
positive effect of induced oxygen vacancies with lanthanide metals was reflected in

the improved performance of sodium-ion batteries[65].

Unlike metal doping, doping of nonmetal elements such as sulfur, nitrogen, carbon,
and halogens is yet another way to prepare oxygen vacancy-rich titania. Li et al. [66]
prepared oxygen vacancies rich titania by fluorine(F) doping. Spray pyrolysis of
H2TiFs precursor at different temperatures was carried out to control the oxygen
vacancies in titania. UV-Visible spectroscopy results revealed that the absorption
edge of titania remained unchanged. This indicates that F-doping does not alter the
electronic structure of titania. However, the photoluminescence spectroscopy
confirmed the evolution of oxygen vacancies upon fluorine doping. The samples
were tested for acetaldehyde and trichloroethylene decomposition. Samples with a
high amount of oxygen vacancies exhibited higher decomposition activity in

comparison with P25[66].

Chlorine could also be doped in titania to induce oxygen vacancies. Cao et al. doped
titania with chlorine using a chloroprene binder. Chloride-doped titania samples
exhibited oxygen vacancies as revealed by EPR and XPS characterizations.
Photoluminescence spectroscopy of Cl-doped and pristine titania revealed that
chlorine doping resulted in lower photoluminescence intensity in comparison with
pristine titania. This phenomenon is associated with a lower probability of electron-
hole recombination due to oxygen vacancies. The authors suggested that doped
chlorine atoms replaced oxygen atoms in titania lattice which induced Ti*" and
oxygen vacancy defects. Cl-doped and pristine titania were tested for photocatalytic
degradation of dyes. Cl-doped titania exhibited enhanced photocatalytic activity for

degradation of dyes in comparison with undoped titania samples[67].
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Other nonmetals such as carbon, nitrogen, and boron have also been reported in the
literature to tune the defects in titania. Similar to the above discussion, doping these
nonmetals induces oxygen vacancies on titania. This increases the light absorption
in the visible range and the modified catalysts exhibit higher photocatalytic
performance[68—71].

Reduction by hydrides is yet another post-treatment method to incorporate oxygen
vacancies in titania. Common hydrides include NaBH4, N2Hs4, and CaHz. The
procedure involves mixing titania powder with the hydride and calcining under an
inert atmosphere. Different temperatures and calcination times can result in different
amounts of oxygen vacancies. Tan et al. [72] utilized NaBH4 to tailor the oxygen
vacancies in titania(P25). NaBH4 mixed with titania was calcined under argon flow
at different reaction temperatures and times. The control of calcination time and
temperature resulted in the change of titania color from white to blue and finally to
black. The diffused reflectance spectroscopy revealed that the light absorption in the
visible range increased as the color of titania became more intense which is
associated with the increased oxygen vacancies. Unlike the Hydrogen treatment
method, using reducing agents such as NaBH4 can greatly reduce and minimize the
reaction time and temperature to incorporate oxygen vacancies in titania. When
NaBHs4 is used as a reducing agent, it can undergo decomposition at a lower
temperature to yield active hydrogen(H) species which are more effective in

inducing oxygen vacancies in comparison with Haz [72].

Metals such as magnesium, aluminum, and zinc can also be used as reducing agents
to control the oxygen vacancies on titania. Apurba and coworkers [73] studied the
effect of magnesium powder on the oxygen vacancies in titania. Briefly, magnesium
powder was mixed with titania and heated under a hydrogen atmosphere at 650°C
for 5h. Thereafter, the sample was treated with HCI to remove magnesium powder.
The final titania powder exhibited light absorption in the visible light region due to
the generation of oxygen vacancies. 1% platinum was incorporated on the final
titania samples obtained after reduction which were later tested for hydrogen

production from a methanol-water system. Hydrogen production was increased
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when the molar ratio of magnesium to titania was increased up to 0.5. Thereafter, the
hydrogen production rate was reduced. This finding revealed the synergistic role of

magnesium and hydrogen to incorporate oxygen vacancies on titania[73].

Incorporating oxygen vacancies in titania is not only limited to metal, nonmetal
doping, or hydrogen treatment. Reduction by organic and inorganic chemicals is yet
another way to tailor oxygen vacancies in titania. Zuo et al. utilized the combustion
method with 2-ethylimidazole. The combustion at 500°C in air resulted in reducing
gases like NO and CO which greatly assisted the reduction of titania. Here also, UV-
visible spectroscopy was used to qualitatively characterize the oxygen vacancies.
Titania samples prepared with the combustion of 2-ethylimidazole showed light
absorption in the visible range in comparison with pristine titania. The light
absorption in the visible range was associated with the induced oxygen vacancies

[74].

Similarly, other organic reagents such as ethylene glycol and ascorbic acid could be
used to prepare oxygen vacancy-rich titania materials. Babu et al. hydrothermally
synthesized oxygen vacancy-rich titania catalyst using ascorbic acid. The
concentration of ascorbic acid was varied to control the oxygen vacancies. Increasing
ascorbic acid concentration resulted in the change of titania color from white to
brown associated with the increasing oxygen vacancies. The induced oxygen
vacancies also resulted in light absorption in the visible range and the narrowing of
the band gap from 3.2eV to 2.0eV. These samples were tested for hydrogen evolution
reaction in deionized water and glycerol mixture. The rate of hydrogen production
was maximum when 0.5M ascorbic acid was used to tune the oxygen vacancies in
titania. Thereafter, increasing the concentration of ascorbic acid resulted in a

decrease in hydrogen production[74].

Unlike metal/nonmetal doping, oxygen vacancies could be induced on titania by
hydroxylation. Fan et al. prepared oxygen vacancies rich titania by incorporating
hydroxyl groups. These groups were introduced by ultrasonication using titanium

sulfate and aqueous ammonia as precursors. The duration of the ultrasonication
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varied from 30 minutes to 8h which resulted in the change of titania color from white
to black. Hydroxylation resulted in the band gap narrowing of modified titania
samples which showed enhanced light absorption in comparison with untreated

titania[75].
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254 Synthesis of titania particles via sol-gel method

In heterogeneous catalysis, the sol-gel process is one of the fundamental routes of
catalyst synthesis. This technique offers good control over the size and growth of
particles. At relatively low temperatures, the sol-gel process can yield pure particles
with good uniformity. This process is a bottom-up wet chemical method and is
mainly used for the synthesis of metal oxides. Typically, the sol-gel synthesis takes
place under an acidic or basic medium and the reagents for the synthesis include

alcohol, metal alkoxide or inorganic metal precursor, and water[76,77]

The underlying reactions during the sol-gel process include hydrolysis and
condensation. Firstly, the metal precursor undergoes hydrolysis yielding a colloidal
suspension(sol). Then, upon aging, the polycondensation of hydrolyzed
products(gelation) results in the polymeric network of metal oxide. Here gelation
means the formation of viscous material containing both the liquid and solid phases.
Once the sol-gel process is complete, the gel is dried and calcined to remove the
solvent and other residues. The crystallinity of the final solid material is affected by
the thermal treatment conditions. Sol-gel synthesis carried out at low-temperature
results in poor crystallinity. Depending on the calcination temperature, heating rate,
and time, the crystal phase composition of metal oxide particles could be controlled.
Sol-gel technique also offers control over the textural properties of the final material.
Parameters affecting the textural properties include pH, synthesis temperature,

precursor concentration, solvent concentration, and presence of template. [78—80].
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255 Sol-gel chemistry for titania

Sol-gel synthesis of titania particles involves hydrolysis and condensation steps.
Titanium (I'V) isopropoxide or Titanium (IV) butoxide are typically used as titanium
precursors. These organic precursors react immediately with water and are thus ideal
precursors for sol-gel synthesis[81]. The schematic of the sol-gel synthesis is given

in Figure 2.14.
Hydrolysis

In the first hydrolysis step, the organic precursor (Ti(OR)4, where R represents the
alkyl group) reacts with water whereby one alkyl group is detached from the
precursor to yield ROH and HO-Ti(OR)3 (Equation 2.12)

Ti(OR), + H,0 — HO — Ti(OR); + R — OH 2.12

The precursor may be partially or totally hydrolyzed, depending on the catalyst and

water content. The successive steps in the hydrolysis process are listed below:

HO — Ti(OR)5 + H,0 — (HO), — Ti(OR), + R — OH 2.13

(HO), — Ti(OR), + H,0 - (HO)5 — Ti(OR) + R — OH 2.14
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(HO); — Ti(OR) + H,0 — Ti(OH), + R — OH 2.15

Condensation

The condensation could either result in the liberation of alcohol or water molecule.
In the case where a water molecule is released, two partially hydrolyzed molecules

can bond together to form -Ti-O-Ti- network as seen in (Equation. 2.16):

(OR)5 — Ti(OH) + HO — Ti(OR)
= (OR); — Ti — O — Ti(OR); + H,0

2.16

The condensation could also occur with the release of alcohol molecules as seen in

Equation 2.17:

(OR); — Ti — OR + HO — Ti(OR)4
= (OR); — Ti — 0 — Ti(OR); + R — OH

2.17

Thus, these condensation reactions can continue to yield a polymeric network of Ti-
O-Ti. When sufficient condensation has occurred, water and other organic residues

are trapped inside the gel which is removed upon thermal treatment[82—85].
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STEP 1: Hydrolysis

OR OR
H
RO——T1i—OR + H,O ——» RO——Ti——OH + ROH
OR OR

STEP 2a: Condensation with formation of water

OR OR OR OR
| | e |

RO——Ti—OH + HO——Tj —OR —» RO——Ti—O0——Ti—OR + H,0
OR OR gR OR

STEP 2b: Condensation with formation of alcohol

OR OR OR OR
. -

RO—Ti—OH + RO——Tj—OR — RO——Ti——0——Ti—OR + ROH
OR OR OR OR

Figure 2.14. Sol-gel chemistry of titania particles
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2.6  Literature study of alternative bulk metal oxide catalysts for non-

oxidative propane dehydrogenation

The following discussion will highlight the recent studies where the bulk non-noble
and non-toxic metal oxides are used for non-oxidative propane dehydrogenation.
Before describing active sites involved in non-oxidative propane dehydrogenation,
it 1s essential to understand the general concept of active sites in heterogeneous

catalysis.

