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The oxidative dehydrogenation of propane was investigated using
potassium hexatitanate-based. catalysts, where Ti(lV) was substituted K, Tis Mg ;0,3 by
M = Mg(Il), Talll), Ni(Ih, AL, Cr(IIM, Mnlil), and Fe(lll). The catatysts will be prepared by
a traditional-solid state synthesis method, and were characterized by powder X-ray
diffraction (XRD), X-ray-fluorescence (XRF), Temperature-Pregrammed Reduction (Hz-
TPR) and Electron Spin Resonance (ESR):- The metals (M = Co(ll), Ni(i), AL, and Mn(lI1))
was successfully incerporated into the Ti sites of the hexatitanate structure. The metal
incorporated can. be dislodged from. the hexatitanate framewark, forming metallic
phase and oxygen vacancy (for metal substituted hexatitanate) upon H, reduction. The
reduced hexatitanate can be readily-reoxidized-and more reducible lattice oxygen was
generated, as compared to TiO, (P-25). The catalytic activity testing will be performed
in a fixed-bed flow reactor at 550 - 625 °C. A higher yield of light olefin containing
ethylene and propylene is observed for K;TisgNig 1013 upon H, reduction (400 °C) at
600 °C. K,Tis oNig 1013 provides the higher reducible lattice oxygen, while the dislodged
metals are partially oxidized to metal oxide and promote total oxidation to CO and
CO, as major products. Accordingly, ethylene and propylene can be predominated at
relatively low metal loading (1 wt.%), reaction temperature (600 °C), concentration of
O, gas in feed (20 %) and reduction temperature (400 °C). The reaction pathway

proceeds via C-H activation by reducible lattice oxygen, forming propyl radical



followed by oxidative dehydrogenation to propylene. The parallel reaction include the

cracking of propyl radical to methane and ethylene.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Nowadays, the demand for light olefins containing ethylene and propylene has
been increasing because it is the starting material for the production of polypropylene
for propylene and polyethylene for ethylene. The catalytic (nonoxidative)
dehydrogenation of propane is the most direct and selective route for production of
light olefins [1]. However, it isa highly endothermic_reaction requiring high reaction
temperature. Alternatively, the oxidative 'dehydrogenation (ODH) is exothermic,
converting propane to light-olefin at relatively low temperatures, Consequently, ODH
become more energy-economical.

The /production  of . light -olefins from ‘propane. over a.metal oxide catalyst
typically follows the Mars=van Krevelen redox cycle. First, propane is chemisorbed at
the metal site. As aresult of that, the C-H bond is activated by the lattice oxygen on
the surfaces of the catalyst [2]. Then, the hydrogen ‘of propane is abstracted by the
oxygen atorn; leaving H,Q. as the product bearing the oxygen vacancy site on the
surface [3]. Itds important-that such oxygen vacancy sites can be refilled by gaseous
O, (i.e., become reoxidized) by an-external oxygen source. Thus, the redox property of
metal oxide is a crucial factor determining the catalytic perforrnance [4].

Previous ‘report in our greup. has found-that several titanate-based oxides
including K,TigO,s cantbereduced readily, producing oxygen vacancy sites. Structurally,
the alkali hexatitanate structure is'made of a ribbon of three edge-shared TiOg (or MOg)
octahedra linked via the edges to form the tunnel, with the alkali cations (K*) located
inside [5]. It is postulated that the tunnel structure, with coordinatively unsaturated
sites (cus) of oxygen atoms, can easily promote the formation of the active oxygen
vacancy sites. So, we extend this previous finding further by studying the effect of the
type and amount of some metal cations [Mg(ll), Co(ll), Ni(ll), AW, Cr(l), Mn(Il), and
Fe(lll)] substituted for Ti(lV) in K,Ti¢O;3. The catalysts will be synthesized via a solid
state reaction and were characterized by XRD, XRF, H,-TPR and ESR. The valence of
the substituted metal (which is not equal to 4) [6] and a slight size (cationic radii)

mismatch might allow the production of a larger concentration of oxygen vacancy at



lower temperature. If so, the modified catalysts might potentially boost up the

selectivity and yield of light olefins.

1.2 Objectives
1.2.1 To obtain potassium hexatitanate-based catalysts (K;TizO13) where Ti(IV)
cations are partially substituted by Mg(ll), Co(l), Ni(ll), AL, Cr(ll), Mn(lll), and
Fe(lll) via a solid state reaction.
1.2.2. To understand structure-activity relationship of the potassium
hexatitanate-based catalysts for oxidative dehydrogenation.
1.2.3. To obtain optimum conditions for ODH.of propane to light olefins over

potassium hexatitanate-based catalysts.

1.3 Scope of the study

1.3.1. Catalyst preparation. (K,TigQ;3) by solid state synthesis, including the
partial substitution-of TitV) by’ Me(l, Colll), Nill); AL, Crtin, Malin, and Fell).
1.3.2. Characterization ‘of catalysts by powder X-ray powder diffraction (XRD),
X-Ray Fluorescence (XRF), Temperature-programmed reduction (TPR) by H, gas
and Electron' Spin Resonance (ESR).

1.3.3. Study on'the catalytic activity for the effect of the reaction temperature
and type of the metal substitution and ratio of the metal substituted into
hexatitanate:

1.3.4. Analysis and quantification-of gas products by onlinegas chromatography

with flame ionization detector (GC-FID).

1.4 Expected results

It is expected that the selective production of light olefins from propane at
relatively low reaction temperature over potassium hexatitanate-based catalyst will

be obtained. Moreover, the low coke formation leads to high process stability that can

be applicable for industrial scale.



CHAPTER 2
THEORY AND LITERATURE REVIEWS

2.1 Propane

Propane is a three-carbon alkane gas (CsHg) (Figure 2.1). Typically, raw natural
gas (which can be directly obtained from natural resources without going through any
process) consists of 90% of methane, 5% of propane and 5% of other gases [7].
Propane can be separated from raw natural gas at the processing plant of natural gas,
and is accounted for 55% of prepane. The remaining.45% of propane is separated from
petroleum by a typical processing plant called a refinery [8]. A major use of propane
is for liquefied petroleum-gas (LPG); Propane is a clean-burning, high-energy alternative
fuel that finds uses to power light-; medium- and heavy-duty propane vehicles [9]. The
chemical industry also uses propane ‘as a raw. material for making plastics and other

compounds [10].

PN

Figure 2.1 Molecular structure of propane.

Moreover;. propane is also used.by domestics, farms, business, and other
industries, mostly for heating. Propane appliances include ranges; ovens, space heaters,
furnaces, water heaters, clothes dryers, and air conditioners. Since propane is a very
low-pollution fuel, fork-lift trucks powered-by propane can operate safely inside

factories and warehouses [11].



2.2 Ethylene

Ethylene is one of the most important petrochemical intermediates and is a

s

Figure 2.2 Molecular structure of Ethylene.

feedstock for many products [12].

Global demand for ethylene is forecastte.grow faster than average world GDP
growth rates over the nextfive years. The most important regions in terms of growth
are India (about 119% average annual growth), the CIS and Baltic States (about 8%
average annual growth), the United States (about 5.8% average annual growth), China
(about 5.6% ‘average annual growth), and the Middle East (2.5% average annual
growth). These five regions account for 89% of the volume growth-between 2016 and
2021 [13]. Ethylene reacts by addition:-to many inexpensive reagents! such as water,
chlorine, hydrogen’ chloride, and. oxygen to produce valuable chemicals. It can be
initiated by free radicals or by coordination catalysts to produce; polyethylene, the
largest-volume- thermaoplastic. polymer [10]. Ethylene is ‘widely. used in making
containers, drums, pipes, and films. The burgeoning ‘packaging industry in various
developing and developed regions is expected to catalyze the market. There is a
growing worldwide demand-for. ethylene oxide derivatives such as ethylene glycols
and polyester fibers in the manufacturing of plastic products, particularly bottle [14].

Ethylene is the raw.material used,in the manufacture of polymers such as
polyethylene (PE), polyethyleneterephthalate(PET), polyvinyl chloride (PVC) and
polystyrene (PS) as well as fibres and other organic chemicals. These products are used
in a wide variety of industrial and consumer markets such as the packaging,
transportation, electrical/electronic, textile and construction industries as well as

consumer chemicals, coatings and adhesives [15].



2.3 Propylene

Propylene is second to ethylene as the largest-volume hydrocarbon
intermediate for the production of chemicals [10]. Propylene is manufactured by 3
processes including: (i) steam cracking of propane and butane (from natural gas and
oil), (ii) steam cracking of naphtha (from oil), and (iii) catalytic cracking of gas oil (from
oil) and propane [16]. Steam cracking accounts for 56% and catalytic cracking for 33%
of the global production of propylene. The rest of propylene is made from the
production of oil from coal and from the cracking of gas oil under vacuum. Increasingly,
propane is being catalytically cracked to form propene, using the same catalytic cracker
that is used to crack gas oil'[17]:

Propylene (often known as propene) (Figure 2.3) iswa very important building
block for a large number of chemicals. The dominant use. of propylene is
polypropylene’ (PP), which—accounts for nearly two-thirds of glebal propylene
consumption [18]._Propylene. is also used to produce acrytonitrile (ACN), propylene

oxide (PQ)[19], several alcohols, curmene and acrylic acid.

N

Figure 2.3 Molecular structure-of propylene.

Polypropylene (Figure 2.4 (a)) is-one of the most versatile polymers since it
possesses not. only geod. mechanical “but  also good -chemical properties.
Polypropylene is.used in‘a wide-range of .consumer and industrial products [20]. It is
manufactured by several high-volume forming: methods. In-the automotive sector,
polypropylene and its alloys have-become the-polymer of choice accounting for over
a third of plastics used in automobiles [21].

The second largest derivative, acrylonitrile (Figure 2.4 (b)) is used in a variety of
elastomeric polymers and fibre applications [22]. The largest outlet for acrylonitrile is
acrylic fibres, which are used in clothing, home furnishings, and bedding. Other uses
for acrylonitrile include nitrile rubber, acrylonitrile-butadiene-styrene (ABS)/styrene
acrylonitrile (SAN) resins, acrylamide and adiponitrile [23].

The next largest outlet for propylene is propylene oxide (Figure 2.4 (c)).
Propylene oxide is used to make polyether polyols, which are reacted with an

isocyanate to form polyurethanes. Polyurethane end uses include flexible foams for



the furniture and automotive industries, and rigid foams for appliance and building
insulation [24]. Propylene oxide is also used to make propylene glycol [25], which is
used in unsaturated polyester resins, antifreeze and aircraft de-icing fluids, and

propylene glycol ethers (for e.g., paints, coatings, inks, resins and cleaners) [26].

O

n 7N

(@ (b) (©)
Figure 2.4  Major use of propylene to form: (a) polypropylene (b) acrylonitrile and

(c) propylene oxide.

Propylene is-an important chemical intermediate -as-shown 'in the diagram
(Figure 2.5). As the industrial demand for propylene is increasing [27], the alternative

method of propylene production is being sought and is/ of great commerdial interest.
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Figure 2.5 Important chemicals based on propylene [10].

2.4 Oxidative dehydrogenation of propane
Traditionally, propane dehydrogenation is an endothermic process [28],
implying that high temperatures are needed to achieve a high yield of propylene (C3Hg)

at 1 atm. The propane dehydrogenation is shown in equation (2.1).

CgHg «—> C3H6 + HZ (21)



A major issue with propane dehydrogenation is the equilibrium limitation [29].
As a result, oxidative dehydrogenation (ODH) is utilized to overcome this problem.
Unlike the nonoxidative dehydrogenation of propane, oxidative dehydrogenation
where O, gas is co-fed into the system, equation (2.2) is exothermic and irreversible
[30]. Here, hydrogen atoms in propane are removed by O, gas in the form of water

which serves as a driving force for the reaction.
C3H8 + 0502 = C3H6 + Hzo (22)

Thermodynamic calculations associated. with the main oxidative and
nonoxidative dehydrogenation of propane reactions are reported in Table 2.1 [30].
Clearly, traditional{non-oxidative) dehydrogenation is endothermic, while the ODH of
propane is exothermic [31]. Additionally, the nonoxidative dehydrogenation of propane
reaction is feasible (i.e;; negative AG)enly at temperatures above 650 °C. On the other
hand, the oxidative dehydrogenation of propane reaction can be accomplished at all
temperature. (AG for oxidative dehydrogenation of propane is negative over the whole
range.). At -high, temperature, ~cracking side. reaction |cannot, be controlled that

hydrocarbon products can be cracked to methane and ethylene [32].

Table 2.1 Thermodynamic Calcutations As a Function of T(°C)
' A @melh MG mol
“ ons _\“ﬁ gg‘m 2" &E = ‘ﬁﬁ mol™)
C3Hg € CiHg +H; 124.87 129.3-0.14T
C'_:,Hg + 0502 —» C3H6 + HQ_O ‘11743 *1169'00867—

2.5 Mechanism of oxidative dehydrogenation of propane

The mechanism of ODH of propane is via the Mars-van Krevelen redox
mechanism [33]. Firstly, the lattice oxygen atoms abstract hydrogen atoms from C3Hg
in an irreversible C-H bond activation step. The reactive species, i.e., the weak
associative adsorption of propane on lattice oxygen (O%), was formed. Next, such
reactive species then loses its hydrogen atom to the neighbouring lattice oxygen
resulting in the adsorbed alkoxy species. Then, the desorption of propylene via hydride
elimination from the adsorbed alkoxide species. Meanwhile, the hydrogenated lattice

oxygen sites can be recombined, thereby regenerating the active sites. So, one can



envisage that the reducibility of the material will play some role in ODH. The reduced
metal center will be converted to the (oxidised) original center upon the uptake of

oxygen into the vacancy sites [34].

2.6 Titania (TiO,)
TiO, has three crystal phases: anatase (tetragonal), rutile (tetragonal) and
brookite (orthorhombic) (Figure 2.6). However, anatase and brookite phases may be

transformed to rutile phase with heat treatment [35].

Anatase (001) Brookite (110)

Figure 2.6 The crystal structure of anatase, rutile, and brookite phase TiO; [36]

The main use of titanium dioxide {TiQ,)-is as'a white powder pigment because
of its brightness and very high refractive index. One'of themajor advantages for
titanium dioxide is its resistance. to discolouration under ultraviolet (UV) light in
exposed applications [37,38]. It is used in products such as paints and coatings. In
particular, high performance grades of TiO, are finding a growing market in the
cosmetics sector and most toothpastes use TiO, [39].