2.6.1 Active sites

The fundamental understanding of active sites in heterogeneous catalysis was first
laid by Hugg Stott Taylor. The author postulated that the active sites on a catalyst
involve a fragment of the surface. This could include atoms, a combination of atoms,
or the material defects such as vacancies, edges, or other discontinuities[86]. Based
on Taylor’s concept of active sites, Boudart[87] categorized the heterogeneous
chemical reactions as surface sensitive and surface insensitive. A surface insensitive
reaction would show a negligible change in the rate of reaction with respect to
particle size or the exposed crystallographic planes. Ethylene hydrogenation over
platinum is a typical surface insensitive reaction. For this reaction, the rate of ethane
formation is not affected by the crystal structure of platinum or varying the

dispersion of platinum particles[88].

On the other hand, the rate of a surface-sensitive reaction would change significantly
with respect to particle size or exposed crystal planes. Many industrially important
reactions such as ammonia synthesis over iron catalyst[89], alkane aromatization
over platinum catalyst[90], and non-oxidative propane dehydrogenation over

zirconia[91] or titania catalyst[92] are structure-sensitive reactions.
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2.6.1.1 Active sites in propane dehydrogenation

In conventional non-oxidative propane dehydrogenation catalysts, active sites are the
supported metal (Pt) or metal oxides (CrOx). Factors determining their activity and
selectivity are typically the metal or metal oxide-support interaction and their fine
structure. However, during the harsh reaction conditions, the fine structure is

damaged and the catalyst undergoes rapid deactivation.

On the other hand, the active sites of alternative bulk metal oxides catalysts comprise
surface defects (Figure 2.15). Such defects are oxygen vacancies that are created
upon reductive treatment at high temperatures. The reductive treatment leads to the
formation of coordinatively unsaturated metal cation and oxygen vacancy which
serve as active sites for non-oxidative propane dehydrogenation. In the literature, the
active sites for bulk metal oxides such as TiOz, ZrO, and Al2O3 are all related to
coordinatively unsaturated cations and oxygen vacancies. However, the nature of

active sites and their characterization have been reported differently.

Alternative-type catalysts: bulk
metal oxides with surface defects

Figure 2.15. The active site for alternative bulk oxide[23]

In the case of ZrO2, the active site for non-oxidative propane dehydrogenation was
first proposed as Zrcus and lattice oxygen pair which is responsible for the activation
of the C-H bond[93,94]. However, later with the aid of density functional theory
(DFT) and experimental studies, it was found that active sites were different from
defective (ZrOx) and non-defective zirconia (ZrO2). For defective zirconia, the active

site comprises two neighboring Zrcus*" sites responsible for C-H bond activation. On
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the other hand, non-defective zirconia has a pair of Zr*" and neighboring lattice
oxygen as an active site[95]. Since the coordinatively unsaturated Zrcys sites and
oxygen vacancies are generated upon reductive treatment[96], in-situ UV-Visible
spectroscopy can be used to monitor their formation. During the reductive treatment,
the color of the zirconia catalyst changes from white (ZrO2) to grey (ZrOx). The
underlying phenomena behind this change are that the energy levels above the
valence band undergo several transitions during the creation of oxygen vacancies by
reductive treatment. The transitions subsequently cause absorption in the visible
range[97]. In line with these fundamentals, Otroshchenko et al.[94] observed for
zirconia-based catalysts that the maxima at 420nm increased in intensity with
increasing time. With the increase in temperature, the rate of formation of maxima
at 420nm also increased. Thus, it was confirmed that oxygen vacancies are formed
under H: reductive treatment and their concentration increases with increasing

temperature.

Titania (T10z) is another bulk oxide that was first introduced in 2020 as an alternative
catalyst for non-oxidative propane dehydrogenation. Similar to zirconia, the active
sites for propane dehydrogenation over titania are related to oxygen vacancies.
Studies based on density functional theory (DFT) revealed that over non-defective
titania, the active sites are twofold coordinated oxygen atoms. On the other hand, the
active sites over defective titania are fourfold coordinated titanium atoms with
neighboring oxygen vacancies[98]. Like zirconia, the oxygen vacancies and
coordinatively unsaturated titanium cations are generated upon reductive treatment
[58], and electron spin resonance (ESR) spectroscopy can be used to monitor the
generation of these sites. The generation of oxygen vacancies leads to the formation
of unpaired electrons or Ti*" cations which can be monitored with ESR[99]. In a
typical ESR, a fixed frequency microwave is incident on the sample and a variable
magnetic field is applied. The magnetic field causes the spin of the unpaired electron
to align parallel (low energy) and antiparallel (high energy) to the applied magnetic
field. By varying the magnetic field, the energy difference between the two energy

states of electron spin is adjusted to match the energy of the applied microwave.
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Thereafter, the unpaired electrons can move from the lower energy state to the higher
upon absorbance of energy of applied microwave and the absorbance signal is
recorded [100]. The signal due to oxygen vacancy is typically observed at a magnetic
moment(g) of 2.003 [101]. For propane dehydrogenation, Li et al.[98] found that
oxygen vacancies (active sites) could be generated by hydrogen reductive treatment
or in situ during propane dehydrogenation by electron paramagnetic resonance
(EPR). The strong EPR signal was found to be related to the high propane conversion
which supports the claim that active sites are related to oxygen vacancies. Xie et.
al[92] also monitored the generation of active sites over TiO2 with ESR. The oxygen
vacancy signal (g=2.003) increased in intensity with time on-stream propane
dehydrogenation reaction, thus authors confirmed that oxygen vacancies and
coordinatively unsaturated Ti cations are generated in situ during non-oxidative
propane dehydrogenation reaction. The authors contended that oxygen vacancies are
formed due to Ostwald ripening of TiO2 nanoparticles at a high temperature which

causes the mobility of lattice oxygen atoms[92].

Alumina (Al203) is yet another alternative bulk oxide catalyst for non-oxidative
propane dehydrogenation. The active sites for bulk alumina are also reserved to

13

surface defects (coordinatively unsaturated Al°" cations). DFT calculations revealed

13" species. The

that C-H activation over alumina depends on the coordination of A
most active site for propane dehydrogenation was found to be the tri-coordinated Al-
O pair[102]. For the characterization of these active sites, Pyridine-Fourier
Transform Infrared Spectroscopy (FTIR) can also be used. When used as a basic
probe molecule, Pyridine adsorbs on specific Bronsted and Lewis acidic sites which
are identified by FTIR signal at specific wave numbers[103,104]. Wang et al. [105]
utilized the Py-FTIR technique to determine the active sites(Lewis sites) for propane

dehydrogenation over bulk alumina with the finding of a linear relation between the

amount of Lewis acidic sites and propane conversion.
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2.6.2 Factors affecting the non-oxidative propane dehydrogenation

activity over bulk oxides

2.6.2.1 Effect of pretreatment conditions

As discussed in section 2.6.1, the active sites over bulk oxides are coordinatively
unsaturated cations with neighboring oxygen vacancies. These sites could be
generated upon the reductive pretreatment and their concentrations could be adjusted

with different treatment conditions [23].

The effect of pretreatment conditions over bare zirconia for non-oxidative propane
dehydrogenation has been well studied. The findings of Otroshchenko et al. [106]
revealed that the rate of propene formation over air-treated(oxidized) zirconia is
significantly lower than over Ha-treated(reduced) zirconia at a specific temperature.
The higher rate of propene formation over reduced samples is due to higher
concentrations of coordinatively unsaturated zirconium sites which are generated
upon the removal of lattice oxygen by H2 pretreatment. Reduction temperature can
also affect the rate of propene formation over zirconia. For bare zirconia, the rate of
propene formation increased linearly when the Ha-reduction temperature increased
from 550 to 650°C indicating that more oxygen vacancies are formed at higher
temperatures. Thus, reduction at high temperature facilitates the removal of lattice
oxygen and more active sites could be generated. Utilizing a stronger reducing agent
is yet another way of controlling the active sites over bulk oxides. Zhang et al. [95]
demonstrated that treating zirconia with H> takes approximately 6h to get twice the
rate of propene formation in contrast with untreated zirconia. However, when pre-
treating zirconia with CO the rate of propene formation increased to seven-fold in
approximately 30mins in comparison with untreated zirconia. CO has a stronger
reducing ability to remove the lattice oxygen from zirconia in comparison with Ho.
Thus, more oxygen vacancies and associated actives sites are created over zirconia
after CO treatment in comparison with H> treatment which results in a higher

propene formation rate.
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Similarly, the activity of titania could be adjusted with different pretreatment
conditions. A similar pattern is observed over bare titania for non-oxidative propane
dehydrogenation. Li et al. [98] demonstrated that treating bare TiO2 under air
resulted in significantly lower propane dehydrogenation activity in comparison with
Ha-treated TiO:2 at 600°C. Since the active sites are coordinatively unsaturated Ti*"
cations with neighboring oxygen vacancies, air treatment reduces their
concentrations. However, H> treatment facilitates the removal of lattice oxygen, thus
more active sites are available for propane dehydrogenation. Similar to zirconia, the
active sites(oxygen vacancies) over bare titania could be controlled by hydrogen
treatment at different temperatures[60]. Li et al. [98] treated bare TiO2 under H> at
different temperatures before the propane dehydrogenation activity. Unlike ZrO2,
TiO2 exhibited a negative trend with increasing temperature for propane
dehydrogenation activity. EPR characterization revealed that the oxygen vacancy
signal reduced in intensity with increasing temperature and the signal associated with
Ti** increased with increasing temperature. Thus, at a higher temperature, TiO2
undergoes over reduction resulting in Ti** species which are inactive for propane

dehydrogenation.
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2.6.2.2 Effect of crystalline phase and crystallite size

Non-oxidative propane dehydrogenation activity over bulk oxides can also be
controlled by adjusting the phase composition. Over bare zirconia, Zhang et al. [107]
demonstrated that different phase of =zirconia exhibits different propane
dehydrogenation activity. The monoclinic phase of zirconia exhibits higher propane
dehydrogenation activity in comparison with the tetragonal phase. In order to
understand the underlying phenomena behind this difference, the authors performed
DFT calculations over defective monoclinic and tetragonal zirconia. Their findings
revealed that propane dehydrogenation steps over both monoclinic and defective
zirconia follow the same pattern with the same active sites. However, over
monoclinic zirconia, the propene formation occurs easily in comparison with the
tetragonal phase because of the lower energy requirement for C-H activation. The
authors also demonstrated that regardless of the phase composition, the propane
dehydrogenation activity and selectivity to propene increases with the decrease of
the crystallite size. The small crystallite size increases the ease of lattice oxygen
removal (reducibility) and thus more active sites are available for propane
dehydrogenation. The ease of reducibility was confirmed by the CO-TPR experiment
where a higher CO consumption rate was observed for smaller crystallite sizes, thus
smaller crystallite size zirconia facilitates the removal of lattice oxygen and more
active sites are generated over smaller crystallite sizes. On the other hand, the
increased selectivity to propene over small zirconia crystallites is due to the
difference in the active sites for coke and propene formation. The active sites for
coke formation and propene formation are regular Zr and Zrcus respectively. As the
crystallite size decreases, Zreus sites increase while regular Zr sites decrease. Thus,
with smaller crystallites fewer active sites for coke formation are available and

higher selectivity to propene is achieved.

Similarly, titania also exhibits different propane dehydrogenation activity with
different titania phases. Li et al. [98] demonstrated that anatase titania exhibits

significantly higher propane dehydrogenation activity and propene selectivity in
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comparison with rutile titania. Since the active sites over titania are related to oxygen
vacancies, the authors investigated the rutile and anatase titania with EPR. While
anatase titania exhibited oxygen vacancy EPR signal, no signal for oxygen vacancy
was detected for rutile titania. This implies that the generation of active sites (Ticus
with neighboring oxygen vacancies) over anatase titania occurs easily in comparison
with rutile titania, thus propane dehydrogenation activity and selectivity to propene
are higher over anatase titania. Whether the reaction pathway and the active sites for
propane dehydrogenation over anatase and rutile TiO2 are the same needs further
investigation. Xie et al. [92] investigated the effect of crystallite size on propane
dehydrogenation activity. Similar to zirconia, the rate of propene formation
increased with the decrease of the TiO: crystallite size. As discussed earlier, the
generation of active sites is related to the Ostwald ripening of TiO:2 particles. Over
small TiOz crystallites, Ostwald ripening occurs easily and thus more active sites are

available for propane dehydrogenation in comparison with larger crystallites.

48



CHAPTER 3

EXPERIMENTAL

This chapter focuses on the description of the catalyst synthesis procedure followed
by in-situ and ex-situ characterization techniques of the synthesized catalyst. In the
end, the working of the gas phase activity system for non-oxidative propane

dehydrogenation activity is discussed.

3.1 Sol-gel synthesis of TiO; particles

3.1.1 Chemicals

The following chemicals are used to synthesize titania.

(1) Absolute Ethanol (Sigma-Aldrich 64-17-5)

(i1))  Ultra-Pure (UP) water (Chemical Engineering Department, Middle East
Technical University)

(ii1))  Acetic Acid (Sigma-Aldrich 64-19-7)

(iv)  Hydrochloric acid (Sigma-Aldrich 7647-01-0)

%) Titanium (IV) isopropoxide (Sigma-Aldrich 546-68-9)

3.1.2 Synthesis procedure

Titania particles were synthesized by a sol-gel method by Bouziani et al. [108]

recipe. The schematic of the synthesis procedure is given in Figure 3.1 below:
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18.5mL Titanium isopropoxide
55mL Ethanol

0.2mL Acetic Acid
135mL DI Water
xmL HCI (1M)

48hr stirring

Vacuum filtration+water washing
L\

Calcination at 500°C for 1hr in static air
Drying at 100°C for 12hr

Figure 3.1. Sol-gel synthesis procedure for titania particles

For the synthesis of pristine titania, S5mL of absolute ethanol, 135mL UP water, and
0.2mL acetic acid was added to a beaker. Then, 18.5mL titanium (IV) isopropoxide
was added dropwise to the mixture. The mixture was left under continuous magnetic
stirring for 48h at room temperature. Thereafter, the titania powder was obtained by
vacuum filtration and water washing. The obtained titania powder was dried for 12hr
at 100°C and calcined at 500°C for 2h to ensure the removal of adsorbed water and
any organic residues. Synthesized samples were abbreviated as ST where S: Sol-gel

and T: Titania.

For HCI treatment, the synthesis procedure is the same as that for pristine titania,
however certain amount(abbreviated as x) of 1M HCI is added before introducing
titanium precursor during the sol-gel synthesis. Samples were abbreviated as xSCT,
where x: volume(mL) of HCIl added, S: Sol-gel, C: Indicates that the sample
synthesized with HCI addition, and T: Titania.
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3.2 Catalyst Characterization

3.2.1 Textural Properties

Nitrogen physisorption analysis was carried out to determine the surface area and
pore size distribution of the synthesized catalysts using Brunauer—Emmett—Teller
(BET) and Barret-Joyner-Halenda (BJH) theories respectively. The device used for
the analysis was Micromeritics TriStar II 3020 in the METU Department of

Chemical Engineering. Before the analysis, catalysts were degassed at 350°C for 4h.

3.2.2 Thermal Gravimetric Analysis(TGA)

The thermal stability of synthesized catalyst samples was analyzed using the
Shimadzu DTG-60 device in the METU Department of Chemical Engineering. For
a typical analysis, approximately 20mg of catalyst sample was heated from room
temperature to 900°C at a ramp rate of 10°C/min under 60mL/min air flow. TGA

(mg) and DTA (uV) signals with respect to time and temperature were obtained.

3.2.3 X-ray Diffraction (XRD)

The phase composition and crystal structure of the synthesized catalysts were
analyzed using a Rigaku Ultima-IV diffractometer in the METU Department of
Metallurgy and Materials Engineering. The device is equipped with a
monochromatic Cu-Ka irradiation source of 1.54056 A operating at 40kV and

30mA. Scans were performed in the range from 10-65° at 0.02°/s.

Average crystallite sizes were calculated using Scherrer Equation[109] given below:

d= kA
~ PBCosb

where,
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k: Shape factor constant
A: X-ray wave length

B: Full width at half maximum (FWHM)

0: Bragg angle

A sample calculation showing the crystallite size calculation using the Scherrer

equation is given in Appendix A.

3.24 Raman Spectroscopy

Synthesized samples were characterized by Raman spectroscopy to elucidate the
crystallinity and formation of oxygen vacancies. The scans were performed on
Ramanscope Il in METU Central Laboratory. This device is equipped with a 532nm

laser beam.

3.2.5 Surface Morphology and Elemental Analysis

Scanning electron microscopy (SEM) analysis was performed in order to determine
the morphology of synthesized catalysts using the VEGA3 TESCAN instrument in
the METU Department of Chemical Engineering. Before the analysis, 2mg of
catalyst samples were dispersed in 2mL of ultrapure water and sonicated for 20mins.
Thereafter, a drop of sonicated solution was dried on a glass substrate. Once the
solution on the glass substrate was dried, gold-palladium coating was performed over
the substrate to avoid charge accumulation on the sample during the analysis.
Subsequently, SEM was performed at 5.0kV with a working distance (WD) of
10mm. The device is equipped with Energy dispersive X-ray (EDX) detector, thus

elemental analysis of the samples was also performed at 10.0kV.
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3.2.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was performed to understand the surface

characteristics of the synthesized catalysts. PHI 5000 VersaProbe XPS instrument in

METU Central Laboratory was used for XPS analysis. Al K& was the X-ray source

and the binding energies were calibrated using C 1s peak (284.5¢V)

3.2.7 UV-Visible Diffused Reflectance Spectroscopy (DRS)

UV-Visible diffused reflectance spectroscopy (DRS) was carried out for the
synthesized catalysts using the SHIMADZU UV-2600i instrument in the METU
Department of Chemical Engineering. Barium sulfate (BaSO4) was used both as a
reference and diluting material. Reflectance spectra were obtained in the range of
220-1400nm. DRS was also performed for catalysts reduced under 30sccm pure Hz

flow at 500°C to compare the optical properties with fresh catalysts.