The catalytic activity of TiO;, is dependent on the nature and the composition
of the surface defect sites. Formation of an oxygen vacancy and Ti** defects by the
treatment of TiO, with H, gas is as an example. Firstly, hydrogen gas was adsorbed on
the surface of TiO, at high temperature. Then, an electron from hydrogen atom was
transferred to the lattice oxygen of TiO,. Next, the lattice oxygen reacts with hydrogen

gas, forming water molecules. Water molecules desorbs form the surface, resulting in
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an oxygen vacancy site. Finally, the electron remaining there at the oxygen vacancy

site could transfer to an adjacent Ti*, thereby forming the Ti** defect [40].

2.7 Titanate-based materials

2.7.1 Potassium hexatitanate

The crystal structure and properties of potassium titanates, K,O*nTiO, (n = 2—
8) are dependent on the value of n. In the case of potassium titanates with a low
potassium content (n = 6, 8), they have a tunnel structure and exhibit good thermo-
insulation properties and good chemical stability [41]. Many methods have been
developed to synthesize potassium titanate fibres-and whiskers, including calcination,
slow-cooling calcipations, hydrothermal | reactions, flux. growth (melting), flux
evaporation and the combinative: route of flux evaporation and the slow-cooling
process [42]. /Among many methods of synthesis,the calcination method has
advantages in that it uses no flux; therefore, production costs could be reduced.

Potassium ~hexatitanate. (K, TizOys) is ‘a | relatively . cheap, fibrous material
possessing good-thermal durabitity, chemical resistivity and dispersibility [43]. It has
been found to be useful as a reinforcement material for plastic and ceramics, heat-
insulating paints and automotive brake linings [44]. The structure “of this material
consists of three TiO; octahedra forming the tunnels with sharing edges and joining
through the corners [45,46] as shown in (Figure 2.7). Because potassium ions in K;TigOq3
are enclosed by the tunnelling structure andisolated from the environment, potassium
ions cannot escape. from the tunnelling structure.in'the solution. This tunnel structure

has also attracted “additional: interest because of 'its possible application as a

photocatalytic material.

® K'lons

TiO, Octahedra

Figure 2.7 K,TigO45 structure [47]
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K,TisO13 can be easily synthesized by a traditional solid-state route taking
stoichiometric amounts of the grinded AR grade K,CO; and TiO, powders
(Purity~99.9%), under acetone and calcined at 1000 °C for 24 h followed by furnace

cooling [6].

2.7.2 Reducibility of Potassium hexatitanate

Recently, our group has reported that K;TisO;3 readily loses its lattice oxygen
as it gets reduced by H, [48]. Interestingly, the generation of the oxygen vacancy sites
in K;TigO43 is much more facile than other titanium-based oxides. It can be reoxidized
by air zero gas even at room temperature. Considering.the ODH mechanism mentioned
above, the oxygen-vacancy sites will be regenerated, readyfor the abstraction of
hydrogen atoms from propane to’ produce propylene. The substitution of Ti(IV) by
other metals M which-differs in-the valency (i.e., notequal to 4) could generate a
charge imbalance which acts-as a driving force for the elimination of oxygen atoms on
the surfaces. In addition, the substitution ‘of Ti(lV)-by other tetravalent cations (e.g.,
Sn(IV)) which-is different  cationic radius could generate a size mismatch. This size
difference ‘could in ‘turn drives the formation of oxygen vacancy sites. These two
approaches of substitution, of Ti(lV), however, have not-been conducted in K;TigOy3,

especially regarding their effect on the facile formation of oxygen vacancy sites.

2.8 Literature review

Mohd AsimSiddiqui et al. [49) compared the .synthesis of polycrystalline
potassium hexatitanate by a conventional solid state reaction vs sol-gel method. In
sol-gel process, K,TisO;3 was prepared-by-dissolving potassium acetate in distilled
water and ethanol. The solution was added dropwise into the flask containing titanium
isopropoxide. The mixture was heated under reflux at 70 °C for 72 h under constant
stirring. Then, the pH of solution was adjusted into a basic one using a small amount
of ammonium hydroxide. After heating, the solution was aged at 25 °C for 24 h until
the gel forms. The gel was heat-treated at 800 °C for 8 h. The sol-gel-prepared K;TigO13
was in the form of nanorods with the width less than 100 nm. The microrods sample
prepared by a conventional solid state synthesis was observed an average cross section

of approximately 1 um and the length of 5 um.
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Mohd Asim Siddiqui et al. [50] studied of potassium hexatitanate whiskers
synthesized by hydrothermal method. The conditions for synthesis are as follows: 10
wt.% concentration of KOH and K,O/TiO, molar ratio of 5. There are several factors
affecting the synthesis of high quality K;TisO13. Firstly for the effect of titanium source,
it was found that hydrated titania is more reactive with KOH, leading to a high
supersaturation and a high nucleation rate compared to anatase TiO, and rutile TiO,.
In contrast to anatase TiO, and rutile TiO;,, high quality K;TisO;5 whiskers were obtained
when hydrated titania were used. Additionally, annealing time also has some effect. It
was found that annealing time for 2 h resulted unshaped morphology. Particles with
more well-defined shape were observed at 5 h.increasing the annealing time up to 12
and 24 h resulted in whisker morphology. In conclusion, the following optimized
conditions were recommended: anatase as a titanium source; 10 wt.% KOH solution;
annealing temperature and time of 300 %C and 5 h.

In the work of Jine Li et al.-{51], K;TisO15 crystallites were prepared at relatively
low temperature via the reaction between low-melting-point. KNO5 and high-reactive-
activity P-25.TiO, in air at 700 °Cfor 10 h. This method was simple. The powders of 3
mmol KNOs and 8.64 mmol P-25 TiO, were mixed and ground in.mortar for 10 min,
then transferred to a-corundum crucible, The crucible was heated in.a Muffle furnace
at 700°C for 10 h,then cooled down to room temperature.

Liangiang Xu et al. [52] studied single-crystalline K;Ti¢Oy5_nanoribbons which
were prepared by-a molten salt synthesis-method. In-this methoad, 1 mmol of K,COs,
6 mmol of TiO, nanoparticles (purevanatase-phase), and . 10.0" g' KCl were ground
homogeneously in a-mertarfer 30 min. Then, the mixture was placed in an alumina
crucible and was annealed-at 850.°C for 3 h in a furnacebefore the natural cool down
to room temperature. The resulted products were washed several times with distilled
water to remove the residual KCl, and then dried at 100°C in an oven.

M.A. Chaar et al. [53] studied the selective oxidative dehydrogenation of
propane over V-Mg-O catalysts. The condition are allows: propane/oxygen ratio of 2 at
temperature 540 °C. Adding 24 and 40 wt.% vanadium into MgO gave a same activity
in this reaction. The results showed that vanadium-magnesium oxides is an active
and selective catalyst for the oxidative dehydrogenation of propane to propylene. At
10% of conversion, 65% of selectivity was obtained. However, the selectivity to

propylene decrease with increasing conversion of propane. It has been suggested that
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there was a breaking of a methylene C-H bond to form an adsorbed alkyl radical
species.

Xiao-Zhang Lin et al. [54] studied a novel and effective catalyst for the oxidative
dehydrogenation of propane, namely P-modified cobalt oxide. A series of nanosized
cobalt oxide catalysts modified with phosphorus has been synthesized by the sol-gel
method. Addition of phosphorus was done in the P/Co atomic ratio of 0, 0.05 and 0.1.
By doing so, the cystallite size of P-modified cobalt oxide was largely decreased.
Meanwhile, the highly dispersed P species in the catalyst acts as an agent for the
isolation of active sites. P-modified samples where shown to exhibit a higher propane
conversion and enhanced propylene selectivity-ecompared to pure cobalt oxide. This
finding can be explained considering that the P-modified samples had much smaller
crystallite sizes. The optimum P/Co atomic ratio-of 0.05 resulted in the maximum
propylene vields of 15.7% with a propane conversion of 28.3% at 520 °C.

B.Y. Jibril et al. [55] studied the oxidative dehydrogenation of propane over
chromium oxide-based catalysts. The effects of supports (¥ -Al,0s, TiO,, SIO,, and MgO)
was studied by impreghation with 10 wt.% Cr. The-difference in the type of supports
leads to different ability of a catalyst to donate oxygen and to desorb product, which

related to the-activity in this reaction. H,-TPR result showed that the peak of reduction
at lower temperature are in the order: TiO, > Y-Al,O; >Si0; > MgO.'On the 10 wt.%
chromium exide on alumina, the conversion of propane was 16.7%-and the selectivity
to C3Hg was 54.1% at 450 °C..In conclusion, the reaction follaws a different reaction
network depending.on the degree of conversion and/or the reaction temperature.
Moreover, rates of propane consumption and propylene preductions were found to

depend strongly on the oxygen-partial pressures.

J.B. Stelzer et al. [56] studied the oxidative dehydrogenation of propane on
TiO, supported antimony oxide/vanadia catalysts. The catalysts were prepared by
depositing antimony oxide particles of a few nanometers on top of the TiO, crystallites,
followed by the impregnation with different VO, precursors including VO{C,0,) + 2H;0
for VOqya, (CsHsNH)4H,V10055 = 4H,0 for VO, and NHgVO; for VO et After impregnation,
the catalysts were calcined in air or nitrogen at 500 °C. The catalytic activity testing
was performed at 500 °C under atmospheric pressure. Calcination in N, gave a high

conversion but low propene selectivity for 5 wt.% V. On the contrary, the sample with
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10 wt.% V has a higher propene selectivity compared to that calcined in air. Deposition
of SbO, on top of the TiO, supports enhance the conversion and propene yield,

resulting in the value of 25% and 11% respectively compared to that without SbO,~

modification.



EXPERIMENTAL DETAILS

3.1 Reagents

CHAPTER 3

Chemicals Grade of purity Manufacturers
1. Titanium dioxide (P-25) 2 99.5% Aerosil
2. Potassium nitrate 99.5% CARLO ERBA
4. Magnesium(ll) oxide (MgO) - Fluka
5. Cobalt(I1,lll) oxide (Co304) = SDFCL
6. Nickel(ll) oxide (NiO) 97% ACROS
9. Aluminum(lll) oxide (AL,O5) - J.T. Baker
10. Chromium(lll) oxide (Cr,O3) . CARLO ERBA
11. Manganese(lll) oxide (Mn,0s) 99% SIGMA-ALDRICH
12. Iron(Ill) oxide (Fe,0s) 99% SIGMA-ALDRICH
14. Nitrogen gas High purity (99.99%) PRAXAIR
15. Hydrogen gas High purity (99.99%) PRAXAIR
16. Air zero gas High purity (99.999%) PRAXAIR

99.5% LINDE

17. Propane gas

3.2 Apparatus

1. Laboratory glassware and plastic ware

. Quartz tube (OD 8mm) and quartz-bead

. Quartz wool

. Sieve

. Mortar and pestle

. Digital weighing balance (Sartorius)

2
3
4
5. Alumina crucible
6
1
8. Oven (Memmert)
9

. Muffle furnace (WiseTherm)

10. Mass flow controller (Brooks)

11. Mass flow controller (AALBORG)

12. Catalytic testing rig



16

13. Heating tape
14. Gas Chromatography (Agilent 6890) with Flame lonization Detector (GC-FID)

15. Temperature programmed reduction (H,-TPR) system

16. Gas adsorption analyzer (Autosorb-1C, Quantachrome)

17. X-ray powder diffractometer (Rigaku, DMAX 2200/Ultima+, Faculty of
Science, Chulalongkorn University)

19. X-ray powder diffractometer (Rigaku, DMAX 2200/Ultima+, Scientific and
Technological Research Equipment Centre, Chulalongkorn University)

20. Electron Spin Resonance (ESR) (Department of Chemistry, Faculty of

Science, Mahidol University)

3.3 Experimental procedure

3.3.1 Catalyst preparation

3.3.1.1 K;TigO13

2KNOsz + 6TiO, ——» K, TigO13

The starting materials were titanium dioxide (P-25) nanocrystals-and analytically
pure KNOs powder [51]. A stoichiometric amount of KNO5-and P-25-was mixed and
ground by a mortar.and pestle, then transferred to an alumina crucible and heated in
a muffle furnace at 700-°Cwith heating rate 10 °C/min for 10 h, then-cooled naturally
to ambient termperature. KNO; was dried in an oven at 70 °C overnight prior to use.

Other chemicals were used as received.

3.3.1.2 K,Tig.nM,045 (n=/0.05, 0.1, 0.2 and 0.5; M =Mg, Co, Ni, Al, Cr, Mn and
Fe)
2KNO; + (6-n)TiO, + (/xM,0, — K;Tig.\MO13
The synthesis was similarly performed as described above, with the addition of

MO (M = Fe, Mg, Ni), M,O5 (M = AL, Cr, Mn), M504 (M = Co).
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3.3.2 Catalyst characterization
3.3.2.1 Structural analysis by powder X-ray Diffraction (XRD)
The crystalline phase of the prepared materials can be identified using XRD

measurement. The sample was ground before it was packed on the sample holder.

Analysis was done employing Bruker diffractometer (Cu K o radiation, 40kV, 30mA),

covering the range 20 = 5-65° and scanning rate 3 degree/min.

3.3.2.3 Determination of elemental composition analysis of the catalysts
by X-ray Fluorescence (XRF)

X-ray fluorescence.is a surface composition.determination that is results from
bombarding the sample with high-energy X-rays to releases-characteristic secondary X-
ray. This technigue can be-performed according to the procedure: the 0.5 g of catalyst
sample and 4.5 ¢ of boric acid were mixed and,grinded together and compressed into

alumina pan before~bring into ‘the X-ray flucrescence ~sample holder in X-ray

fluorescence instrument.

3.3,2.3 Determination of reducibility of the catalysts by Temperature
Programmed Reduction (TPR)

The sample weighed 0.3 ¢ was placed into a quartz tube reactor. It was heated
to 700 °C in aif.zero (30-mlL/min) for 2 h at the heating rate 10 °C/min, followed by a
cooling down to below 35 °C. Then, the sample was heated with a heating rate of 10
°C/min from 50 to 700 °C under 20 ml{/min of 10% H,/Ar, so as to generate the oxygen
vacancy. The reducibility of a catalyst is expressed-as pmolH,/g of a catalyst. The
conversion of peak area to wmol-ef H; was done using.aknown amount of CuQ, which

will be reduced completely and stoichiometrically in Cu and H,O.