3.2.8 In-situ DRIFTS of Adsorbed Pyridine

The surface acidity of the synthesized catalysts was determined using pyridine-FTIR
spectroscopy using JASCO FT/IR device equipped with a reaction cell (Harricks-
Praying Mantis). Before the measurement, the sample was purged with Argon to
ensure the removal of physically adsorbed water at 500°C. Thereafter, the sample
was reduced with dilute Hz for the generation of active sites at 500°C for 1h. After
reduction, the background scan was taken at 450, 350, 250, 150, and 50 °C under Ar
flow. Then Pyridine vapor was introduced to the chamber without exposure to air
and was adsorbed for 30mins at 50°C. Then, the flow was switched to Ar and
Pyridine desorption spectrum was obtained at 50, 150, 250, 350, and 450 °C in the

range of 400-4000cm™! with 4cm! resolution and 256 scans accumulations.
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3.2.9 Temperature Programmed Reduction(TPR)

The redox properties of the synthesized catalysts were investigated with temperature
programmed reduction (TPR) of carbon monoxide (CO) or hydrogen(Hz). 200mg of
catalyst sample was loaded into a "4 quartz tubular reactor. The sample was heated
under Ar flow to 550°C at 10°C/min. Thereafter, 30sccm of 10 vol% O in Ar was
fed to the reactor for 1h at the same temperature. The catalyst was then cooled to
room temperature under Ar flow. Thereafter, 30sccm of 3 vol % Hz in Ar or 30sccm
of 10 vol% CO in Ar was fed to the reactor while heating the reactor at 10°C/min to
900°C. The consumption of CO or H2 was monitored by an online mass spectrometer

(HIDEN HPR20). The following signals were observed by mass spectrometer:

Table 3.1 Signals observed during CO/H2-TPR

CO-TPR H>-TPR
CO(m/z): 28, 12 Ha(m/z): 2,1
CO2(m/z): 44, 16 H20(m/z):18,17
Ha(m/z): 2,1 CO2(m/z): 44, 16
H20(m/z):18,17 N2(m/z):14
N2(m/z):14 C(m/z):12
02(m/z):32 02(m/z):32
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3.2.10 Temperature programmed surface reaction (TPSR)

Temperature programmed surface reaction (TPSR) was performed to investigate the
in-situ reduction of titania during non-oxidative propane dehydrogenation. 50mg of
titania catalyst was loaded into a '4” quartz tubular reactor and heated to 600°C at
10°C/min under 30sccm Ar flow and kept for 1h. The catalyst sample was then
cooled down to room temperature under Ar flow. Thereafter, 30sccm of 7 vol %
CsHs in Ar was fed to the reactor and the temperature was raised to 900°C at
10°C/min. The following signals were monitored with a mass spectrometer (HIDEN

HPR20):

Table 3.2 Signals observed during TPSR-C3Hs

Components m/z
H> 2

H>O 18
CO+CO2 12
CsHs 42
CsHs 43

C2He 30
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3.3  Activity Tests

3.3.1 Experimental setup

Non-oxidative propane dehydrogenation activity tests were carried out in an in-
house developed system. The schematic and real photograph of the activity system

is shown in Figure 3.2 and Figure 3.3 respectively.

On/Off valves

Check valves
3 ways

Filter

Vent
Pressure gauge

Thermocouples

Babbler
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Figure 3.2. Schematic of propane dehydrogenation activity system
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QUL

Figure 3.3. Propane dehydrogenation activity system (Real photograph)

The gas phase activity system was built using %4’ stainless steel (SS) tubing. The
setup comprises three specialized ALICAT mass flow controllers(MFCs). The outlet
of these MFCs is equipped with a check valve which prevents the backflow of gases.
Thus, this allows a flow of a mixture of gases with desirable composition and flow
rates. With the use of a three-way valve, a bubbler can also be installed after the
MFC’s outlet line to introduce probing molecules such as water, if necessary for the
activity. Thereafter, the line either bypasses the Gas Chromatograph (Agilent 8890)

or follows the path into the 74" quartz tubular reactor housed inside a vertical split
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furnace (Protherm, Eurotherm 3208). The SS line which goes from the reactor outlet
to the inlet of GC is heated and kept at 110°C to avoid water condensation in the
lines. The heating of the SS line is assisted with the heating tapes which are
controlled by the variac power supply. Depending on the reaction conditions, a
condenser can also be placed at the outlet of the reactor to trap any water formed

during the reaction before introducing the remaining effluents to the GC.

3.3.2 Quantification of effluents by online-gas chromatography

The effluents from the reaction are monitored with Agilent 8890 Gas
Chromatography device. This device is equipped with three six-port pneumatic
valves(Valve 1, Valve 2, and Valve 3) which direct the flow to the two capillary
columns, viz.: AlO3-S and molecular sieve columns. While the Al20O3-S column is
suitable for the separation of light hydrocarbons(C1-C8), molecular sieve columns
are suitable for the separation of permanent gases such as COx, N2, H2, and Oz. In our
GC configuration, Al2O3-S is connected to the back Flame Ionization Detector (FID)
detector which analyzes the hydrocarbons. The FID detector is kept at 275°C and the
flame is assisted with pure hydrogen and dry air. On the other hand, the front Thermal
Conductivity Detector (TCD) is kept at 250°C. TCD is connected to the molecular
sieve for analyzing permanent gases. Argon is used as a carrier gas that assists the
flow to the columns. During GC analysis, the oven temperature of GC is kept at
100°C. Run time for a single injection to the GC analysis last for 20mins and the
following valve configurations (Table 3.3) is used to separate the hydrocarbons and

permanent gases during a single run.
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Table 3.3 Valve positions during GC injection analysis

Time(min) Valve Position
0.00 Valve 1 ON
0.10 Valve 3 ON
1.00 Valve 3 OFF
1.10 Valve 1 OFF
5.85 Valve 2 ON
12.50 Valve 2 OFF

3.3.3 Catalytic testing

In this study, all the non-oxidative propane dehydrogenation activity tests were

performed at 1 bar using the experimental setup described in section 3.3.1.

For a typical non-oxidative propane dehydrogenation reaction, catalyst powders are
loaded into the % quartz tubular reactor. The catalyst bed is fixed in the center of
the reactor with quartz wool at both ends of the bed. In some experiments where
pressure build-up could be a problem, 50mg silica gel (Davisil 646, Sigma Aldrich)
is mixed with 150mg of catalyst to prevent any pressure build-up during the reaction.
The reactor is specifically designed to attach a thermocouple that can measure the

temperature just above the bed in the reactor.

Once the catalyst bed is prepared, the reactor is heated under 30sccm Argon flow to
the desired temperature at 10°C/min heating rate. Once the set point is reached, the
catalyst is either pre-reduced using 30sccm of 3 vol% Hz in Ar or 10 vol% CO in Ar
flow for 1h. Hereafter, 30sccm of 7vol% propane in Ar is introduced to the reactor

inlet and effluents are monitored with Agilent 8890 GC.
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A blank experiment was performed using the same reactor equipped with the
thermocouple mentioned above to examine the catalytic activity in the absence of a
catalyst in the reactor at 550°C. The results in Figure B.4 reveal that the conversion
and selectivity from blank propane dehydrogenation are about 0.05% and 68%
respectively. Thus, the results from the blank experiment indicate negligible

homogeneous catalytic activity under reaction conditions.

Propane conversion (Xc,y,) and propene selectivity(Sc,u,) is calculated using

equations 3.1 and 3.2 respectively.

CLvixn) — (3 Xnep,)

3 X 100% 3.1
i=1 Yi X I

X ng (%) =

3 X nC3H6
(Biyvi x ;) = (3 x nc,py)

Scn, (%): x 100% 3.2

Where, vyi: number of carbon atoms in the hydrocarbon, i and ni:

amount/concentration of hydrocarbon, i present in the effluent to the GC.

Further details for the calculation of the amount of hydrocarbons in the effluent are

provided in Appendix C.

60



CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, in-situ and ex-situ characterization results of synthesized catalysts

are presented along with the non-oxidative propane dehydrogenation activity results.

4.1 Thermal Gravimetric Analysis(TGA)

TGA was performed under dry air to determine the thermal stability of the
synthesized titania particles before any pretreatment. Figure 4.1. shows the plot of
mass loss of uncalcined titania(ST and 6SCT) with respect to temperature changes.
This thermogram can be divided into three stages. During the stage, I, the mass loss
from room temperature to 150°C is due to the evaporation of physically adsorbed
water, acetic acid, and other organic residues [110-112]. In stage II, from 150°C to
250°C, the mass loss can be attributed to the dehydroxylation [113—115]. Finally, in
stage 111, the mass loss from 250°C to 370°C can be attributed to the crystallization
of titania to the anatase phase [114,116]. For ST sample, the shoulder peak at 410°C
could be attributed to the decomposition of titanium precursor. After the

crystallization, the sample remains stable until 900°C.

Since the crystalline phase composition of titania is affected by the calcination time
and temperature, synthesized titania samples were calcined at 500°C for 1h. As can
be seen from the TGA plots (Figure 4.1) This temperature is suitable enough to
remove all the organic residues and adsorbed water and ensure only the anatase phase
is present[114]. Also, the non-oxidative propane dehydrogenation reaction is
generally performed between 500-700°C, titania particles have excellent stability in

this temperature range as evident from the TGA curve.
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4.2 X-ray Diffraction (XRD)

X-Ray diffraction was performed to determine the crystallinity of the synthesized
titania samples after calcination at 500°C for 1h. Figure 4.2 shows the diffraction
patterns of synthesized titania samples in the 20 range of 10-65°. All the samples
exhibit diffraction peaks around 25.46°, 37.10°, 38.02°, 38.74°, 48.24°, 54.08°,
55.28°,62.86°, and 62.96° which corresponds to the anatase phase of titania in
agreement with PDF-no. 96-152-6932. Thus, all the synthesized samples contain

pure anatase phases without any traces of impurities.
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Figure 4.2. XRD patterns for synthesized titania catalysts
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Crystallite size(d) was calculated using the Scherrer equation [109], d=kA/BCos6
where k is the shape factor constant, A is X-ray wavelength, f is the full width at half
maximum (FWHM) and 0 is the Bragg angle. The crystallite sizes are tabulated

below:

Table 4.1 Crystallite sizes of different synthesized titania catalysts

Crystallite
Catalyst size(nm)
ST 31.8
6SCT 16.4
6SCT (reduced) 28.6
8SCT 28.2
10SCT 31.0

XRD results of titania samples prepared with the addition of HCI during sol-gel
synthesis showed slightly broader peaks. The broadening was the highest in the
6SCT sample which is reflected by the smallest crystallite size as determined with
the Scherrer equation. Since Hz reductive pretreatment is usually performed before
the non-oxidative propane dehydrogenation experiment, XRD was also performed
for 6SCT reduced under 30sccm Ha flow at 500°C for 1hr to investigate the effect of
H> treatment on phase composition and crystallinity. As evident from the XRD
pattern, the anatase phase of titania remained unaltered after H> reduction
treatment(6SCTR). However, the crystallite size increases from 16.4nm to 28.6nm
after Hz reductive treatment. This is reflected in the sharpening of anatase dominant
peaks at 25.4° and 48.3° after H> reduction (Figure 4.3). This increase in the
crystallite size is due to the Ostwald ripening process where the crystallites
agglomerate at the expense of smaller crystallites[117]. The (200) diffraction peak
for 6SCTR shifted to a higher diffraction angle in comparison with fresh TiOz. This
shift is mainly due to the decrease in the lattice parameter induced by the formation

of oxygen vacancies under reductive treatment[54,118,119].
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Figure 4.3. Locally amplified XRD pattern of fresh and H2 reduced TiO2
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4.3 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy technique that fundamentally
relies on the scattering of incident light due to different chemical bonds[120]. Since
the vibrations are unique to different chemical bonds, Raman spectroscopy can
reveal information such as the chemical structure, phase composition, and chemical

environment of the sample[121].