3.3.2.4 Determination of specific Surface area by nitrogen adsorption

Surface area of the catalysts can be determined by a gas adsorption analyzer
(Autosorb-1C, Quantachrome). Approximately 0.06 - 0.1 g of the sample was loaded
into the cell, which is attached to the outgassing station equipped with a heating
mantle. The temperature was raised to 350 °C during outgassing process. After that,
nitrogen gas was introduced to the sample cell where the adsorption can be

measured at the range of the partial pressure (P/Py) from 10 to 1.0. The adsorption
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isotherm and the corresponding surface area was analyzed using BET equation as

shown in Equation 3.1.

1 c-1fp 1
S E——.—— LA Equation 3.1
L Kpy/pHl U \py V¢

where p and p, are the equilibrium and the saturation pressure of adsorbent at the
temperature of adsorption, v is the adsorbed gas quantity (for example, in volume
units), v, is the monolayer adsorbed gas quantity, and C is the BET constant. The
concept of the theory is an-extension of the langmuir theory, which is a theory for
monolayer molecular ~adsorption - to ' multilayer adsorption with the following
hypotheses: (a) gas'molecules physically adsorb on-asolid in layers.infinitely; (b) there
is no interaction between each adsorption layer; and (c) the Langmuir theory can be

applied to each layer.

3.3.2.5' Determination of an unpaired electron by Electron Spin
Resonance (ESR)

Electron Spin Resonance (ESR), referred to as Electron Paramagnetic Resonance
(EPR). This technique was. study paramagnetic of heterogeneous catalysts [57]. ESR
spectra were recorded on Bruker Elexys.500 using frequency 9.84/GHz, Power 0.63 mW
and modulation amplitude 2 G. The DDPH (2,2-Diphenyl-1-Picrythydrazyl) is a standard

of the position and intensity of electron spin resonance signals.

3.3.3 Catalytic activity testing

The catalytic propane ODH reaction was carried out using a fixed bed flow
reactor operating at atmospheric pressure. The catalyst was pressed, crushed, and
sieved into particle size of 600-850 um. After that, it was packed into a quartz tube
reactor and covered by quartz bead and quartz wool as the support. This tube was
then loaded at the center of a vertical tube furnace. Nitrogen was used as carrier gas
throughout. Before activity testing, the catalyst was activated by heating from room
temperature to 600 °C with heating rate 10 °C/min, held at 600 °C for 2 hours under
air zero (30 mL/min), then cooled down to room temperature under nitrogen (30

mL/min). The flow rate of the gases was controlled by a mass flow controller and
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checked by a bubble flow meter. Next, following TPR results, the catalyst was reduced
by heating from room temperature to the chosen reduction temperature (10 °C/min,
held at the final temperature for 2 hours) under 99.99% H, (60 mL/min). The catalyst
after being activated and reduced, was heated from room temperature to the reaction
temperature (600 °C). Then, the gases containing 99.95% propane with flow rate 10
mL/min, air zero at 10 mL/min and nitrogen (as a carrier gas) at 40 mL/min were
separately fed into the reactor. The catalytic testing was conducted for a total time on
stream (TOS) of 5 hours and gas products were analyzed and quantified by online gas
chromatography with flame ionization detector (GC-FID). Schematic of the catalytic

activity testing is shown in Figure-3:1.
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Figure 3.1 Catalytic activity testing rig

3.3.4 Analysis of products

The products were analyzed using an online gas chromatograph (HP 6890)
equipped with a flame ionized detector (GC-FID). The products were collected in gas
sampling loop. They were periodically injected into a GC column with a gas sampling
loop and also with nitrogen as a carrier gas at every 30 minute. Conditions of the GC-
FID used for products analysis are as follows: initial temperature at 80 °C, hold 3
minute, then ramping 10 °C/min to 150 °C followed by another hold for 10 minutes,
with a total analytical time of 20 minutes. The temperature at the injector and FID

detector was set at 100 and 250 °C, respectively. The gas products were recorded into
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a chromatogram. The peak area of each product was measured and quantified using
peak areas of the standard. A representative chromatogram, including the retention

time and the identity of the product, can be found in Appendix B.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Catalyst Characterization

4.1.1 Pristine and metal-substituted hexatitanates

The XRD pattern of K,TisO;3 prepared by solid-state method is shown in Figure
4.1, with the hkl indexes shown on top of each peak. The hkl indexes are taken from
the reports in the literature, and the similarity between current and reported XRD
patterns [49] suggest the suceessful-synthesis.of K5TigO;3. The background found here
was similarly observed~in [51], which is ascribed to.the use of relatively low
temperature (700 °C) in the synthesis, and from the use of small crystallite size TiO,
(P-25) as the starting material. The peak with the highest intensityiis.at 20 = 11.46° (d
= 0.6710 nm) corresponding the 200 reflection which is the repeating distance along

the tunnel of K;TisO;5 with.a monoclinic unit cell (Figure 2.6).

(200)
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Intensity (a.u.)

20

Figure 4.1 The XRD pattern of K;TizO;s.

The XRD patterns of K,Tisg,MO13 (x = 0.1) where the Ti(IV) atoms were partially
substituted by divalent and trivalent cations (M = Mg(Il), Coll), Ni(Il), A1), Cr(lit), Mn(llD,
and Fe(lll)) are illustrated in Figure 4.2. The pattern of K;TisOy3 is also shown for
comparison. In all cases, the XRD patterns of K,TisIM.O;3 are similar to that of the
parent K,TisOq3. So, the crystal structure of these products should be similar to that of
K,TigO13. It can be assumed that the metal cation M is statistically substituted for Ti at

the nominal ratio of Ti/M = (6-x)/x = 5.9/0.1 = 59. K;TisoMgp 1043, KoTisoCrp1015 and
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K, TisoFeq1043 show additional peaks of impurity phase including MgO (26 = 38.3° [58]),
CrO; (260 = 19.7° [59)), Cr,05 (260 = 33.8° [60]) and Fe,O; (26 = 35.8° [61]), respectively.
So, the actual content of Mg, Cr and Fe incorporated into the K;TigO;3 framework
should be lower than the nominal value. Nevertheless, the lack of extra peaks in other
compositions studied suggests that K,TisoMy1015 catalysts are free from crystalline

impurity, or the amount of the impurity phase is lower than the detection limit.
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Figure 4.2 The XRD patterns of K,TisOs (@), KiTisgMgg 105 (b), KyTisgCop 1043 (),
K TisgNig 1015 (d), KpTisgAly 1013 (€), KpTisoCro1015 (), KoTisgMng ;043 (g) and
K, Tis oFeg10135 (h). All pattemns were normalized by a factor shown on the

left such that the intensity of the first peak appears of the same height.
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The d-spacing of the 200 peak for several compositions of the K;TissMg 1013 is
selected for further comparison, since this peak has the strongest intensity. Comparing
to the parent one (Figure 4.3), the positions of the d(200) peak have shifted to lower
26, indicating the expansion along the inter-tunnel direction. A close up of the 200-
peak is shown in Figure 4.3. Since the metals M substituted for Ti(IV) possess larger
cationic radii, the expansion of the spacing is understandable and indeed expected.
The shift of the 200 plane to the higher angular side in the sample substituted with
Al(IIl) is not uncommon, since Al(lll) is smaller than Ti(IV); such a shift nicely indicates

the shrinking of the spacing as anticipated.

Intensity (a.u.)

10 10.5 11 1.5 12 12.5
26

Figure 4.3 The zoomed=in, nermalized XRD-pattern of the K;TisoMo 105 catalysts
at the d(200) position.

The d-spacing of the 200 peak (the calculation shown in Appendix A) is plotted
against the cationic radius of each M with the coordination number of 6 [62] as shown
in Figure 4.4. The reasonably linear correlation can be observed, further confirming the
successful incorporation of M into the Ti sites of the hexatitanate structure. It is noted
that the extra framework metal oxide which forms another phase out of the
hexatitanate framework was present in K;TisoMgp 1013, Ky TisoCro 1013, K;TisgFe1013 as

evidenced by XRD (Figure 4.2).
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Figure 4.4 d-spacing (200) vs the ionic radius (A°) of the metal in K;Tis oMg 1013

The reducibility of all hexatitanate samples was investigated by H,-temperature
programmed reduction (Hs;-TPR).- The respective metal oxide precursors have been
similarly investigated to aid in the assignment of reduction peaks. Figure 4.5 compares
the H,-TPR profiles of K;TigOy; (@), and TiO, (P-25)-(a’). The parent K;Ti¢Q3 shows the
reduction of Ti** to Ti** around 670-700 °C while TiO, (P-25) shows the similar reduction
around 500-600 °C.
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Figure 4.5 H,-TPR profiles of K;TisOs3 (a), and TiO, (P-25) (a).
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The K,TisOy3 structure, containing negatively charged TigO;5” framework, would
possess relatively high electron density and hence its reduction would be more
difficult, as compared to TiO, (P-25). In addition, the K;TisO13 shows a higher Hj-
consumption, as compared to TiO, (P-25), which indicates that a larger number of

oxygen vacancies are generated. This is because the tunnel structure of K;TigO;3 is
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arranged by sharing the corner lattice oxygen of a ribbon with another one (three TiOg
octahedra forming a ribbon) as shown in Figure 2.6. Accordingly, relatively higher
number of exposed lattice oxygens can be expected for K;Ti¢O13, as compared to the
defect surface of TiO, (P-25). The oxygen vacancy of K;TigO;3 was generated upon H,

reduction, as shown in Scheme 4.1.

T O Ti OTi O Ti H, Tl e Ti

50 - 700 °C
(a) (1 TPR cycle) (b)

Scheme 4.1

The H,-TPR profiles of the samples where Ti in the framework was substituted
by non-reducible metals (M =‘Mg, Al) are compared in_Figure 4.6. The H,-TPR profile
of K,TiseMgg10;3 shows a higher Hy-consumption in'both cyctes, as .compared to the
parent K,TigO;3-as shown in Table4.1. So, the higher oxygen vacancy generated when
Mg was substituted in Ti framework suggests that the hexatitanate is relatively less
stable (more reactive) when Me. is present. Since Ti(lV) was partially substituted by
Mg(ll), the resulting material becomes deficient in the positive charges. This lack of
positive charges (i.e., the surplus of negative charges) could be the. driving force for
liberating lattice oxyeen as anticipated. So, the higher Hy-consumption was observed
in K,Tis Mgy 1043 Compared, to-the pristine K;TigQ:3. While substituting Al(ll) for Ti(IV)
has no critical \effect on'.the reducibility;-presumably due- to  higher stability of

KzTis_gAlo_low, as Compared to KgTiéO]g.
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Figure 4.6 H,-TPR profiles of K;TisgMgy1013 (@), and K TisgAlg 1043 (b).

Table 4.1 Hy-consumption and metal loading (wt.%) of the K;TisoM,Oy5 catalysts
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H,-consumption (umol/g)  Metal loading (wt.%)

Catalysts
Metal TiO, Metal

KeTigO13 = 36 =
Ko Tis 9M8g,1013 i 62 -
K Tis ALy 1013 - 35 -
KaTis59Crp1043 216 10 0.37
KaTi59C00.1013 7 45 0.04
KaTisoNio.1O13 88 163 0.52
KeTisoFeq 1013 89 a2 0.50
K2TisgMng ;O3 89 ZT 0.49

The H,-TPR profites-of K;TisoMy ;013 with reducibte metals.(Ni, Mn, Fe, Cr and
Co) are compared in Figure 4.7, Since these substituted metals are reducible, all of the
H,-TPR profiles show-additional reduction peak(s) at lower-temperature, ascribed to
the reduction of M'substituted in framewaork. The reduction temperature of substituted
M species is typically higher than that of the corresponding bulk metal oxides, i.e., the
reduction has become more difficult. This result-can be similarly explained by the
relatively high electron density of the metal as a result of the negatively-charged
framework compared to the bulk metal oxides, as discussed previously. However, the
reduction peak(s) at the temperature similar to-bulk metal oxides can be observed
after peak deconvolution, as shown in-Appendix A indicating the reduction of trace
metal oxide present in the sample-as impured-extra framework phase. While M = Co
in hexatitanate framework ‘cannot be reduced, only the reduction peak of extra

framework cobalt oxide can-be observed (Figure 4.7 (a)).
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Figure 4.7 Hz-TPR proﬁles of K2T|'5_9Coo_1013 (a), CO30q (aj), KZTislgcro_jolg (b), and
CI’QO3 (b,), KzTi5_gNi0'1013 (C), NiO (C,), KZT-I5_9FEE0'1013 (d), FEQOg (d’),
KzTi_:,_gMno»lOB (E), and Mn203 ().

The relatively large Hy-consumption for K;TisgCrg1O15 at low temperature can
be explained by the reduction of impure phase of bulk chromium(Vl) oxide to
chromium(lll) oxide [63]. (Recall from XRD results that not all Cr could be substituted
for Ti at &£ 0.1.).

For M= Co, the H,-consumption (at the metal)-is lower-than the other
K, Tis oMo 1013 samples. This finding suggests that only a trace of cobalt oxide as impurity
phase can be reduced, On the other hand, a relatively high fraction of Ni, Fe, and Mn
can be reduced ‘and dislodged from the framework as. shown by their relatively high
H,-consumption, at the low temperature (300 -500,°C) in Table.4.1. Accordingly, the
reduction peak observed at 300 — 500 °C is. attributed to those substituted framework

and also of extra framework trace metal oxide, as shown in Scheme 4.2.

Ti O Tl O M O Mrjmblsues={T| T olL_Jo M
50 - 700 °C
(a) (b)

Scheme 4.2
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In addition to the reduction of M, the hexatitanate framework could also be
reduced, i.e., lattice oxygen could be removed. This event typically occurred at
relatively high temperature, as demonstrated for K,TigO;3 in Figure 4.5(a). As M was
dislodged from the framework as metallic phase during the TPR cycle (Scheme 4.2 (a)
to (b)), the higher fraction of oxygen vacancy is generated. Especially, K;TisgNig10i3
gave higher H,-consumption for Ti reduction, shown as the reduction peak at higher
temperatures. For example, 36 pmol Hy/g were consumed to generate the oxygen
vacancy in K;TigOy3 in the first TPR cycle. The corresponding number for K;TisgNig 1013
is as large as 163 pmol Hy/g. It can be seen that the Ti in framework of K;TisgNig1013
can be easily reduced, as compared to the other reducible metal incorporated. So,
one can deduce that the resulting hexatitanate structure-(deped with Ni) is relatively

unstable and could be very reactive.

4.1.2 Effect of Ni loading

The XRD patterns -of K, Tig,Ni;Oy5 with- different amounts of Ni(ll) partially
substituted ~ for Ti(V), including . K;TisesNipesOis (Ni0.05), 1K, TisoNig 1015 (Ni0.1),
K, Tis sNip 2053 (Ni0.2) ‘and K, Tis sNig O3 {NiQ.5) are. shown in Figure 4.8. The general
patterns for x.= 0.05-and 0:1 are similar to that of parent-K,TisO;5. ‘Meanwhile, the

samples with-x =.0.2 and 0.5 show additional peaks of impurity.phase NiO at 37° and

63° [64].
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Figure 4.8 The XRD pattems Of KzTiéolg (a), KzTi5_95Ni0.050]3 (b), KzTif,.gNiQ‘}OB (C),
K, TisaNig2015 (d) and K Tis sNigsO;3 (e)- All patterns-were normalized by a
factor shown on the left such that the intensity of the first peak appears

of the same height.

The d(200) positions of Ni substituted hexatitanate samples have shifted to
lower 26 as compared tothe parent one (Figure 4.9). The d=spacing along the tunnel
continuously. expanded with Ni'content up to x =0.1 as seen from Figure 4.10. This is
because the cationic. radius-of Nill) is larger than that of Ti(IV): This result strongly
confirm the successful synthesis of the Nissubstituted K;Tig,NisOy3 where Ni forms the
solid solution with Ti. Beyond 'that, the excess Ni-cannot be substituted into the
hexatitanate structure, but instead formed NiO aggregate, as evidenced by XRD (Figure

4.8).
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Figure 4.10  d-spacing (200) vs values of x (in the formula K;Tig,Ni,O3) in Ni-

substituted potassium hexatitanate samples.



32

The elemental analysis of these KT, Ni,O;5 catalysts were determined by XRF.
The results are shown in Table 4.2. The elemental analysis of K, Ti and Ni content is
in reasonable agreement with the theoretical values (Appendix A) calculated from the
ideal composition. The exception is for Ni0.2, where the Ni content (1.3 wt.%) is lower

than the expected loading (2.0 wt.%).

Table 4.2 Elemental analysis of the Ni loading catalysts

Elemental composition Theoretical composition
Catalysts (wt.%) by XRF (wt.%)

K T: Ni K Ti Ni

Ko TigO43 (Ni0.0) 11.6 51.6 - 13.63 49.27 -
K Tis 95Nig 05013/ (Ni0.05) 142 48.4 0.5 13.62 49.22 0.51
Ko Tis oNig.1Oyq3 (Ni0.1) 13.6 48.2 1.0 13.61 49.18 1.02
Ko Tis gNig 2013 (Ni0.2) 14.3 474 N 13.58 49.08 2.04
Ky Tis sNig sDya.(NiO:5) 1473 44.8 B 13.81 43.81 5.07

The H,-TPR prafiles of K, Tis gsNip 05013 (a), Ko Tis oNig 1O13 (b), K, Tis gNig 2015 (c), and
K, Tis sNigsO13.(d) are shown in Figure 4.11.

The Hp-consumption from Ni species (i.e., the reduction at low temperature
280-300 °C) is increased with-amount of substituted Ni-as shown in Table 4.3. This
result sugeests: that- higher Ni content can be dislodged ‘from ‘the hexatitanate
framework as the Niloading is increased, since the Ni-substituted hexatitanate structure
has become progressively. more active. Moreover, Ti in-the framework can be easily
reduced starting from 400 °C as-the Ni content.is-increased, as seen from the higher
H,-consumption at the high temperature peak in Table 4.3 and Figure 4.12. Higher

amount of Ni can be dislodged from Ni0.5 as extra framework NiO phase, as evidenced

by XRD (Figure 4.8).
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(b),

Table 4.3 Hy-consumption and- Ni loading (wt.9%) of the K;TisNi,Oy5 catalysts. The

values for'x =0 are also shown for. comparison

H,-consumption (umol/g)

Ni loading (wt.%)

Catalysts
Ni TiO, Ni
Ni0.0 - 36 -
Ni0.05 51 13 0.30
Ni0.1 88 163 052
Ni0.2 139 163 0.82
Ni0.5 520 386 3.05
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Figure 4.12 H,-consumption for reduction/dislodgement of in Ni-substituted
potassium hexatitanate vs Ni-wt.% in-Ni-substituted potassium

hexatitanate samples.

In line with TPR results, the presence of oxygen vacancy after reduction was
supported-by ESR that is sensitive to'the presence of an unpaired-electron in the
catalysts [65]. It can be seen in Figure 4.13 that both non-reduced K,TiO;3 and
K,TisoNip 1915 (dash line) showed a single broad peak barely above the background.
This result suggests a very small amount of paramagnetic species in'these two samples
prior to the reduction. However, upon reduction, the signal (full line) was enhanced
by a factor of ~10% over reduced K;TigO1s, and of ~10° for K;TisgNig;O13. This result
provides an evidence. for Ti** \where oxygen vacancy.cam be generated after the
reduction, as suggested earlier.by Ha-TPR.-Particularly for Ni containing-sample, the
higher amount of oxygen vacancy sites were generated due to Ni dislodgement from
K,TisoNig;O3 surface which in turn leaving the empty sites at the framework.
Accordingly, a significantly large signal of unpaired electron resonance was observed
for K,TisgNig ;1013 after reduction. Unfortunately, the broadness of the spectra did not

allow us to extract a reliable g-factor, otherwise this will be helpful for identification

of the ESR-active species.
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Figure 4.13  Ex-situ ESR spectra of K,TisO13 as made (a) and after the reduction at
700 °C (a’); and of K,TisoNip 1043 as made (b), and after the reduction at
400 °CAb”).
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4.2 Oxidative dehydrogenation of propane

4.2.1 Comparison with common metal oxides

The activities of selected common metal oxides in the oxidative
dehydrogenation of propane are summarized in Table 4.4. TiO; and NiO were selected

for comparison with layer titanate catalysts. CeO, is well known to form oxygen

vacancy so its catalytic activity was compared as well.

Table 4.4 Oxidative dehydrogenation of propane over K;TisO;s, and typical metal

oxides catalysts

. Yield (%) ®a
) o é‘i Y g
i > o ) J] o
> E /L S o\ L0 5 S o S
I — & @ c ] 20 c = % O =
© m 0 5] 2 > X a J N g O
o W é Q i + o) g o O a g
S = ] . 3 L I,
9]
P-25 50 @85 0.2 0.01,./060 1.6 -0.01.-000,000 _6.1 0.4
CeQ, [ | 139 ~1097770.81 \0:0%/ LI, 187 ~0,01770.00 000 & 747 0.4
NiO 18 11705 002 <07 2.0 00.00-0.01- 000 .85 0.3
KoTigOy3 | 28 130 #|05 = 0.83:5:34-5:25 > 0.03 £0:] 3 0.01 *~ 64 0.9

The data is callected at initial time on stream of 0.5 h,

@ vield of ethylene+propylene/CO and CO,
(Reaction condition: Tyeaee = 600 °C, Toy = 700 °C, F = 10:10:40 mL/min (CsHgAirN2), W/F = 23

g-h/mol, atmospheric pressure)

The non-substituted K,TisO;5 catalyst gave relatively high activity and yields of
ethylene and propylene as compared to the other metal oxides (TiO,, CeO, and NiO).
This performance is rather impressive considering that its surface area of is 2-7 times
lower than TiO, (P-25) and CeQ,, and is similar to NiO. It is suggested that the C-H
activation of propane can be readily promoted by reducible lattice oxygen of the
hexatitanate [66]. This active site was generated upon reduction of the catalyst. H,-TPR
results in Figure 4.5 indeed indicate that the content of oxygen vacancy in potassium
hexatitanate is higher than that in TiO, (P-25). This is because the hexatitanate structure
contains three TiOg octahedra forming the ribbon; the ribbons in turn share the corners

with another ribbon and form the tunnel as shown in Figure 2.6. O atoms in the
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hexatitanate structure are therefore coordinatively unsaturated (cus), compared to
those of TiO4 units in anatase (or rutile) with dense 3D structure. Therefore, a higher
fraction of oxygen atoms in alkali hexatitanate can be removed, generating oxygen
vacancy, upon reduction in H,.

However, high content of CO and CO, was produced as a major product for all
catalysts. It is suggested that propane and hydrocarbon products can be combusted
with gas phase O,. Nevertheless, the hexatitanate gave relatively higher ethylene and

propylene yields, as compared to the other metal oxides investigated.

4.2.2 Effect of metals substituted in hexatitanate
The K;TisgMgq0Oi3 samples. where ‘metal cations, M were successfully

substituted for Ti(IV), were tested for the oxidative dehydrogenation.of propane. Some
of the samples with a trace of impurity phase including M = Mg, Cr and Fe (as evidenced

by XRD results in-Figure 4.2), were not studied. The results are-summarized in Table

4.5.

Table 4.5 Oxidative dehydrogenation of propane- over various metal substituted

KZTis,QMO, 1 01 3 Catatysts

_ Yield (%) N

A2 S

b (2 Y- F

r:‘\ € 0] Q o O

.9 2 ¢ = @ C N ]

= ENNv§ BERGH /S £ %
E N\ s FfE 5\ @ 5 &9

Y NIy, 8 ErEV e O T

(W) — ™~

()

Ti 21 138 05 002 3427002 01 001 70 09
Al 36 115 04 001 26 24 003 003 001 60 08
Ni 35 146 07 002 23 53 01 01 004 60 13
Co 32 152 05 002 31 21 001 004 001 94 06
Mh 27 160 06 01 32 28 01 02 01 89 07

All data were averaged from the time on stream of 0.5-3.0 h.

9 vield of ethylene+propylene/CC and CO;
(Reaction condition: Tyee = 600 °C, T,ey = 700 °C (Ti), 600 °C (Al), 500 °C (Mn), 400 °C (Co and Ni), F

= 10:10:40 mL/min (CsHgAir:N,), W/F = 23 g:h/mol, atmospheric pressure)
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The conversion of propane over K, Tis gMg 1045 catalysts decreased in the order
M of Co > Mn > Ni > Al > Ti. This order (excluding M = Ti) is in parallel with the redox
ability as indicated by the standard reduction potential (£%) of the respective cations
M™ + ne” — MC [67], with £2 = 1.82 (Co), 1.21 (Mn), -0.23 (Ni) and -1.66 V (AD. Here,
the positive value indicates that the reduction is thermodynamically favorable; and
the larger £ indicates the strong driving force for reduction. The correlation with £%is
understandable considering the redox nature of this reaction where M™ (in the solid)
must be reduced so as to induce a higher concentration of oxygen vacancy. The redox
chemistry also involves in the oxidation.of propane (and hydrocarbon products) to CO
and CO,, likely over bulk'metal oxides. The metal oxides can be formed by partial
oxidation of the metal dislodged from the hexatitanate framework after reduction.
Because of this side reaction, ethylene and propylene was produced.as minor products
for all catalysts. Except for K,TisoNig;Oy3, the yields of ethylene and propylene are
larger than those.-ef CO and CO; at very similar propane conversion, as compared to
other catalysts. This is because-a higher content of oxygen vacancy can be generated
over K,TisoNig {O1s-as deduced from Hy-TPR (Table 4.1). As discussed- previously the
structure of K, Tis sNig 1013 -has_become relatively unstable (i.e. more reactive) by Ni
substitution, such -that ‘upon, reduction Ni is dislodged ‘from '‘the framework,
accompanying by the generation of the high content of oxygen vacancy. The oxygen
vacancy can be replenished by O, gas, and the active sites are regenerated. These sites
promoted C-Hactivation-and oxidative dehydrogenation of propane to produce
propylene (Scheme. 4.3), while ethylene would be derived from’ cracking of propyl
radical. Nevertheless, combustion of propare to CO-and“CO, can also be observed

over K,Tis gNig 1043, This is because NiO-is-partiatly formed during the reaction.
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Ti O Ti O Ni O Ni

H,| 400 °C
Til_ [T o miL_[Ti
0

Scheme 4.3

The disledged Ni -is not ~active~for the improve “activity in oxidative
dehydrogenation of propane as shown in Table 4.3.

The assumption that-NiO phase is not active for the oxidative dehydrogenation
of propane can be further validated by the reaction employing 1%Ni/P-25 as a catalyst.
(The loading of 1 wt.% Ni corresponds to the Ni content in the x = 0.1 sample, Table

4.2.) This catalyst was reduced at 400 °C prior to the reaction. Results are shown in

Figure 4.14.
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Figure 4.14 Oxidative dehydrogenation of propane at 600-°C-over (a) reduced 400 °C
K, Tig oNig 1O13,-(b) reduced 8400 °C K, Tis oNig 10,3, reduced 400 °C 196Ni/P-25
and (c) reduced 400 °C and oxidized 400 — 600 °C K;TisgNig10;5 (heating
rate 10 °C/min).