In our case, Raman spectroscopy was performed to elucidate the crystallinity and
oxygen vacancies on untreated and HCl-treated titania. Figure 4.4 shows the Raman

spectra of untreated and HCl-treated TiOx.
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Figure 4.4. Raman spectra of untreated and HCIl treated titania

For both samples, four Raman active modes were observed, viz, Eg(141cm™),
Big(394cm™), A1g(514cm™) and E¢(638cm™). The Eg, Big, and A1g modes correspond
to the symmetric stretching, symmetric bending, and asymmetric bending vibration
of O-Ti-O respectively [92]. These modes suggest that both samples comprise of
anatase phase of titania[122], which is in agreement with our XRD results. From the
locally amplified Raman pattern, it can be observed that for the HCI treated TiOx,
the dominant peak of Eg at 141cm™ displays blueshift and slight broadening in

comparison with untreated TiO2. This phenomenon is associated with decreased
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crystallinity and the formation of oxygen vacancies. Due to the removal of lattice
oxygen, the bond length of Ti-O shortens, resulting in the shift of Eg peak towards a
higher wavenumber [123-126]. Thus, these results demonstrate that HCl addition
during sol-gel synthesis leads to structural distortion and formation of oxygen

vacancies.
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4.4  Nitrogen Physisorption

The textural properties of synthesized titania particles were investigated with No»-
physisorption experiments. The average pore volume and average pore width were
determined by the BJH desorption branch and the surface area was determined by

the BET method. The results are tabulated below:

Table 4.2 Textural properties of synthesized titania samples

BET surface Pore volume,  Pore width,

Samples area, m*/g cm’/g nm
ST 38.9 0.11 7.6
6SCT 47.7 0.18 12.3
8SCT 35.6 0.13 10.4
10SCT 27.1 0.13 14.1

As seen in Table 4.2, the BET surface area for ST titania sample is 38.9m?/g. The
addition of 6mL, 1M HCI during sol-gel synthesis resulted in an increase of the
surface area. Surprisingly, a decreasing trend of BET surface area was observed upon

increasing the volume of HCI during sol-gel synthesis.

N2 adsorption-desorption isotherms for ST and 6SCT samples are shown in Figure
4.5 and Figure 4.6 respectively. N2 adsorption-desorption isotherms for samples
8SCT and 10SCT are given in Figure D.6 and Figure D.7 respectively. Titania
samples exhibit type IV isotherm according to IUPAC classifications which is a
representative of mesoporous materials. The samples display two hysteresis steps
which indicate the presence of bimodal porous structure[ 127—-129]. For 6SCT, 8SCT
and 10SCT samples, the first hysteresis can be regared as H1-type hysteresis in the
relative pressure (P/Po) between 0.45-0.9. This type of hysteresis is typically
observed for porous materials consisting of agglomerates. For sample ST, the first
hysteresis can be regarded as H2-type which indicates the presence of ink bottle

pores. On the other hand, the second hysteresis for all samples could be classified as
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H3-type hysteresis in the relative pressure(P/Po) between 0.9-1 ranges which can be
due to the capillary condensation of N2 in the macropores of titania[130—134]. This
type of hysteresis is typically observed in materials that have aggregates of plate like-

particles yielding slit-type porous structures [130].

The presence of bimodal and unimodal porous structure for titania samples as
predicted from the N2 adsorption-desorption isotherms can also be confirmed by the
BJH pore size distribution calculated from the desorption branch of the N2 isotherm.
From BJH desorption plots, samples ST, 6SCT, 8SCT, and 10SCT contain
mesopores around 3.7, 11.4, 7.7 and 8.7nm respectively. Accordingly, the
macropores for ST, 6SCT, 8SCT, and 10SCT samples are around 65.0, 63.7, 61.3

and 62.7nm respectively.
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Figure 4.5. N2 adsorption-desorption isotherm and BJH plot(inset) of ST sample
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Figure 4.6. N2 adsorption-desorption isotherm and BJH plot(inset) of 6SCT sample
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4.5  Surface Morphology and Elemental Analysis

4.5.1 Surface Morphology

6SCT

6SCT

Figure 4.7. SEM images of synthesized titania samples; (a) and (c): ST titania at
500nm and 1um scale respectively; (b) and (d): 6SCT titania at 500nm and 1um scale

respectively
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The particle morphology of TiO: particles was analyzed with scanning electron
microscopy (SEM). As seen in Figure 4.7, both ST and 6SCT titania samples have
irregular morphology. Titania particles are observed in agglomerate form with
irregular geometry. This agglomeration is due to the adhesion between titania
nanoparticles. Titania samples in which HCl was added during the sol-gel
synthesis(6SCT) showed slightly less agglomeration and higher dispersion of titania
particles in comparison with ST titania. SEM images also reveal the presence of non-
uniform holes between particles which give rise to the interparticle porosity. This
would allow the easy removal of the products during a non-oxidative propane

dehydrogenation reaction; thus, a high selectivity could be achieved.
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4.5.2 Elemental Analysis

Elemental analysis of the synthesized samples was investigated with Energy
Dispersive X-ray (EDX) spectroscopy. The EDX map and the imaging region used
for elemental mapping for 6SCT and ST titania samples are shown in Figure 4.8 and
Figure 4.9 respectively. For both samples, EDX signals associated with carbon(C),
oxygen(O), gold (Au), palladium (Pd), and titanium (T1) were detected. Before EDX-
SEM analysis, samples were coated with a mixture of Au and Pd to avoid charging
the surface. Thus, the Au and Pd signals are due to the coating of the samples with
the Au-Pd mixture. The carbon signal is associated with the adhesive tape used
during EDX-SEM analysis. Therefore, based on these results, the propane
dehydrogenation activity could be solely based on titania material. The difference in
the activity performance could be associated with the difference in the lattice
structure between the two samples as discussed in sections 3.2.3, 3.2.4, 3.2.6, 3.2.7

and 3.2.8.
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Figure 4.8. Energy dispersive X-ray elemental mapping of 6SCT titania
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4.6  X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the surface
chemical properties of the synthesized titania particles(ST and 6SCT) and the post-
reaction 6SCT sample. The peaks related to Ti, O, and C were detected. The peak
at 283eV is due to the Cls region which was used as a reference line for XPS
analysis. The peaks related to Ti were observed at 463 and 458.63eV which are
characteristic peaks of Ti 2pi2 and Ti 2psn respectively[72,135]. All samples
exhibited a peak centered at 528.5e¢V which is associated with the lattice oxygen
present in titania lattice. However, for the 6SCT sample, a shoulder peak at 530.1eV
is also observed which could be attributed to the oxygen vacancies or surface
hydroxyl species [73,136]. Since HC] was also added during the sol-gel synthesis for
the 6SCT titania sample, a partial XPS scan for CI 2p was also performed for all
samples. As can be seen in Figure 4.10, no signals related to Cl were observed. Thus,
the difference in the activity can be solely related to the difference in the structure of
titania samples. The higher performance of the 6SCT sample could be attributed to
the higher concentration of oxygen vacancies in comparison with the ST titania
sample as seen from XPS plots. 6SCT sample was also characterized after 12h non-
oxidative propane dehydrogenation activity (6SCT-PDH). As can be seen in Figure
4.10, the oxygen vacancy signal at 530.1eV is diminished after 15h non-oxidative
propane dehydrogenation activity. As discussed later in section 4.11, the non-
oxidative propane dehydrogenation activity over titania suffers a deactivation with
time on stream due to coke deposition. Thus, the weakening of oxygen vacancy peak
at 530.1eV after non-oxidative propane dehydrogenation reaction could be ascribed

to the coke deposition over oxygen vacant sites.
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4.7  UV-Visible Diffused Reflectance Spectroscopy (DRS)

UV-Visible DRS was performed for ST and 6SCT titania catalysts to understand the

formation of oxygen vacancies during reductive treatment.
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Figure 4.11. UV-Visible absorption spectra of fresh (ST and 6SCT) and H2 reduced
(ST-R and 6SCT-R). Reducing conditions: 30sccm pure Hz flow for 1h at 500°C

Figure 4.11 reveals a red-shift in the absorption edge for both ST and 6SCT titania
after reducing under the H> atmosphere. A higher light absorbance is also observed
for hydrogen-treated samples in comparison with untreated samples. However, the
6SCT titania sample reduced under the H2 environment possessed a higher light

absorbance in comparison with Hz2 reduced ST sample.

The change in absorption edge and increased absorbance could be attributed to the
formation of oxygen vacancies. Since the defects (oxygen vacancies) are color
centers [63], the formation of oxygen vacancies during H> reductive treatment causes

the color change of titania from white to gray. This results in a higher absorbance of
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light. The underlying phenomena behind this change are that the energy levels above
the valence band undergo several transitions during the creation of oxygen vacancies
by reductive treatment. These transitions subsequently cause absorption in the visible

range[97].