(Reaction condition: Tpe =600 °C, T,y = 400 °C, F = 10:10:40-mLr/min (C;HgAIrN,), W/F = 23

e-h/mol, atmaspheric pressure, Symbol-= Conversion(B)-Methane ( +), Ethane (L), Light olefins

(Ethylene, Propylene) ( &) Butane( ), iso<butane (., C5"( %), CO and €O, (®))

It can be seenthat the yield of ethylene and propylene over 1%Ni/P-25 (Figure
4.14 (b)) are lower than that achieved over reduced K, Tis ¢Nig1O: 5 (Figure 4.14 (a)), while
the yield of combustion gases is relatively high. It is likely that all amount of Ni can be
formed NiO over 19Ni/P-25 surface (even thoush.it was not detected by XRD, likely
due to the small amount and the small size, see the XRD-pattern in Appendix A). As
shown previously, such NiO. can.promote the-deep oxidation of propane and
hydrocarbon products to CO and CO,. In addition, catalyst deactivation is particularly
pronounced over 19%Ni/P-25 (Figure 4.14 (b)) but not over K,TisgNig;0y5 (Figure 4.14
(a)). This suggests that NiO present in 1%Ni/P-25 (Figure 4.14 (b)) can be reduced by
hydrocarbon products to form metallic Ni and then sintering at high temperature. As
metallic Ni is inactive for combustion, a decrease yield of CO and CO; is observed with
time on stream. To verify this hypothesis, the K;TisgNip ;013 was reduced at 400 °C and
then oxidized at 400 — 600 °C to ensure that NiO is present in the sample. As shown
in Figure 4.14 (c), the higher amount of CO and CO, are observed, suggesting that the

active site for combustion is NiO. Moreover, this catalyst is deactivated and yields of
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CO and CO, are decreased with time on stream in a manner similar to that over 1%Ni/P-
25 (Figure 4.14 (b)). This implies that, NiO (active site for combustion) can be reduced
to metallic Ni during the reaction by hydrocarbon products. While the yields of light
olefins over oxidized K, TisoNip 1013 catalyst (Figure 4.14 (c)) is similar to the reduced
K, Tis oNig 1013 (Figure 4.14 (a)). This is because oxygen vacancy remains similar, but small
amount of NiO can be formed over reduced K;Tis gNip 1013 (Figure 4.14 (a)), as compared

to that in oxidized K;Tis gNip 103 (Figure 4.14 (c)).

4.2.3 Effect of reaction temperature

The activity of K;TisgNiga©Q15 was tested at.the.reaction temperatures of 550,

575, 600, and 625 °C. The results are shown in Figure 4.15.

20.00
18.00 4
E 16.00 4 Conversion
>
€ 14.00 A
12.00 | 4
Qg Licht olefins
5 10.00 4
2800 BY21
R T T AOABN S
A\ - A CO;€0,
U 4,00 4 A >
& 2.00 "= Eﬂ:thane
0.00 — 5 i S = 7S L _‘_&; = ‘EﬂHigher H/C
525 550 575 600 625 650

Temperature (°C)
Figure 4.15 Activity of KyTiseNiy ;O35 Catalyst at temperature 550, 575, 600, and 625 °C.
(Reaction condition: Tiee = 550-625 °CrTrege=400-°CF= 10:10:40 mL/min (CHsHgAir:N,), W/F =
23 g-h/mol, atmospheric pressure, Symbol = Conversion(R), Methane (+), Ethane (LJ), Light

olefins (Ethylene, Propylene) ( A), Butane( x), iso-butane (), C5* (%), CO and CO; (®))

The conversion and yield of all products are increased with the reaction
temperature. This is because the C-H activation is favored at high reaction temperature.

The vyield of the combustion gas products is somewhat independent with the

temperature.
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The higher ethylene and propylene yields were obtained at 625 °C, as
compared to the other reaction temperatures. It is suggested that Ni is increasingly
dislodged from hexatitanate at 625 °C resulting in a high amount of oxygen vacancy.
However, the yield of CO and CO; is increased with time on stream at 625 °C as shown
in Figure 4.16. This may be because the oxygen vacancy could be decreased with time
due to the surface rearrangement at 625 °C. Accordingly, oxidative dehydrogenation
activity is decreased (ethylene, propylene), while combustion is promoted with time.
Therefore, the reaction temperature at 625 °C is not suitable for the oxidative

dehydrogenation of propane over K;TisgNig;0;3 further investigation were conducted

at 600 °C.
25.00
Cenversion
B
71_‘520.00 .
p
X
°515.00 -
=
9 €0.CO,
0 | g B
510.00 A X A A ‘;_f_ﬂzﬂ-—~ *
= Y PN v~ A N T A
fa @ 3 L LA ‘
ol O & T Light olefins
L: 5.00
C € & Methane
————————— R -Anoe- - -RaA I F - - - - T
0.00 3% s 7 ® % Higher H/C
30 60 90 120 150 180

Time on stream (min)
Figure 4.16 Activity. of K;TissNig;O;5 catalyst at the reaction temperature of 625 °C.
(Reaction condition: T "= 625 °C, T,ay[574900-%G F = 10:10:40 mL/min (C;HgAIrN,), W/F = 23
¢-h/mol, atmospheric pressure, Symbol-=.Conversion(m), Methane (), Ethane (LJ), Light olefins

(Ethylene, Propylene) (&), Butane( x), iso-butane (), C5* (), CO and CO, (®))

4.2.4 Effect of O, concentration in feed
Since oxygen vacancy of hexatitanate framework can be replenished by O, gas,
as demonstrated in Section 4.1.1 (H,-TPR). The reducible lattice oxygen was not totally

used up but was regenerated to some extent. So, the influence of O, concentration

during propane conversion was studied.
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Figure 4.17 shows that the conversion and yields of all products increased with
O, concentration in the feed. This result implies that with increasing O, concentration,
the higher number of active lattice oxygen in K;TisgNig ;013 can be generated via such
oxidation with O, gas. However, a significantly increased yield of CO, CO, at 30% O,
concentration in feed was obtained. It is suggested that propane and hydrocarbon
products can be oxidized with gas phase O,. Therefore, the suitable concentration of
O, gas is determined to be 20% for the oxidative dehydrogenation of propane over

KzTi5_9Nio_10]3.

25.00
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gol
.@ 20.00 4
=
o
S 1500 -
]
5 » CO, €O,
'5 10.00-4 LL-
% o9 —AA'T_',:'A-“—&Lightoleﬁns
S /500! - .
B? Methane
0.00 r 21 oo aligh e o - STHNE il eTRIL/G
0 5 10 15 20 25 30 35 a0

O, concentration in feed (%)
Figure 4.17 " Conversion and.yield of preducts over K;TisoNig;O15 Catalyst at different
Q, concentrations.
(Reaction condition® T = 600 °C, Ty = 800 °C,F = 10:6.5:43:5,-10:10:40 and 10:16:34 mL/min

(CHgAIRN,), W/F = 23 g-h/mol, atmaspheric pressure, Symbel =-Conversion(l), Methane (+),
Ethane (L), Light olefins (Ethylene; Propylene) (A), Butane( x), iso-butane (), C5" (%), CO and

CO, (®)). Data averaged from the time on stream of 0.5-3.0 h.
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4.2.5 Effect of Ni loading

The activity of several K;TigNi,O;5 catalysts with various Ni loading (x = 0.05,
0.1, 0.2 and 0.5) for the oxidative dehydrogenation of propane is shown in Table 4.6.

Table 4.6 Activity of the Ni loading K;TigNi,O;5 catalysts (x= 0-0.5)

= ~ Yield (%) e
$ _ 8 g
'& E ‘g\n \E Y +
w (] 3] [} v o O
2> on £ % g v g & v & o o Y
& 7= — v © £ g L & S + O =S
] o m o = Ve > 2 = _8 J 3 e
) © o c 7] - £ 3 1 O e
9 v o) = L -!uj 9 om o) O +
— @) (a %) lcl\l
Z o
Ni0.0 - 21458 05\ NOQ2| /34 - 27 T8I G1 001 70 0.9

Ni0.0O5 05 739 138 06 002 723,44 01 01 002 63 1.1
Nio.L 1§/ 35 186 — GT 9002 230-8B 01 0I\Y04 6.0 1.3
Ni0.2 fp 24 P -0.60C0EA 1680 (5 i~ , 0.1 RQ2 6.0 1.2
Ni0.5> / 83 34~ 300" 0.4, 0.1 001 04" 002~000 000 29.0 0.01

All data were averaged from the time on stream of 0.5-3.0 h.
9 Determined by XRF

b The data is collected at initial point 0.5 h.

¢ yield of ethylene+propylene/CO.and-CQ;

(Reaction condition’ Tige. =600 °C, T.ag = 400 °C and 700-°C (Ni0.0), F = 10:10:40 mL/min
(CsHGAIRN,), W/F = 23 g-h/mol, atmospheric pressure)

The conversion of propane are similar over for x = 0.05-0.2. However, a
relatively higher.conversion was-observed for x.=0.5. It can also be seen that the
significant yields of CQ and COs were obtained over x = 0.5. This is because the Ni0.5
catalyst contains a separated NiO-phase, as evidenced by XRD (Figure 4.8). NiO can
readily oxidize propane and hydrocarbon products to CO and CO,. Meanwhile, Ni0.05,
Ni0.1 and Ni0.2 produced light olefins containing ethylene and propylene as major
products. This result can be explained by the reducible lattice oxygen formed by
dislodgement of Ni after reduction, which is capable of C-H activation, as discussed
earlier. However, the yield of light olefins containing ethylene and propylene over Ni0.2
is lower than that over Ni0.1. It is suggested that Ni0.2 possessed trace of NiO as impurity
phase, and again this is evidenced by XRD (Figure 4.8). Accordingly, Ni0.1 contains
appropriate Ni content that optimized the yield of the desirable products (ethylene

and propylene) while minimizing CO and CO,.
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4.2.6 Effect of reduction temperature

Reduction is beneficial in the catalytic oxidative dehydrogenation of propane
over K,Tis Ni,Oy5-based catalysts, since it readily dislodges Ni from the framework and
thereby generates the oxygen vacancy. So, it is interesting to comparatively study the
effect of the reduction temperatures (400 and 700 °C) with respect to the non-reduced

catalyst. Results are shown in Figure 4.18.
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Figure 4.18 =~ The catalytic activity of KyTisgNip 05 catalyst varied reduction
temperature:-non-reduced (a), 400 °C (b), and-700°C (c).
(Reaction condition: Trese = 600-°C; T,y = non-reduced, 400 and 700 °C; F-= 10:10:40 mL/min
(CsHgAIrRN,), W/F = 23 g-h/mol, atmospheric_pressure, Symbol-=-Conversion(B), Methane (),
Ethane (L), Light olefins (Ethylene, Propylene) (), Butane(X), iso-butane (), C5" (), CO and

co,(®))

Although the conversion.of propane are similar,'the combined yield of light
olefins containing ethylene and propylene is slightly higher for the catalyst reduced at
400 °C, as compared to the non-reduced one. In addition, the reduction at 400 @ is
beneficial since a decrease in yields of CO and CO, was obtained. The conversion for
the catalyst reduced at 700 °C is increased due to the increase oxygen vacancy as
shown in Figure 4.19. However, over-reduction at 700 °C results in a drop of the yield
of light olefins. Moreover, the yields of CO and CO, from this catalyst is relatively high,
as compared to those from the other two catalysts. It is suggested that the dislodged
Ni that is increasing at reduction temperature (i.e, 700 °C), promoted total oxidation of

propane and hydrocarbon products. Moreover, NiO can be reduced by hydrocarbon
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products to metallic Ni that is also sintering as mentioned in Figure 4.14. Hence, the
yields of CO and CO, are decreased with time on stream due to the reduction of NiO
to metallic Ni. One may argue that the ESR intensity of K;TisoNig:O3 is gradually
increased with reduction temperature (Figure 4.19), suggesting the higher oxygen
vacancy sites at 700 °C, compared to 400 °C. Nevertheless, the increased proportion
of NiO higher than that compensated for the increased oxygen vacancy would lead to

deep oxidation to the undesirable CO and COs.
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4.2.7 Effect of contact time

The effect of contact time is summarized in Figure 4.20. When contact time is
increased, the conversion is increased, and reaches a plateau after contact time 23
g.h/mol presumably due to limits by O, partial pressure in the feed stream. The yields
of all products increased with contact time. In all cases, light olefins containing

ethylene and propylene are the major products.
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Figure 4.20° Contact time profile ever the K;TisolNip ;03 catalyst.
(Reaction condition: T,use =600°°C, Ty = 400 °C, F-=r10:1040 mL/min (C;sHgAIRN,), W/F = 3.1, 5.8,
7.8, 11.5, 23 and 46 g-h/mol, atmespheric.pressure, Symbol =.Conversion(R), Methane ( +), Ethane

(00, Ethylene( #), Propylene( A), Butane( x), iso-butane (), C5* (), CO and CO{®))

It is suggested that propylene can be produced via C-H activation forming
propyl radical followed by oxidative dehydrogenation. Methane and ethylene can be
also produced via cracking of such propyl radical. Small amount of propyl radical can
be also coupled, then cracked to ethane and higher hydrocarbons (butane, iso-butane
and Cs*), as shown in Scheme 4.4. CO and CO, are observed initially with significant
yield and increased substantially at higher contact time. This indicated that produced

in parallel via the oxidation of propane over the NiO phase. Nevertheless, the yields
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of light olefins containing ethylene and propylene are decreased while those of CO
and CO, are increased at the contact time higher than 23 g.h/mol. It is suggested that
hydrocarbon products (ethylene and propylene) are further oxidized to CO and CO,.
This indicates that the increased in a number of the NiO phase can promote non-

desirable oxidation of hydrocarbon to CO and COs.

C-H activation 2 Oxidative /\
—_— _—
/\ /\ dehydrogenation \
Propane Propyl radical Propylene

Cracking

= \+ CH‘1

Ethylene Methane

\/\/

Ethane Butane
Couping and Cracking
iso-butane C-

Scheme 4.4



CHAPTER 5
CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

Oxidative dehydrogenation of propane over potassium hexatitanate-based
catalysts was investigated. All catalysts were modified with substitution of Ti
(K;Tis oMo 1043) by other metals (M = Mg(ll), Co(ll), Ni(I), AL, Crlin, Mn(lI), and Fe(lll)) by
solid-state synthesis. For M = Ni the metal content for K,Tig,Ni,O;3 (x = 0.05, 0.1, 0.2
and 0.5) is in the range 0.5.= 5.3 wt.%, as evidenced by X-ray fluorescence (XRF). The
XRD results confirm the successful incorporation of Co(ll),-Nil), Al and Mn(ll) into
the Ti sites of the hexatitanate structure with the inter-tunnel distance expansion,
while the incorporation some of metals gave impurity phase (in parenthesis) including
Ky Tis. oMgg 1015 (MgO), KoTisgCrg 1O45 (Cry03 and-CrQ3) and KaTis gFeg 1013 (Fe,03). The H,-
TPR results show that the potassium hexatitanate-based catalyst can be reduced and
the higher oxygen vacancy was generated, particularly for Ni substituted hexatitanate,
as also confirmed by ESR results. It is noted that the higher distodgement of Ni from
the framework generated higher oxygen vacancy sites.

The activity of K;TisOy3 is higher than TiO, (P-25), NiO and-CeO, because higher
oxygen vacancy sites can be generated over K;TigO;4 upon reduction. This is likely due
to the presence of coordinatively unsaturated sites (cus) of oxygen atoms in K;TisO13
structure with corner-sharing of TiOg units. Among metals substituted hexatitanate,
K, Tis gNip 1015 gives higher ethylene and propylene yields, as‘compared to other metal
substituted (Co, Al and Mn). This.is because the structure of K;TisgNig 105 is relatively
unstable leading to the higher number of dislodged Ni from the hexatitanate
framework upon reduction. This results in the generation of higher oxygen vacancy
sites which can be reoxidized to form reducible lattice oxygen (163 umol/g), while
dislodged Ni is partially oxidized to form NiO phase under the reaction condition. Non-
reduced and K,TisoNiy ;015 reduced at 400 °C give similar conversion of propane.
However, the yields of light olefins containing ethylene and propylene are higher for
the catalyst reduced at 400 °C because higher reducible lattice oxygen are obtained
from the reduced catalyst. Despite the fact that an even higher conversion was

obtained over the catalyst reduced at 700 °C, the combined yield of light olefins
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obtained over the catalyst reduced at 700 °C, the combined yield of light olefins
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containing ethylene and propylene is lower due to a higher amount of NIiO that
promoted total oxidation of propane to CO and CO,. CO, CO, are decreased with time
on stream due to NiO can be reduced by hydrocarbon products to metallic Ni that
can be sintering at high temperature. The yield of the desirable products (ethylene
and propylene) with minimal CO and CO, was optimized over K;TisgNig;0;3. NiO is
present in K;Tis gNig 03 and K;Tis sNig 5013 as the impurity which gave the high yields of
CO and CO,.

The conversion and vyields of all products are increased with temperature,
except for CO, CO, which remains constant. The higher yields of light olefins containing
ethylene and propylene were obtained at 625-°C, but the yield of CO and CO, are
increased with time-on stream at this temperature due.to higher amount of NiO.
Therefore, the reaction temperature at 600 °C is considered suitable for ethylene and
propylene production. The conversion and yields of all products.increased with O,
concentration in the feed: However, the O, concentration in feed at 30% provided a
significantly increased yield of CO, CO, due to further oxidation of propane and
hydrocarbon products

It is proposed that the reaction pathway. for oxidative dehydrogenation of
propane over potassium hexatitanate-based catalysts involves the C-H activation by
the reducible lattice  oxygen, forming propyl radical followed by oxidative
dehydrogenation to propylene. However, parallel reactions include the cracking of
propyl radical to methane and ethylene, and the coupling of propyl radicals followed

by cracking to ethane’and higher hydrecarbens (butane, iso-butane’and Cs*).

5.2 Suggestions

5.2.1 Other synthetic methods (e.g, sol-gel and hydrothermal) or post-
treatment such as ball milling to produce a catalyst with a higher surface area could
be attempted.

5.2.2 High reduction potential substituted elemental which oxide form suppress

the oxidation to CO and CO, could generate high oxygen vacancy sites.
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APPENDIX A

CHARACTERIZATION

Energy dispersive X-ray spectroscopy (EDX)

Table A1 Elemental analysis of all catalysts

58

Elemental composition

Theoretical composition

Catalysts (wt.%) by EDX (wt.%)
K Ti Metal @ K Ti Metal @]
K;TigO43 13.10 44.84 - 42.07 _13.63 4927 = 36.26
K;TissMge10y3 1250 46.10 - 0.28 41.12 = 1369 ~49.47 043 36.41
K,Tis Al 1043 11.74—42.13 N/A 46.14 - 13.68 49.45  0.47 36.40
K, TissCro Ofs 12,13 4482 1027 4278 11362 4923 1091 36.24
KoTisoCfl #0012 220071 3839 07T GT20N\JZ61s] 28 Y8 36.19
K,TisoNig:Ops /1273 4281 041 4405 ~13.61 4918 1.02 36.19
K,TisoFep1013 12.61 46.13 1.02.40.28 13.61 49,20 0.97 36.21
K, Tis MBS0 ¥ 1200270V s Bap an\C 15amoAs oy, -84 | 36.22
Temperature-programmed reduction (H,-TPR)
800 . — ; T ; . 2.0
700.] KTio, (1) 1.8
—————— Deconvoluted [ 1.6
—~ 600 - I
og 1.4 n
g 500- 2 s
5 I o
E 400 - L 1.0 :
[} I v
Q. 300 - L0.8 ¢
g | L
@ 200 0.6
100. 04
0.2
04 -
— T S R e e SR e |7 - | — 0.0
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure Al

HQ—TPR prOﬁie of KzTiﬁOl}



o

800 —— o 2.0
700 _: KZTii 9Mgo,3013 (1 ) .— 1-8
-------- Deconvoluted I
—~ 6004 -1.6
> 500 1.4
g ) (1.2
& 400+ 46
& 300 0.8
g I
Y 200- 0.6
100_ .—0-4
-0.2
04 | [
. \ 0.0
0 10 20 30 .40 50 60 7080 90
Time (min)
Figure A2 H,-TPR profile of K;TisgMgg 013
800 b, A — R\ A @ A% /A ——— 2.0
st L
700 4 Kz.nnA‘oxon ) L1.8
{+=--+--- Deconvoluted i
~ 6004 _’1'6
(S 1.4
500 .
g j .
% 400 N g
w L
Q 300 L0.8
£ I
¥ 200 £0.6
100_ ‘_0-4
1 0.2
0‘1 .
e e . o AT S X Y
0 10 20 30 40 50 60 70 80 90

Time (min)
Figure A3 HZ'TPR prOﬂLe of KzTis_gAto_]_O]_}

(‘ne) Jeusis

(‘n'e) yeusis

59



o

Temperature ( C)

o

Temperature (-C)

800 T v T T T d T T T Y T T 2'0
- KTi Cr O (1)(x0.5) 1.8
{-------- Deconvoluted I
600 - Pl

1.4
500 - L

] 1.2
400 - i 1.0
300 4 0.8
200 1 0.6
100 " '-_0-4

1 0.2

0 4 L
e 0.0

0 80 90

Time (min)
Figure A4 Ha-TPR profile of K;Tis gCrg10;3.

L T e e . ; 2.0
700 il KzTi:»,pcootou (1 ) - 18

- .=+ -- Deconvoluted i
600 . L 1.6
19410,

5004 .

4 L 1.2
400 1o
300+ 0.8
200 4 L 0.6

1 r
100 ot

1 0.2

0 - L
T T /\1 R i S g~ iy 0.0
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure A5 H,-TPR profile of K;Tis9C0g1013.

(‘'n'e) \eusis

(‘n°e) yeusis

60



(e]

Temperature ( C)

o

Temperature (.C)

800 T ' | R R T T T T T 2.0
700 - K2T5.95M.05%13 ) -1.8
600l Deconvoluted _ 1.6
1.4
500 1 .
] -1.2
400 - [ 1.0
300 1 L0.8
4 3
200 - -0.6
100 « | ok T A -—0.4
L 0.2
0 _
g —taz. | e I~ " S 0.0
0 10 20 30 40 50 60 70 80 90
Time (min)
Figure A6 HZ—TPR prOﬂLe Of K2Ti5_95Nio_o5ol3.
800 T T T T T I\ ‘7 < SR [O00 P € 2.0
700 5 Kz-nuNio 1011 (1 ) — 18
“-+se--- Deconvoluted I
R
600 - ¢
] el
5004 i
J L1
VG 1.0
300 i 0.8
200 0.6
: s r
100 yull o
/J - 0.2
04 U TE
T B G | aGes ™ — T - | — T S 0.0
0 10 20 30 40 50 60 70 80 90

Figure A7

Time (min)
HZ'TPR proﬁle of K2Ti5_9Nio_1013.

(‘n'e) Jeusis

(‘ne) yeusis

61



o

Temperature ( C)

o

Temperature (-C)

800 T T T T & & "~ F 5 1 2.0
700"' K, Tig gNia .03 (1) 1.8
600: -+~ Deconvolfited _ 1.6
: -1.4
500 - I %)
. ] L1.2 U§
" ! L1g =
4 S”
300-_ | £ -0.8 -
200 g -0.6
100 | i M
1 Lo L 0.2
0 J : ' I
= o 1 e l — T R —l_." 0.0
0 10 20 30 40 50 60 70 80 90
Time (min)
Figure A8 Hz"TPR proﬁle of KgTis_gNio_2013.
800 T Ls T T T T ¥ T T s < 2'0
Lol K, Tig (Nig O, (1) (x0.25) L18
600: -+ - Deconvoluted :1,6
-1.4
500+ - L
] - 1.20§
4004 1o
S¥. "
300+ -_0,8 :ﬂ
200 L-O-G
100 oA
1 0.2
04 :
T T T 'c -~ "'.”Vl- “' T - T Y T =y T T 0'0
0 10 20 3040 50 60 70 80 90

Figure A9

Time (min)
H2'TPR proﬂle of KzTi5_5Ni0‘5ol3.

62



Temperature ( C)

Temperature (-C)

800 ¥ | SR PR . T ¥ | I PR T = F = T 2 2'0

700 - KzTis.vFeo 101) a .. 1.8

-------- Deconvoluted I
600 i 1.6
1.4

500 4 L
-1.2
400 - _ 1.0
300 - L0.8
200 4 L0.6
100 A :0-4
0.2

04 ; \ L

0 1020 30 40 50 60 7O 80 90

Time (min)
Figure AlO HQ-TPR prOﬁle Of: KzTi5_9Feo_IO13.

800 L S N SA NS AECARMELY AL LN " 2.0
700 _ SXEL by ToY -1.8
4" Deconvolut _ 1.6
600 - L
] 1.4

5004 L
4 : - 142

400 4 f I
. / i 1.0
3004 0.8
200 . 0.6
100 - yod
1 -0.2

04 L
T 0.0

0 10 20 30 4050 60 70 80 90
Time (min)
Figure All HQ‘TPR prOﬁle of KzTi_g_gMnO‘lOl?).

(‘n°e) jeusis

(‘n"e).jeudis



o

Temperature (.C)

Temperature ( C)

800 T 1 T U oea T T 2.0
TiO, (P-25) s
700 il
Deconvoluted

] 1.6
600 - |

] -1.4
500 - (1.2
400- 1.0
300 - -0.8

T -0.6
200 - I

] 0.4
100 -3 ._0.2

1 rd

0 —TF =5 T . : ,tk\l L~ 0.0
0 10 20 30 40 50 60 70 80 90
Time (min)
Figure A12 - H,-TPR profile of TiO, (P-25).

800 2 )] T T T ™ 7 T T 100

1 MgO
700 e

1 - 80
600 - L

] 70
500 - 60
400 [ 50
300.- o

1 -30
2004 i

] =20
100 - [ 45

0 ¥ T g L~y X ] > T - 0
0 10 20 30 40 50 60 70 80 90

Figure A13

Time (min)
H,-TPR profile of MgO.

(‘n'e) \eusis

(‘n°e)eusis

64



o

Temperature (.C)

Temperature ( C)

65

800 o L T T T T T T T 100
Al O
700{ *° 2%
1 - 80
600 - I
L70
- w
500 - e B
| -
400 - 50 &
' o
300 - Tl -
-30
200 4 |
L 20
100 - b
0 T e g ¥ T T T 1 ¥ % T I 0
0 M”20 300\ | B0/ / 60- T0 BUN 90
Time (min)
Figure Al4  H,-TPR profile of Al;Os.
800 gl FO LAY &l WA N/ 57 &l ! T 100
] NiO o
7004 . Deconvoluted _
1 - 80
600 - i
] 70
i v
500 -1 E 60 UE.
] I 3
4005 -5
3 o
300 ] Y E
L 30
200 4 g
| =20
100- [ 16
0 T /n -~y T g T T ; 0
0 10 20 30 40 50 60 70 80 90
Time (min)

Figure A15

H,-TPR profile of NiO.



o

Temperature ( C)

o

Temperature ( C)

1-111*1'1'1':'100

2 90
Deconvoluted [ 80
70
|60
50
40
30
L 20
L 10

Time (min)

Figure A16  H,-TPR profile of Fe,0,.

100

Mn,0, (x100) e
Deconvoluted ,._ 80
|70
60
50
40
L

.30
20
i 10
ST

Fi

20 30 40 50 60 70 80 90
Time (min)
gure A17  H,-TPR profile of Mn,Os.

(‘n'e) jeusis

(‘'n'e) \eudis

66



Gas adsorption-desorption isotherm
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X-ray fluorescence (XRF)

Table A2 Elemental analysis of 1% Ni/P-25 catalysts
Ti Ni Sum
58:1% 0.899 % 59 %

Powder X-ray diffraction (XRD)

Intensity (a.u.)

5 10 15 20 25 30 35 40 a5 50 55 60 65
20

Figure A29  The XRD pattern of 19%Ni/P-25.
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APPENDIX B
CALCULATION
d-spacing
d-spacing can be determined by Bragg’s law equation.
nA = 2d sin@
A
d = mY) 20
2 sin (("—)x—')
180/ 2

Contact time, W/F
W/F = Weight of catalyst (g)
Molar feed rate (mol/h)

In the reaction using 0.0258 mol/h of propane in feed and using 0.6 grams of

catalyst, the W/F is calculated as follow:

0.6 (9)
0.0258 (mol/h)
23.2558 ¢.h/mol

W/F

1

In similar manner; W/F of catalysts with different catalyst weight and different feed

rate are calculated.