The difference in the absorbance between ST and 6SCT titania catalyst is reflected
in the non-oxidative propane dehydrogenation activity. Based on the prior
discussion, the Ha-reduced 6SCT titania sample exhibited higher absorbance in
comparison with Hz-reduced ST titania. This indicates the relative ease of the
formation of oxygen vacancies over 6SCT in comparison with ST. Since the active
sites over titania are coordinatively unsaturated Ti*" cations with neighboring oxygen
vacancies, 6SCT titania exhibited a higher propane dehydrogenation activity in

comparison with ST titania.
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4.8  In-situ DRIFTS of Adsorbed Pyridine

In catalysis, the surface acidic properties of metal oxide largely depend on the
synthesis conditions and the post-treatment. The acidic sites are mainly Bronsted and
Lewis acid centers which are typically defined as proton donors (H") and electron-
pair acceptors respectively. Over metal oxides, the Bronsted acid centers could be -
OH functional groups or water molecules adsorbed on the surface. These groups
serve as the active centers for the adsorption of molecules via -H bonds. On the other
hand, Lewis acidic centers over metal oxides comprise coordinatively unsaturated
cations which can form coordination bonds with molecules having electron-dense

regions[137].

As discussed in section 2.6.1, the active centers for propane dehydrogenation over
bulk metal oxides are widely accepted as coordinatively unsaturated cations with
neighboring oxygen vacancies. In the case of titania, which possesses both Lewis
and Bronsted acidic characteristics[138], the active sites comprise fourfold-
coordinated titanium atoms with neighboring oxygen vacancies [98]. Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of adsorbed
pyridine (CsHsN) is an effective technique to distinguish between Bronsted and
Lewis acidic sites over titania [103,104]. Being a weak base, pyridine adsorbs on
Lewis acid sites by creating a coordination bond with coordinatively unsaturated Ti""
sites. On the other hand, pyridine adsorbs on Bronsted acidic sites by forming
Pyridinium ion (PyH"). The adsorption of pyridine over different acidic sites is

reflected on the IR spectrum[139].

In our case, Pyridine FTIR was carried out to determine the surface acidity of ST and
6SCT titania. Before the measurement, the sample was purged with Argon to ensure
the removal of physically adsorbed water or any other surface impurities. Hydrogen

pretreatment at 500°C was also carried out for the creation of coordinatively
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unsaturated sites with the removal of lattice oxygen. Thereafter, pyridine was
adsorbed at 50°C and the IR spectrum recorded at 50, 150, 250, 350, and 450°C is
given in Figure 4.12. The active modes observed in the spectrum correspond to the
ring vibrations of adsorbed pyridine. The band at 1443, 1489, 1574 and 1600cm™!

are associated with viob, Vioa, vsb and vsa ring vibrations of pyridine respectively

[140,141].

Table 4.3 Peak assignments for adsorbed pyridine

Ring Vibrations Peak positions Peak Assignment
19b 1443 H-bonded pyridine
19a Pyridine bonded to
1489 o
Lewis site
8b 1574 Chemisorbed Pyridine
8a Pyridine bonded to
1600

Lewis acid sites

For both samples(ST and 6SCT), the IR active modes reveal that pyridine is
chemisorbed, hydrogen-bonded, and adsorbed on Lewis acidic sites on the titania
surface. No vibrational bands associated with physisorbed pyridine and pyridine

bonded to Bronsted sites were detected for both samples.

The pyrdine-drifts results further confirms that the non-oxidative propane
dehydrogenation activity is associated with the Lewis sites (coordinatively
unsaturated Ti with neighboring oxygen vacancies). The higher activity performance
of 6SCT can be attributed to the higher concentration of Lewis acidic sites in

comparison with ST titania sample.
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Figure 4.12. Pyridine FTIR spectra for ST and 6SCT titania

81



4.9 Temperature Programmed Reduction(TPR)
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Figure 4.13. H2-TPR profiles of ST and 6SCT titania

The redox properties of synthesized titania samples were characterized by H>-TPR
(Figure 4.13) and CO-TPR (Figure 4.16). As depicted in Figure 4.13, both titania
samples possess weak H2 consumption around 600°C. This consumption is
associated with the interaction of H> with the lattice oxygen to yield water[ 142—144].
The H2 consumption and its associated water formation peak are plotted in Figure

4.14 and Figure 4.15 for 6SCT and ST titania samples respectively.
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Figure 4.14. H2 consumption and H20 formation profiles as a function of temperature

for the 6SCT sample
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Figure 4.15. H2 consumption and H20 formation profiles as a function of temperature

for ST sample
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Figure 4.16. CO-TPR profiles of ST and 6SCT titania

Redox properties of titania samples were also investigated by CO-TPR. When used
as a probe molecule, CO interacts with the lattice oxygen to yield CO.. As depicted
in Figure 4.16, two CO consumption signals are observed for the 6SCT sample which
indicates the interaction of CO with different types of lattice oxygen in the 6SCT
titania sample[145]. Another possibility of multiple CO consumption could be
associated with the interaction of CO with specific sites over 6SCT catalyst to yield
carbide and carbondioxide(2CO — C + COz). However, to verify this reasoning,
characterization of post CO-TPR sample with techniques such as TGA or TPO are
required. In comparison with 6SCT titania, the ST sample shows very low
consumption of CO which is identified by a weak CO: formation signal around
600°C with a shoulder around 500°C. The CO consumption and its associated CO2
formation peak are plotted in Figure 4.17 and Figure 4.18 for ST and 6SCT titania

samples respectively.
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Figure 4.17. CO consumption and CO: formation profiles as a function of

temperature for ST sample
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Figure 4.18. CO consumption and CO:2 formation profiles as a function of

temperature for the 6SCT sample
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4.10 Temperature Programmed Surface Reaction(TPSR)

Temperature programmed surface reaction (TPSR) was performed to investigate the
in-situ reduction of titania during non-oxidative propane dehydrogenation. Since the
sample was purged with Ar at 600°C, the contribution of physically or chemically

adsorbed oxygen and water species to the mass spectrometer signal during the in-

situ reduction is minimized.
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Figure 4.19. Profiles of CsHs(m/z: 43) and C3He (m/z: 42) during C3Hs-TPSR over
(a) ST and (b) 6SCT

The profiles of CsHs(m/z: 43) and C3He (m/z: 42) during C3Hs-TPSR are given in
Figure 4.19. The C-H activation temperature could be predicted from the temperature
where the C3Hs consumption begins. The C-H activation temperature over ST titania
is around 583°C which is 81°C higher than the 6SCT sample. The results are in
agreement with the high propane dehydrogenation activity observed over the 6SCT
sample in comparison with the ST titania sample. This indicates the influence of HCI
addition during the sol-gel synthesis of titania particles on the formation of oxygen

vacancies.
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4.11 Non-oxidative propane dehydrogenation activity

4.11.1 Finding the best performing titania catalyst for non-oxidative

propane dehydrogenation

The non-oxidative propane dehydrogenation activity over bulk metal oxides such as
zirconia and titania is widely accepted to be related to the concentration of
coordinatively unsaturated cations located near oxygen vacancies[23]. Based on this
literature fact, we aimed to synthesize non-noble and non-toxic titania with tunable
oxygen vacancies. The oxygen vacancies over titania were modified by varying the
volume of 1M HCl added during the sol-gel synthesis of titania particles. 5 different
titania samples were synthesized by the addition of 0, 2, 6, 8, and 10mL of 1M HCI
during the sol-gel synthesis. These titania samples were tested for non-oxidative
propane dehydrogenation activity. Propane conversion and propene selectivity
against time on stream at 550°C over these particles are given in Figure 4.20(a) and
Figure 4.20(b) respectively. It can be seen that all titania samples which were
synthesized by the addition of HCI during sol-gel synthesis exhibit higher propane

conversion and propene selectivity in comparison with ST titania.
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Figure 4.20. Non-oxidative propane dehydrogenation over different titania samples:
(a) Propane conversion, (b) Propene selectivity; Test conditions:
Temperature:550°C, Pressure:1bar, Catalyst mass: 150mg titania + 50mg Davisil

646 silica, 30sccm C3Hs:Ar=6.9:93.1
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Figure 4.21. C3Hs yield (%) as a function of HCI volume(mL) added during sol-gel
synthesis of TiO2 particles. Test conditions: Temperature:550°C, Pressure:1bar,

Catalyst mass: 150mg titania + 50mg Davisil 646 silica, 30sccm C3Hs:Ar=6.9:93.1

The effect of the addition of a different volume of HCI during the sol-gel synthesis
of titania towards propene yield in non-oxidative propane dehydrogenation can be
more clearly observed in Figure 4.21. It can be seen that the yield to propene passed
over a maximum over titania particles synthesized by the addition of 6mL of 1M
HCI during the sol-gel synthesis. The addition of lower or higher than 6mL of 1M
HCl poorly affects the yield of propene during non-oxidative propane

dehydrogenation.