%Metal loading by weight, wt.%
wt.% = (Molecular weight of metal (gZ/mol)xmol of metal loading (mol)x100%

Molecular weight of catalyst (¢/mol)

For example;
% Metal loading by mol of K;TisgNig;05 is 0.1 mol loading/unit cell, wt.% is

calculated as follow:

(58.69(g/mol) x 0.1 (mol)) x 100%
[(39.1 x 2)g + (47.87 x 5.9)g + (58.69 x 0.1)g + (16.00 x 13)g]

wt.%

1

1.02 wt.%
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Table Al The summation of the peak area for products

Product Peak area
Methane 1328.2
Ethane 36.8
Ethylene 4510.1
Propylene 10389.2
Butane 109.5
iso-butane 181.7

Cs* 80.1

€0, CO; 119123
(Area of propane inlet feed - Total)

Propane outlet feed 172044.6
Total 188680.2 :
Propane inlet feed (Blank) 200592.5

* Average data obtained over K, TisoNig 1013, Contact time = 23,2558 ¢.h/mol, time on

stream = 300 minutes, Flow rate of carrier gas: N, at 40 mL/min

Calculation of % Conversion
%Conversion can be calculated from the following equation:

%Conversion' = Area of propane{inlet) - Area of propane(outlet) x 100%

Area of propane (inlet)

For example;

(200592.5 — 172044.6) x 100%
200592.5
14.23 %

%Conversion

Calculation of the percent yield of each component in a sample can be done as

follows:
Peak area of A x 100%

I

%Yield in each product

Area of propane (inlet)
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For example;

%Yield of Methane

1328.2 x 100%
200592.5
0.66 %

]

The %yield of each product obtained from above calculation is shown in Table A2.

Table A2 Yield of product derived by normalization method

Product Yield (%)
Methane 0.66
Ethane 0.02
Ethylene 225
Propylene 5.18
Butane 0.05
iso-butane 0.09

Cs* 0.04

CO, CO, 594
Total 14.23

Calculation of %Selectivity
%Selectivity can be obtained-from the following equation:
%Yield of each product x 100%

1}

%Selectivity in each product

%Conversion

For example;
%Selectivity of Methane ) = 0.66 x 100%

14.23
= 4.64 %
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APPENDIX C

GAS CHROMATOGRAM

Analysis of gas product from gas chromatography
Prior to analysis, the structure of each products in the sample is identified.

Then the quantitative analysis of each product was carried out by GC-FID with the

condition in Table C1

Table C1 The GC condition for quantitative analysis

GC-FID Agilent (6890)

Column HP-PLOT, 30 -mx 0.53 mm x 15 um

Temperature program 80 °C (3. min hold) to 150 °C (10 min hold)at.10 °C /min
Carrier gas Nitrogen at 2.8 mL/min (25 cm/sec)

Injection 100 °C

Detector 200 °C

The chromatogram of gas products were identified by comparing the retention

time with reference standard as shown in Table C2.

Table C2 Chromatogram data of the product distributions in the standard and also in

the feed

Feed or Products Retention time (min)
Methane 2.58

Ethane 2.78

Ethylene 289

Propane 5.56

Propylene 4.84

Butane 5.36

iso-butane 6.82-7.60

Cs* > 8.00
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APPENDIX D

REACTION DATA

1. Effect of metal oxides

Table D1 Oxidative dehydrogenation of propane over TiO, (P-25) catalysts

5 Yield (%
g 3 (%)
g i v
+ —_ ()]
L [ o] v ) o~
cg ©® § ¢ § s ¢ &5 . 8
Rl [} W o © — > © 3 wn
g = o 5 2 a 5 Q 2 o
L 4+ o o [o) U
= 8 = [ = 2
30 8.38 0.20 0.01 0.56 155 0.01 0.00 0.00 6.05
60 9.35 0.22 0.01 0.62 1.69 0.00 0.00 0.00 6.81
90 8.46 0.21 0.00 0.61 1.68 0.00 0.00 0.00 5.94

120 1046 - 0.21 0.00 0.60 1.63 0.00 0.00 0.00 8.01
150 8.03 0.21 0.00 0.58 1.62 0.00 0.00 0.00 5861
180 9.07 0.23 0.00 0.65 1.79 0.00 0.00 0.00 6.38

(Reaction condition: Tree.= 600 °C, Ty = 700 °C, F = 10:10:40 mL/min (GHgAILN,), W/F = 23

g-h/mol, atmospheric pressure)

Table D2 Oxidative dehydrogenation of propane over CeO, catalysts

=S Yield (%)

© o
g a p
et — Q
SN = ®] Q ) cC o~
cE T OSNNGUE. Ete®D L, S
c =& o < I = > I 5 "
) = I += 2 B - Xol v o)
= § = T =z .

30 10.81 0.29 0.01 1.08 1.76 0.01 0.00 0.00 7.66

1258 (.27 0.01 1.06 1.63 0.01 0.00 0.00 9.61
90 9.66 0.2¢ 0.01 1.08 1.61 0.00 0.00 0.00 6.68
120 9.60 0.26 0.01 1.08 1.55 0.00 0.00 0.00 6.69
150 8.44 0.26 0.01 1.08 1.54 0.00 0.00 0.00 554
180 8.23 0.27 0.01 1.09 1.53 0.00 0.00 0.00 534

(o))
(@]

(Reaction condition: Tyeaet = 600 °C, Treq = 700 °C, F = 10:10:40 mL/min (CsHgAir:N,), W/F = 23

¢-h/mol, atmospheric pressure)



Table D3 Oxidative dehydrogenation of propane over NiO catalysts
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g = Yield (%)

© >

E < ®

+ — Q

72 = o v o c = N

- § c 5 g c g ; S

= a c @ <, > IS =] w :

v = ‘&3 = = g2 > e Y o)

T R A O
30 11.78 0.53 0.02 0.68 1.99 0.00 0.01 0.00 8.54
60 13:02 0.55 0.02 0.58 1.7 0.00 0.01 0.00 10.07
90 1419  0.56 0.02 0.46 1.52 0.00 0.01 0.00 11.62
120 13.07 0.50 0.01 0.17 0.68 0.00 0.00 0.00 11.68
150 1280  0.51 0.02 0.12 0.58 0.00 0.00 0.00 11.54
180 12,27 0.51 0.02 0.06 0.42 0.00 0.00 0.00 11.22

(Reaction condition: T,ee = 600 °C, Ty = 700 °C, F =110:10:40 mL/min (C;HgAIEN,), W/F = 23

g-h/mol, atmosphéric pressure)

Table D4 Oxidative dehydrogenation of propane over K,TigOy5 catalysts

—_ Yiel.d (0/0)

5 S

& ) ]

* o} v ) 2 c o

s £ W5 o/ AN SN RS S

c = 0 £ © A > 8 . o ;

© 3 0 £ £ o 5 0 7 o

2 AN S e 5 < 2 .
30 13.02 . 0.54 0.03 344 2.49 0.03 0.07 0.01 6.40
60 13.20 0.48 0.02 3.2¢ Z2.05 0.02 0.06 0.01 6.76
90 15.37 0.50 0.02 348 2.78 0.02 0.07 0.01 6.47
120 14.10 0.48 0.02 3.30 2.67 0.01 0.06 0.01 1.51
150 13.72 0.48 0.02 3.29 2.68 0.01 0.06 0.01 712
180 15.55 0.50 0.02 3.46 282 0.01 0.06 0.01 6.59

(Reaction condition: Toae = 600 °C, T,oy = 700 °C, F = 10:10:40 mL/min (CsHgAir:N,), W/F = 23

g-h/mol, atmospheric pressure)



2. Effect of metal cations substituted to Ti(IV)

Table D5 Oxidative dehydrogenation of propane over K;TisoAly 1045 catalysts

80

@ s v
n B (o) ) )] u o
st ¢ § ¢ § & ¢ § . 8
c £ o iC © = = © 5 @
v 2 B < & 2 3 K ~ o)
Ll 4+ ek [an] (o] %
= 8 - L a 0
30 12.85 0.33 0.01 2.47 215 0.05 0.03 0.01 7.81
90 11.27 0.36 0.01 2.59 2.36 0.04 0.03 0.01 5.87
120 13.42 0.34 0.01 e 2R b 0.04 0.03 0.01 812
150 12.78 0.37 0.01 2.61 241 0.01 0.03 0.01 7:30
180 12.27 0.38 0.01 2.66 2.47 0.01 0.03 0.01 6.66

(Reaction condition: Trae = 600 °C, Tey = 600 °C, F = 10:10:40 mL/min (CsHg:AIrNL), W/F = 23 e-h/mol, atmospheric

pressure)

Table D6 Oxidative dehydrogenation of propane over K;TisoNig1O,5 catalysts

J § Yield (%)
£ g !
o P
o ~~ [} v N
c £ WL 0| No=mima) 960 % S
6 E 1] £ © 2 = © 5 to e
) > % £ 2 o 5 o ) o)
£ s < o s 2 @ o )
= O - £
30 12.97 0.60 0.02 210 4.69 0.04 0.08 0.03 5.42
60 14.46 0.66 0.02 2.26 5.29 0.05 0.09 0.03 6.05
90 1463 0.66 0.02 2.23 125 0.06 0.09 0.03 6.27
120 14.66 0.69 0.02 2.30 5.30 0.05 0.09 0.04 6.15
150 14.37 0.68 0.02 2.29 5.26 0.07 0.09 0.07 5.87
180 14.31 0.69 0.02 2.31 5.29 0.06 0.09 0.05 5.80

(Reaction condition: T,eact = 600 °C, T,y = 400 °C, F = 10:10:40 mL/min (CsHg:AirN,), W/F = 23 g-h/mol, atmospheric

pressure)



Table D7 Oxidative dehydrogenation of propane over K;Tis oCog ;015 catalysts
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% § Yield (%)

S E ) w

v T o @ ) o

cgfg @® § ¢ § & ¢ 5 | S

o X O i © _>,\ > E = wn B

v £ @ = = = 3 £ v o)

£ 5 > el o 2 m o) O

= O a 2
30 16.30  0.45 0.02 2.97 2.07 0.02 0.05 0.02 10.70
60 1478  0.44 0.02 2.98 2.06 0.01 0.04 0.02 9.20
90 1420 0.48 0.02 3.14 2.20 0.01 0.05 0.02 8.27
120 15.41 0.46 0.02 3.02 o ) 0.01 0.04 0.02 9.71
150 14.68  0.47 0.02 3.1 247 0.01 0.04 0.01 8.84
180 16.33 0.44 0.02 3.10 213 0.01 0.04 0.01 10.57

(Reaction condition: ey = 600, °C, Troq =400 °C, F =110:10:40 ml/min (CHgAILN,), W/F = 23

g-h/mol, atmospheric pressure)

Table D8 Oxidative dehydrogenation of propane over K;TisoMng;0;5 catalysts

B Yield (%
g 3 (%)
= = @

B = 5 v ) o4 o
e £ W2 StN\ARETI N/ B[ S
— Q N © —>"\ > B i | wn =
- A\ 2 3T EENE S&F 2 @3 TN ¢
ig 8 = L & 8 U
30 16.16 0.56 0.11 311 2.71 0.06 0:.17 0.08 9.34
60 16.67 057 011 3127 2.3 0.06 0.14 0.06 9.86
90 16.55 0.60 0.11 328 2.86 0.06 0.15 0.06 9.41
120 15.25 0.59 0.10 . p ol 2.80 0.05 0.14 0.06 8.26
150 15.90 0.56 0.09 320 271 0.05 0.14 0.06 9.07
180 15.23 0.61 0.10 3.35 2.88 0.05 015 0.06 8.02

(Reaction condition: Treee = 600 °C, T,ug = 500 °C, F = 10:10:40 mL/min (CsHgAirNz), W/F = 23

g-h/mol, atmospheric pressure)



Table D9 Oxidative dehydrogenation of propane over 1Ni%/P-25 catalysts
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= Yield (%

% 3 ield (%)

9 z )] Q

7T [0} © o~
cf % § ¢ § s ¢ §F ., 8
0 S o L o = > © 3 i o
2 : B8 £ £ 5 3z 2 v g

Eo§ f E 2 8 3
30 17.05 0.16 0.03 0.09 151 0.03 0.01 0.00 15.22
60 14.33 0.17 0.02 011 1.54 0.04 0.01 0.00 12.45
90 13.09 0.17 0.02 0:13 1.44 0.04 0.01 0.00 11.28
120 10.69 0.17 0.02 Dl 1.34 0.04 0.01 0.00 8.99
150 10.45 0.17 0.02 0.12 122 0.03 0.01 0.00 8.88
180 10.02 0.16 0.01 0.08 1.30 0.03 0.01 0.00 8.42

(Reaction condition: Teaee = 600 °C, Trog = 800 °C, F = .10:10:40 mL/min (C;HgAirN,), W/F = 23

g-h/mol, atmospheric pressure)

3. Effect of reaction temperature

Table D10 Oxidative dehydrogenation of propane over KyTisgNig1O;3 catalysts at 550

o
"\ Yield (%)
= & =
s T v
-~ —_ ]
c £ A L\dlice 952 & S
o é E & g = ..>.;\ ] 5 i O
@ 2 i = 2 a 5 Fe! o S
£ 5 = T & A @ 0 O
= =) (2 pLd)
30 12.20 0.14 Q.00 0.87 3.00 0.01 0.02 0.01 8.13
60 11.62 0:13 0.00 0.83 2.98 0.01 0.01 0.00 7.65
90 10:75 012 0.00 0.80 2.98 0.01 0.01 0.00 6.82
120 10:25 0.12 0.00 0.79 3.02 0.02 0.01 0.00 6.26
150 11.55 0.11 0.00 0.77 2.98 0.02 0.01 0.00 7.64
180 1013 0.10 0.00 0.75 295 0.02 0.01 0.00 6.27

(Reaction condition: T,eae = 550 °C, T,eq = 400 °C, F = 10:10:40 mL/min (CHzAIrNy), W/F = 23

¢-h/mol, atmospheric pressure)
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Table D11 Oxidative dehydrogenation of propane over K;TisgNig 10,5 catalysts at 575

%
= Yield (%

% . ield (%)

g s v

c € © § ¢ g & g 5 S
o L a - ] — _>’\ ] =% Y v
v 2 o £ £ c 5 2 e o

£ g = " 8 & ° 3 °
30 10.85 0.24 0.01 11 381 0.02 0.04 0.02 5.40
60 12.45 0.23 0.01 1.27 205 0.02 0.04 0.02 .12
90 12.71 0.2% 0.01 1.28 3.81 0.02 0.04 0.02 7.31
120 12.21 0.23 0.01 1.32 3.80 0.02 0.04 0.02 6.77
150 11.97 0.23 0.01 32 373 0.02 0.04 0.02 = 6.60
180 11.61 0.22 0.01 1.29 3.74 0.02 0.04 0.02 6.27