Other products formed during the non-oxidative propane dehydrogenation activity
tests include methane, ethane and ethene as depicted in Figure B.5. However, the
selectivity towards these products is only 0.27, 0.61 and 0.62% for methane, ethane

and ethene respectively. In comparison, the selectivity towards propene is 99.3%
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which is significantly higher than other products. Thus, the synthesized catalyst is

highly selective towards propene.
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4.11.2 Effect of pretreatment conditions in non-oxidative propane

dehydrogenation activity over titania

The active sites for propane dehydrogenation are coordinatively unsaturated metal
cations located near oxygen vacancies. These sites are typically generated by pre-
reducing the catalyst under CO or H: environment at reaction temperatures. In
addition to CO or Hz reduction, these sites could also be generated in-situ during
propane dehydrogenation reaction. Based on these considerations, we aimed to
investigate the effect of different pre-reduction conditions on propane
dehydrogenation activity for best and worst-performing titania samples. In order to
do that, we conducted propane dehydrogenation activity tests over unreduced (no
pretreatment) catalysts and H2 or CO-reduced catalysts. The plots of propane
conversion and propene selectivity as a function of time on stream for the 6SCT and
ST titania sample are given in Figure 4.22 and Figure 4.23. For the 6SCT titania
sample, it was found that the propane conversion and propene selectivity were the
highest for the unreduced sample followed by H2 and CO reduced sample. This
finding is in contrast with the ST sample where the unreduced sample showed the
worst propane conversion and propene selectivity compared with H2 and CO reduced

titania samples.
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Figure 4.22. Propane conversion and propene selectivity as a function of time on
stream for 6SCT titania. Test conditions: Temperature:550°C, Pressure:lbar,

Catalyst mass: 200mg 6SCT titania, 30sccm C3Hs:Ar=7:93
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Figure 4.23. Propane conversion and propene selectivity as a function of time on
stream for ST titania. Test conditions: Temperature:550°C, Pressure:1bar, Catalyst

mass: 200mg ST titania, 30sccm C3Hs:Ar=7:93
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4.11.3 Effect of temperature on propane conversion and propene selectivity
during non-oxidative propane dehydrogenation activity

According to the discussion in section 2.2, non-oxidative propane dehydrogenation

is favored at high temperatures and low partial pressures of propane. The equilibrium

propane conversion tends to increase as the temperature increases. However, at

higher temperatures, the side reactions such as propane cracking and coke formation

are also favored. Based on these considerations, we aimed to test the non-oxidative

propane dehydrogenation activity at different temperatures.
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Figure 4.24. Propane conversion and propene selectivity as a function of time on
stream for ST titania. Test conditions: Temperature:550°C or 600°C, Pressure: 1bar,

Catalyst mass: 200mg ST titania, 30sccm C3Hs:Ar=7:93
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Figure 4.25. Propane conversion and propene selectivity as a function of time on
stream for 6SCT titania. Test conditions: Temperature:550°C or 600°C,
Pressure:1bar, Catalyst mass: 200mg 6SCT titania, 30sccm CsHs:Ar=7:93

Figure 4.24 and Figure 4.25 shows the conversion-selectivity plot as a function of
time on stream(TOS) for ST and 6SCT titania catalysts respectively. It can be seen
that both ST and 6SCT possess a high propane conversion and low propene
selectivity at high temperatures (600°C) in comparison with low temperatures
(550°C).

For our best-performing catalyst (6SCT), initial propane conversion increased from
about 2% at 550°C to nearly 6% at 600°C. With time on stream, propane conversion
was relatively stable at 550°C. However, at 600°C propane conversion decreased
sharply from 6% to nearly 2% in approximately 2h of time on stream. Hereafter,
propane conversion remained relatively stable with time on stream. On the other

hand, the propene selectivity for 6SCT decreased from 99% to about 97% at 550°C
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during 16h TOS. However, at 600°C the propene selectivity linearly decreased from
96% to about 83% during 16h TOS non-oxidative propane dehydrogenation activity.

For the ST titania sample, the initial propane conversion increased from 1% at 550°C
to about 2% at 600°C. Surprisingly for both temperatures, relatively stable propane
conversion was observed for 14h TOS. On the other hand, the propene selectivity
decreased linearly from 92% to about 85% after 14h time on stream at 600°C.
Surprisingly, the propene selectivity remained relatively stable at 550°C maintaining

about 98% propene selectivity for 14h TOS.

Regardless of the decreasing propane conversion and propene selectivity with time
on stream, we can see that the 6SCT titania sample exhibited nearly 3 times high
initial propane conversion in comparison with the ST sample at high temperature
(600°C). Also, the initial selectivity for propene is higher at high temperatures for
6SCT in comparison with ST. The results suggest that our synthesized 6SCT titania
sample is highly selective for non-oxidative propane dehydrogenation in comparison
with ST titania. This indicates that a high initial propane conversion and high

propene selectivity could be obtained over 6SCT titania.

96



4.11.4 Long-term non-oxidative propane dehydrogenation activity test for

the best performing catalyst

The relatively long-term non-oxidative propane dehydrogenation activity test was
performed over the best-performing titania catalyst (6SCT) to investigate its
industrial importance. It was aimed to see whether a high propene selectivity could

be maintained at relatively higher propane conversions.
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Figure 4.26. Propane conversion and propene selectivity as a function of time on
stream for 6SCT titania. Test conditions: Temperature:550°C, Pressure:lbar,

Catalyst mass: 1.8g 6SCT titania, 10sccm C3Hs:Ar=7:93

As can be seen from Figure 4.26, the propane conversion increased from about 13%
to about 15% in less than lh time on stream and was relatively stable for 8h.
Thereafter, the propane conversion gradually decreased to about 10% at the end of

24h propane dehydrogenation. On the other hand, selectivity to propene slightly
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increased at the beginning of the reaction which was relatively stable throughout the
activity period, reducing to only about 97.4% at the end of 24h propane

dehydrogenation activity.
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Figure 4.27. Propane conversion and propene selectivity as a function of time on
stream for 6SCT titania. Test conditions: Temperature:550°C, Pressure:l1bar,

Catalyst mass: 0.903g 6SCT titania, 30sccm C3Hs:Ar=7:93

Long-term non-oxidative propane dehydrogenation activity tests were also
performed for different WHSV. Two different non-oxidative propane
dehydrogenation activity tests were performed at 550°C using 30sccm and Sscem
7vol % propane in Ar feed. For both tests, approximately 0.903g 6SCT titania
catalyst was used.

It can be seen in Figure 4.27, that using 30sccm of 7vol% propane in Ar feed, an

initial propane conversion of about 8% is achieved which decreased rapidly to about
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4% in 5h time on stream. Hereafter, the propane conversion decreased relatively

slowly to about 2.3% after 24h time on stream.
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Figure 4.28. Propane conversion and propene selectivity as a function of time on
stream for 6SCT titania. Test conditions: Temperature:550°C, Pressure:l1bar,

Catalyst mass: 0.903g 6SCT titania, Ssccm C3Hs:Ar=7:93

Similar behavior is observed for non-oxidative propane dehydrogenation activity
over 0.903g 6SCT titania catalyst using Ssccm 7vol% propane in Ar feed. As
depicted in Figure 4.28, an initial propane conversion of about 25% is achieved with
96% propene selectivity. With 5h time on stream, propane conversion decreased
rapidly to about 9%. Hereafter, propane conversion decreased relatively slowly to
about 4% after 24h on stream. Surprisingly, during 24h time on stream, propene
selectivity decreased from 96% in the beginning to only about 94% after 24h time

on stream.
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These results demonstrate the industrial importance of our best-performing 6SCT
titania catalyst, indicating that a high propene selectivity could be maintained at

relatively higher propane conversion
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4.11.5 Effect of co-feeding H> and C3;Hs on non-oxidative propane

dehydrogenation activity

Based on the prior discussion, the non-oxidative propane dehydrogenation over
titania (6SCT) undergoes a quick deactivation at high initial conversion experiments.
This is mainly due to the coke deposition (propene intermediates) which covers the
titania surface and prevents the exposure of active sites for non-oxidative propane
dehydrogenation. Coke deposition could be minimized with Hz co-feeding. H2 can
react with propene intermediates to yield propane and thus the coke depostion could
be hindered [146]. Therefore, we aimed to co-feed hydrogen with propane during the
non-oxidative propane dehydrogenation to attain on-stream stability. Conversion-
selectivity plot with time on stream for 30sccm 7 vol% propane in Ar and 0.4sccm
H:2 and 30sccm 7 vol% propane in Ar is given in Figure 4.29. The results show that
co-feeding hydrogen negatively affects the conversion which decays relatively faster
in comparison with Hz-free propane feed. The results are contrary to the findings of
Otroshchenko et al. [146] where co-feeding hydrogen with propane improved the

on-stream stability by removing the coke species through their hydrogenation.

However, our finding is still rudimentary to conclude any effect of co-feeding
hydrogen on on-stream stability of propane dehydrogenation. For future
experiments, we aim to test different compositions of hydrogen to see their effect on

the long-term stability of non-oxidative propane dehydrogenation.
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Figure 4.29. Propane conversion and propene selectivity as a function of time on
stream for 6SCT titania. Test conditions: Temperature:550°C, Pressure:lbar,
Catalyst mass: 0.903g 6SCT titania, Feed 30sccm C3Hs:Ar=7:93 or 30sccm
C3Hs:Ar=7:93 + 0.4sccm Ha(pure)
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CHAPTER 5

CONCLUSIONS

In this study, we have demonstrated the use of titania as an active material for
propene production via non-oxidative propane dehydrogenation. Unlike
conventional non-oxidative propane dehydrogenation catalysts (Pt or Cr203), the
active sites over bulk titania comprises surface defects. Taking into consideration the
aforementioned fact, we postulated a novel sol-gel method of synthesizing non-toxic,
non-noble, and dopant-free titania with tunable oxygen vacancies (defects) for non-
oxidative propane dehydrogenation. The oxygen vacancies over titania were tuned
during the in-situ synthesis of titania by varying the volume (0,2,6,8 and 10mL) of
IM HCI. Synthesized catalysts were characterized by nitrogen physisorption, X-ray
diffraction (XRD), Raman spectroscopy, H2 or CO-TPR, UV-Visible spectroscopy,
Pyridine in-situ drift, X-ray photoelectron spectroscopy (XPS), Thermal Gravimetric
Analysis (TGA) and tested for non-oxidative propane dehydrogenation activity. The

findings are listed as follows:

e TGA results showed excellent thermal stability of synthesized titania
catalysts. No mass loss was observed above 500°C. This indicates that our
synthesized titania catalysts are thermally stable in the operating
conditions(500-700°C) of non-oxidative propane dehydrogenation.

e X-ray diffraction results revealed that all synthesized titania catalysts
calcined at 500°C for 1h under static air exhibited only patterns of pure
anatase titania. However, catalysts synthesized with the addition of a
different volume of 1M HCI display different crystallite sizes as determined
with the Scherrer equation.

e Raman spectroscopy revealed Eg(141cm™), Big(394cm™), Aig(514cm™) and
E¢(638cm™) modes for both ST and 6SCT titania samples. These modes are
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characteristics of the anatase phase of titania. However, the 6SCT sample
displayed a blue shift for Eg mode at 143cm™ in comparison with ST which
displayed Eg mode at 14lcm’™’. This shift can be attributed to the
incorporation of oxygen vacancies over 6SCT in comparison with ST titania.
N2 physisorption results revealed that all synthesized samples were
mesoporous with type IV IUPAC isotherm. BET surface area was found to
increase with the addition of 1M HCI up to 6mL. Thereafter, the addition of
HCl resulted in a decrease in BET surface area. Titania samples synthesized
with the addition of HCI during sol-gel synthesis displayed multi-modal
porous structure as evident from BJH pore size distribution and multiple
hysteresis steps in adsorption-desorption isotherm.

Scanning electron microscopy(SEM) analysis showed random morphology
of titania particles for all synthesized samples. Titania particles were
observed in agglomerated form with irregular morphology.

Electron dispersive X-ray(EDX) spectroscopy revealed the presence of Ti
and O atoms for all synthesized samples. This indicates that the propane
dehydrogenation activity is solely based on titania.

X-ray photoelectron spectroscopy (XPS) results displayed signals associated
with Ti 2pi, Ti2pse, Ols, and Cls for fresh ST, 6SCT, and post-activity
6SCT titania samples. No signals of ClI 2p were detected indicating the non-
oxidative propane dehydrogenation activity is solely based on titania. All
samples exhibited similar patterns of Ti 2p12 and Ti2ps/2 signals. However,
Ols spectra revealed on oxygen vacancy signal at 530.1eV binding energy
for fresh 6SCT sample in comparison with ST titania.

UV-Visible spectroscopy for fresh and H2 reduced ST and 6SCT titania
samples at 500°C revealed an increased absorbance and red-shift of
absorption edge for H2 reduced samples in comparison with fresh samples.
In-situ pyridine DRIFTS results for ST and 6SCT samples showed pyridine
adsorption bands at 1443, 1489, 1574, and 1600cm™. These signals are

associated with viob, V19a, v8b, and vsa ring vibrations of pyridine respectively.
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No signals associated with Bronsted acidic sites were detected for both
samples. However, the signals were relatively intense for 6SCT in
comparison with the ST titania sample.

Ha-Temperature programmed reduction (TPR) for ST and 6SCT titania
samples showed weak H2 consumption around 600°C for both samples. The
H> consumption signal was associated with the formation of water due to the
interaction of Hz with lattice oxygen.

CO-Temperature programmed reduction (TPR) displayed multiple CO
consumption signals for 6SCT whereas the ST sample exhibited only weak
CO consumption. The CO consumption was associated with the interaction
of CO with lattice oxygen. Multiple CO consumption for the 6SCT sample
indicated different types of lattice defects over the 6SCT titania sample.
Temperature programmed surface reaction (TPSR) of propane revealed that
propane could be activated at a lower temperature of 502°C over 6SCT in
comparison with ST titania where propane was activated at 583°C.
Non-oxidative propane dehydrogenation activity tests at 1bar and 550°C
revealed that:

o The addition of 6mL,1M HCI during the sol-gel synthesis of titania
resulted in the highest propane conversion and propene selectivity in
comparison with other volumes of 1M HCI(0,2,8 and 10mL).

o No pre-treatment of the 6SCT sample showed the highest initial
propane conversion and propene selectivity in comparison with CO
and H2 pre-reduction for 1h.

o For the ST sample, H2 or CO pre-treatment positively affected the
initial propane conversion and initial propene selectivity in
comparison with no pretreatment.

o Co-feeding H2 with a propane stream negatively affected the initial
propane conversion and propene selectivity in comparison with Ha-

free feed.
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o By varying weight hourly space velocity(WHSV), different initial
propane conversions could be achieved. Our results for the 6SCT
sample showed that an initial propane conversion of approximately
25% is achievable with high 96% propene selectivity.

e Non-oxidative propane dehydrogenation activity at 600°C displayed a three
times increase in the initial propane conversion over 6SCT titania in
comparison with non-oxidative propane dehydrogenation activity at 550°C.
For the ST sample, initial propane conversion nearly doubled at 600°C
compared with 550°C. However, with increasing operating temperature the

selectivity to propene was negatively affected for both samples.

All in all, our synthesized titania catalysts showed promising results for non-
oxidative propane dehydrogenation. Unlike conventional non-oxidative propane
dehydrogenation catalysts, our synthesized catalysts do not involve any expensive
and toxic materials such as Pt and Cr203 respectively. Since the active sites over
titania catalysts are surface defects, our synthesized catalysts are free from sintering
or loss of structure which is typically observed in conventional non-oxidative
propane dehydrogenation catalysts. Therefore, our study could be a breakthrough for
non-oxidative propane dehydrogenation and could mitigate the economical and
environmental challenges faced by commercial non-oxidative propane

dehydrogenation technologies.
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Appendix A

Crystallite size calculation

Herein, a sample calculation for determining the average crystallite size for the 6SCT

titania sample is given. XRD data for the 6SCT sample is given in Table A.1 below:

Table A.1 XRD data for 6SCT

26(°) FWHM(°) hkl
25.50 0.72 101
38.08 0.64 004
48.26 0.72 200
54.22 0.76 105
55.30 0.72 211

Crystallite size(d) was calculated for each plane(hkl) using Scherrer equation as

follows:

d= kA
~ PBCosb

where,
k: Shape factor constant(0.9 for spherical particles)
A: X-ray wavelength(0.15406nm for Cu- Ka irradiation source)

B: Full width at half maximum (FWHM)
0: Bragg angle

For plane 101, crystallite size can be calculated as:

d= kn 0.9 x 0.15406nm
"~ PBCos®  Radians(0.72°)Cos(Radians(25.5°/2))

= 11.3nm
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Similarly, the crystallite size for other planes(hkl) could be calculated to yield an

average crystallite size of 16.4nm.
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Appendix B

Effect of pretreatment conditions under different atmospheres for non-

oxidative propane dehydrogenation activity
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Figure B.1. Propane conversion and propene selectivity as a function of time on
stream for ST and 6SCT titania. Test conditions: Temperature:550°C, Pressure: 1bar,

Catalyst mass: 200mg, Feed flow rate: 30sccm C3Hs:Ar=7:93
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Figure B.2. Propane conversion and propene selectivity as a function of time on
stream for ST and 6SCT titania. Test conditions: Temperature:550°C, Pressure: 1bar,
Catalyst mass: 200mg, Pretreatment: 30sccm 10vol% CO in Ar for 1h, Feed flow
rate: 30sccm C3Hs:Ar=7:93
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Figure B.3. Propane conversion and propene selectivity as a function of time on
stream for ST and 6SCT titania. Test conditions: Temperature:550°C, Pressure: 1bar,
Catalyst mass: 200mg, Pretreatment: 30sccm 3vol% Hz in Ar for 1h, Feed flow rate:

30sccm C3Hg:Ar=7:93
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Figure B.4. Blank propane conversion and propene selectivity as a function of time
on stream. Test conditions: Temperature:550°C, Pressure: 1bar, Catalyst mass: blank,

Feed flow rate: 30sccm C3Hs:Ar=7:93
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Figure B.5. Selectivity(%) to CHs, C2Hes, C2H4 and C3sHe over 6SCT titania samples
during 12h non-oxidative propane dehydrogenation activity. Test conditions:
Temperature:550°C, Pressure:1bar, Catalyst mass: 150mg 6SCT titania + 50mg
Davisil 646 silica, 30sccm C3Hg:Ar=6.9:93.
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Appendix C

Response factor calculation

To determine the response factor for C3Hs, 30sccm of 7vol% C3Hs in Ar is fed to the
GC via bypass line(feed analysis). At least, 5 injections are given. Thereafter, FID

data is obtained.

The results from the feed analysis show a trace amount of ethane in the feed. Thus,
the ethane amount in the feed is subtracted and the calculation for conversion and

selectivity is solely based on ethane-free feed.

FID data comprises retention time and peak area for each component for every

injection. The amount of propane, nc,y, fed to the GC can be calculated as:

Nc,Hg = BPropane * peak area C.1

Where Bpropane 18 the response factor for propane.
The propane feed used in this study comprises 7vol% CsHs in Ar. Based on this

information, the response factor for the propane can be calculated as:

7
Average FID area of propane from feed analysis C.2

BPropane =

Once the response factor for propane is calculated, the response factor for other

hydrocarbons could be related according to the carbon number as:

BMethane = BPropane * 3

_ BMethane
BEthane - T
_ BMethane
BEthene - T

135



BYPropane - BPropene
Propane conversion and propene selectivity calculation

Once the response factors are determined according to the discussion in the above
section, the propane conversion and propene selectivity can be calculated as follows:

CLvixn) — (3 Xne,p,)

XC3H3(%) = 3 1Yi X N % 100% C3
1= 1 1
3 X Ne.Hy
SC H (%) Ak X 100%
e (Z}<=1Yi X ni) - (3 X rlc31-18) C4

Where, vi: number of carbon atoms in the hydrocarbon, i and ni

amount/concentration of hydrocarbon, i present in the effluent to the GC.
The amount/concentration of hydrocarbon, n; can be computed as:
n; = B; * peak area

Where, [B; is the response factor for hydrocarbon i.
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Appendix D

Nitrogen Physisorption results
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Figure D.6. N2 adsorption-desorption isotherm and BJH plot(inset) of 8SCT sample
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Figure D.7. N2 adsorption-desorption isotherm and BJH plot(inset) of 10SCT sample
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Differential Thermal Analysis (DTA)
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Figure D.8. Differential Thermal Analysis (DTA) plots for ST and 6SCT titania
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