(Reaction condition: T =.575:%C, Tiey = 400 %G, F = 10:10:40 ml/min (C;HgARNy), W/F = 23

g-h/mol, atmospheric pressure)

Table D12 Oxidative dehydrogenation of propane over K;TisgNig1045 catalysts at 625

°C

o Yield (%

£ 3 0)

& A 5 =

bt —_

c £ S\\%G auhE(e §siay = & 9

9 é o -g © = - © 5 *in =

@ z o £ 2 o 5 o ™ )

< 8 N\ . — AT P 0 °
30 18.48 1.46 0.08 374 5.98 0.05 0.16 0.06 6.96
60 20.06 1.49 0.07 3.80 6.05 0.05 0.16 0.17 8.27
90 19.85 1.60 0.08 4.02 6.28 0.06 0.17 0.12 51
120 20.43 1.64 0.08 3.90 6.00 0.07 0.16 0.16 841
150 20,77 1.68 0.08 3.53 5.40 0.07 018 0.14 9.72
180 21.67 1.67 0.08 3.34 5.13 0.07 0.13 0.14  11.08

(Reaction condition: T, = 625 °C, Trey = 400 °C, F = 10:10:40 mL/min (CHgAirN;), W/F = 23

g-h/mol, atmospheric pressure)



4. Effect of O, concentration in feed
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Table D13 Oxidative dehydrogenation of propane over K,TisoNigO;3 catalysts at 13%

O, concentration in feed

% g Yield (%)

g T:J o

v 7 o W 4 5

c £ & c ¢ £ § g & S

s E o £ ®© = = ] B o =

w 2 o = z = 5 2 Y o

= g = * & & ® 3 5
30 12.05 0.37 0.02 1.83 3.57 0.03 0.07 0.02 6.14
60 10.72 0.35 0.02 1.88 3.64 0.03 0.07 0.02 4.70
90 10.89 0.31 0.02 1.80 .53 0.03 0.06 0.02 5:14
120 12.06 0.39 0.02 1.98 BAZ 0.04 0.07 0.02 581
150 10.83 0.35 0.02 1.91 3.60 0.05 0.06 0.02 4.81
180 11.64 0.42 0.02 2110 3.74 0.07 0.07 0.02 5.18

(Reaction condition: Tea = 600 °C, . T,oy = 400 °C, F = 10:6.5:43.5 miAmin (C;HgAIr:N,), W/F = 23

g-h/mol, atmospheric pressure)

Table D14 Oxidative dehydrogenation of propane over K;Tis oNiy ;042 catalysts at 30%

0, concentration in feed

A Yield (%
‘% 3 (%)
o - ©
e ) O W )] &
s £ \& eN\&i DA, 4 S
6 E ] Vs © = > © 5 T =
W 2 o 5 2 > = - i o
= § NGB Fr eSS A S
30 2291 056 002+ 290496002 011 004 1430
60 2233 058 002 279 573 002 013 011 1294
90 2169 059 002 280 587 002 013 017 1207
120 2193 059 002 280 588 002 013 018 1229
150 2097 061 002 28 591 002 013 018 1124
180 2125 062 002 287 592 003 013 017 1149

(Reaction condition: Treeq = 600 °C, T,y = 400 °C, F = 10:6.5:43.5 mL/min (CsHgAirN,), W/F = 23

g-h/mol, atmospheric pressure)



5. Effect of Ni loading

Table D15 Oxidative dehydrogenation of propane over K;TisgsNigosO13 catalysts
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£ = Yield (%)

© =

S < o

v T ) ) g o

c £ 9 = o c & o = S

s £ & 2 5 2 5 ] 5 e ©

2 Z T8 £ £ & 3 & Y g

£ § = Y # & ® 3 °
30 15,52 0.53 0.02 2.07 4.13 0.04 0.07 0.02 6.66
60 13.44 0.54 0.02 2.12 4.27 0.04 0.07 0.02 6.35
90 14.01 0.55 0.02 lelnEy ey 0.06 0.07 0.02 6.88
120 13.86 0.61 0.02 231 a4z 0.06 0.08 0.02 6.32
150 13.56 0.61 0.02 2.30 4.40 0.06 0.08 0.02 6.05
180 13.76 0.66 0.02 2.42 4.48 0.06 0.08 0.03 6.01

(Reaction condition: T =600 °C, T,.q =400 °C, F = 10:10:40 ml/min (C;HgAirN), W/F = 23

g-h/mol, atmaspheric pressure)

Table D16 Oxidative dehydrogenation of propane over K;TisgNis ;015 catalysts

) | Yield (%)

g g I (o]

o ) )

T w [0} B o~

: £ A\ OINYP SHF AWE S

o = @ & © ] = © 5 *in U

o 2 5 5 *3) o 3 A y ]

E S N\, N xR, & ~
30 28.41 0.37 0.01 1.46 7 4.35 0.03 0.07 002  22.08
60 1424 051 0.02 1.74 4.86 0.04 0.10 0.01 6.96
90 15,81 0.53 0.02 1.80 05 0.04 0.10 0.02 6.25
120 13.41 0.59 0.02 1.92 524 0.05 0.12 0.02 5.44
150 13.28 0.56 0.02 1.84 5.01 0.06 0.10 0.01 5.65
180 1321 0.56 0.02 1.87 5.07 0.07 0.10 0.02 5.49

(Reaction condition: T, = 600 °C, T,oy = 400 °C, F = 10:10:40 mL/min (CHgAIrN,), W/F = 23

g-h/mol, atmospheric pressure)
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Table D17 Oxidative dehydrogenation of propane over K;TissNip 50,5 catalysts

I S

E \E [} 0]

-~ —

7} [= 0 [ [} C o~

c E T 5 g § 8 c g . S
- o £ © = P 8 2 ey -

v E ¥ & £ &8 2 3 o

= S = iy & 3 O

30 2978 041 0.01 0.01 0.38 0.02 0.00 0.00 2895

60 2255 045 0.01 0.02 Q.37 0.04 0.00 0.00  21.66
90 19.67  0.52 0.02 0.02 0.33 0.04 0.00 0.00 18.74
120 1955 )55 0.02 0.02 0.31 0.03 0.00 0.00  18.63
150 18.86 052 0.01 0.02 0,29 0.02 0.00 0.00 18.00
180 1833 055 0.01 0.02 0.29 0.05 0.00 0.00 17.41

(Reaction condition: Treger = 600 °C, Ty = 400 °C, F = 10:10:40 mL/min (CiHg:Air-Nz), W/F = 23 e-h/imol, atmospheric

pressure)

6. Effect of reduction temperature

Table D18 Oxidative dehydrogenation of propane over non-reduced K;TisgNig ;015

catalysts
—~ Yield (%

& 5 Y
¥ h | )
v T o v - ~
s £ I\ —iwaCisese 80/ 8
o = (] & © = > [ 3 n
v > +© £ z. o) 5 Qa v o)
£ 5 2 i o~ 2 ) o O
= ) - 2

30 14.03 0.59 0.01 2.56 3.68 0.05 0.06 0.02 7.05

60 13.88 0.65 0.02 2.65 397 0.05 0.07 0.02 6.45

90 14.06  0.64 0.02 2,57 4.00 0.05 0.06 0.02 6.68
120 13.96 0.70 0.02 2,73 4.22 0.05 0.07 0.02 6.14
150 1412 0.69 0.02 2301 4.24 0.05 0.07 0.02 6.30
180 13.35 0.0 0.02 271 4.29 0.05 0.07 0.02 549

(Reaction condition: T,eee = 600 °C, T,oq = - °C, F = 10:10:40 mL/min (CHgAIr:N,), W/F = 23 g-h/mol,

atmospheric pressure)
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Table D19 Oxidative dehydrogenation of propane over reduced (700 °C) K;TisgNig 1013

catalysts

g 3 Yield (%)

g F v

+ —_ Q

wn [= o) ] V] = ™

c E B 5 = 3 g c g8 S

~ [ £ 1] = > © 3 n

v Z 1] ﬁ £ & =) - a o}

= § = 8 & %8 =
30 17.58 0.82 0.03 1.58 2.73 0.04 0.05 0.00 12.32
60 16.19 0.85 0.03 1.85 3.44 0.04 0.06 0.06 9.85
30 15.36 0.89 0.03 Ll 3.98 0.04 0.08 0.10 8.11
120 15.18 0.86 0.03 219 a.17 0.04 0.08 0.10 T.rl
150 14.64 0.86 0.03 231 4.44 0.04 0.09 0.10 6.77
180 15.30 0.88 0.03 2.43 4.65 0.04 0.09 0.12 7.05

(Reaction condition: T,eeq =-600°C, Ty = 700 °C, F =-10:10:40 m&smin (CHgAIRN,), W/F = 23

g-h/mol, atmaspheric pressure)

7. Effect of contact time

Table D20 Oxidative dehydrogenation of propane over K;TizgNig;0;5 catalysts at

contact time 3.1 e.h/mol

€ A Yield (%)

@ >

= < o

4+ ~_~ Q

w C (@] o @ = o

c g T N\N&¢ ,L i T NI/ . 9

c =& o oS © = > 8 3 0 .

v 2 5 5 £ = = 5 > o

£ 5 s i o o @ o O

= ] &% b,
30 10.21 0.40 0.01 1.26 Sep P 0.02 0.02 0.00 528
60 9.10 0.50 0.01 1.47 3.44 0.05 0.03 0.00 3.59
90 8.71 0.48 0.01 1.41 3.27 0.04 0.03 0.00 3.46
120 9.29 0.48 0.01 1.38 3.15 0.05 0.03 0.00 4.19
150 8.53 0.52 0.01 1.48 3.28 0.05 0.03 0.00 3.13
180 8.74 0.51 0.01 1.45 3.22 0.05 0.03 0.00 3.47

(Reaction condition: T = 600 °C, T,eq = 400 °C, F = 10:10:40 mL/min (CHgAir:N;), W/F = 23

g-h/mol, atmospheric pressure)
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Table D21 Oxidative dehydrogenation of propane over K;TisgNig;05 catalysts at

contact time 5.8 g.h/mol

~ Yield (%
;% 3 ield (%)
o - )
= @
(e} [ [0} o~
c € © § ¢ § s ¢ § . 8
o ~ ) L © = > 4] = wn
v 2 o £ £ & 5 £ & o
£ s = " B & % 3 .
30 7.06 0.48 0.01 1.66 3.92 0.04 0.04 0.01 0.88
60 12.33 0.46 0.01 1.63 4.09 0.07 0.05 0.01 6.00
90 12.39 0.51 0.01 Ll 4.24 0.05 0.05 0.01 575
120 11.84 051 0.01 1. X 4.10 0.05 0.05 0.00 5.40
150 16.64 0.43 0.01 52 374 0.04 0.04 0.00 10.87
180 10.16 0.54 0.01 1.76 4.03 0.06 0.05 0.01 3.70

(Reaction condition: Te = 600-°C, Trwy = 800 °C, F = 10:10:40 mismin (CHgAIEN), W/F = 23

g-h/mol, atmospheric pressure)

Table D22 Oxidative dehydrogenation of propane over K;TisgNig; 0,3 catalysts at

contact time 7.8 g.h/mol

~ Yield (%
g 3 ield (%)
E : W [}
+ =
e £ A Og\hWEfe TS5/t B S
° s.E/ ] 2 © o =i @© 5 F W]
0] > + L5 Es a A a U S
= 5 = i i . @ O O
= (] (=8 peis)
30 12.21 059 0.01 1.93 4.45 0.04 0.06 0.02 516
60 12.43 0.58 0.02 2.04 4.87 0.04 0.07 0.04 4.76
90 11.87 0.59 0.02 2,03 4.81 0.04 0.07 0.04 4.27
120 12.27 0.59 0.02 203 4.84 0.04 0.07 0.05 4.63
150 1237  0.58 0.02 1.99 4.70 0.04 0.06 0.04 4.93
180 11:99 0.52 0.01 1.88 4.50 0.04 0.06 0.04 493

(Reaction condition: Tee = 600 °C, Treq = 400 °C, F = 10:10:40 mL/min (C;HgAir:N,), W/F = 23

¢-h/mol, atmospheric pressure)
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Table D23 Oxidative dehydrogenation of propane over K;TisgNig;0;5 catalysts at

contact time 11.7 ¢.h/mol

—_ Yield (%
% 3 ield (%)
& B )
= o ) v o
cf ® §5 ¢ § & ¢ 5 S
o = O = o — ES o] = i )
v 2 i £ b g o A = c
= g = ® 8 & % 3 °
30 14.27 0.51 0.01 1.93 4.56 0.05 0.07 0.02 7.09
60 12.66 0.56 0.02 2.08 547 0.05 0.09 0.06 4.62
90 12.05 0.57 0.02 2.09 e, 0.05 0.09 0.06 494
120 13.19 0.60 0.02 2.16 5.32 0.06 0.09 0.06 4.87
150 1217 0.64 0.02 2.25 535 0.05 0.09 0.09 4.68
180 13.78 0.60 0.02 2.16 52X 0.03 0.08 0.09 5.55

(Reaction condition: T, = 600-°C, Tw, =400 °C; F = "10:10:40 mL/min (C.HgAirNy), W/F = 23

g-h/mol, atmospheric pressure)

Table D24 Oxidative dehydrogenation of propane over K;TisoNiy ;0,5 catalysts at

contact time 46 g.h/mol

i 4 Yield (%)

£ S :

0 X -

k7 = (v} o o~

: £ A% SANE (R ISHE S & S

o \_Ed aj F 4 18} = _>J~. L) =3 +|.n v

o > % £ > 8\Ely) 72 2 U 4

£ 8§ N\, SO 3¢ ©
30 13.06 0.48 0.02 2.02 4.42 0.02 0.08 0.03 5.99
60 13.95 0.50 0.02 2.04 Aot 0.02 0.08 0.03 6.51
90 14.47 0.52 (.02 2.05 4.84 0.03 0.08 0.03 6.89
120 14.20 0.54 0.02 210 4.88 0.03 0.08 0.03 6.51
150 14.82 O.57 0.02 2.1.8 4.99 0.03 0.09 0.04 6.90
180 1500 0.55 0.02 2.16 4.96 0.03 0.09 0.03 .22

(Reaction condition: T,eee = 600 °C, T,oy = 400 °C, F = 10:10:40 mL/min (CsHgAirN.), W/F = 23

¢-h/mol, atmospheric pressure)





