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This study investigates catalytic performance of a novel fluidizable La2O3 modified MOx/γ-

Al2O3 for the oxidative dehydrogenation (ODH) of  propane to propylene with and without 

CO2. The mixed oxide of lanthanum and aluminium support was synthesized by the 

coprecipitation technique and the active site MOx was deposited on the support by the 

incipient wetness impregnation technique. Results from the catalyst N2 adsorption, NH3-

TPD and XRD characterization reveal that the incorporation of La2O3 above 25 wt% 

reduces the catalyst BET surface area, surface acidity and the diffraction peak intensities 

corresponding to γ-Al2O3 respectively.  In addition, the  H2-TPR data for the molybdenum-

based catalyst shows two distinct reduction peaks establishing that the MoO3 reduces in 

two stages of Mo6+ → Mo4+ →Mo0, however, the vanadium-based catalyst reduced in a 

single stage. The N2 adsorption isotherm and the pore size distribution curves shows that 

the catalyst materials were mesoporous in nature. The ODH of propane reaction was 

carried out in the CREC riser simulator by injecting propane with or without CO2 as co-

feed. The performance of the synthesized catalyst for the ODH of propane was found to be 

a function of the La2O3 content of the support. In general, the propane conversion declined 

slightly whiles the propylene selectivity increased as the La2O3 content increases. It was 

hypothesized that the presence of basic La2O3 reduces the acidity and the non-selective 
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sites of  γ-Al2O3 responsible for deep oxidation of reactant and products on the catalyst. 

Based on our results, 32% propane conversion with 78% propylene selectivity were 

achieved over 10% MoO3/La-γAl2O3 (1:2) in the absence of CO2  at 550 ℃, however, in 

the presence of CO2, 52% propane conversion and 85% propylene selectivity were obtained 

on the same catalyst at the same reaction conditions. A similar observation was recorded 

for both vanadium and gallium-based catalyst.  

Graphical Abstract 
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  (ARABIC ABSTRACT)ملخص الرسالة  

 
 ماجد لاسیسي بالغون :الاسم الكامل

 
  لإزالة ثاني أكسيد الكربون   (M = Mo 3O2lAl-3O2NOVEL MOx / La   ،V and Ga):عنوان الرسالة

 البروبلين من البروبان إلى 
 

 هندسة كيميائية  التخصص:
 

 2020 شعبان :تاريخ الدرجة العلمية

 

المعدلّ المائع القابل للتأكسد من أجل إزالة الهدرجة    / 3O2Al-γMOxتسعى هذه الدراسة إلى مقارنة الأداء الحفاز لـ 

( من البروبان إلى البروبیلین مع وبدون ثاني أكسید الكربون. تم تصنیع الأكسید المختلط من اللانثانوم  ODHالمؤكسدة )

على الدعم بواسطة تقنیة التشريب الرطب  MOxوالألمنیوم بواسطة تقنیة التساقط المشترك وتم ترسیب الموقع النشط  

٪ بالوزن يقلل من  25فوق    3O2Laأن دمج    XRDو    TPD-3NH، توصیف   2Nتكشف نتائج امتزاز المحفز    .الأولي

على التوالي. بالإضافة إلى    3O2Al-γ، حموضة السطح وشدة ذروة الانعراج المقابلة لـ    BETمساحة سطح المحفز  

ينقص في   3MoOللمحفز المعتمد على المولیبدينوم ذروتین اختزال ممیزتین تثبت أن    TPR-2Hذلك ، تظهر بیانات  

ومنحنیات    2Nع ذلك ، انخفض المحفز القائم على الفاناديوم في مرحلة واحدة. إن متساوي الامتصاص  وم مرحلتین من

لتفاعل البروبان في جهاز محاكاة    ODHتوزيع حجم المسام تظهر أن مواد المحفز كانت ذات طبیعة متوسطة. تم تنفیذ  

تم العثور    ،  0Mo →4 + Mo →6 + Mo  أو بدونه كغذاء مشترك.  2COعن طريق حقن البروبان مع    CRECارتفاع  

لـ   المركب  المحفز  أداء  لمحتوى    ODHعلى  دالة  لیكون  البروبان  تحويل    3O2Laمن  انخفض   ، عام  بشكل  للدعم. 

الأساسي يقلل من   3O2La. افترض أن وجود  3O2Laالبروبان قلیلاً بینما زادت انتقائیة البروبیلین مع زيادة محتوى  

استنادًا  المسؤول عن الأكسدة العمیقة للمفاعل والمنتجات على المحفز. 3O2Al-γالحموضة والمواقع غیر الانتقائیة لـ 

  3O2lAl-/ La 3MoO٪  10٪ من انتقائیة البروبیلین على  78٪ من تحويل البروبان مع  32، تم تحقیق    إلى نتائجنا

٪ تحويل البروبان وتم الحصول  2CO  ،52 ℃ ، ومع ذلك ، في وجود    550( في غیاب ثاني أكسید الكربون عند  2:  1)

تم تسجیل ملاحظة مماثلة لكل من الفاناديوم  ٪ من انتقائیة البروبیلین على نفس المحفز في نفس ظروف التفاعل.  85على  

 .والمحفز القائم على الغالیوم
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CHAPTER 1 INTRODUCTION  

1.1 Background 

Among the most used chemicals in the petrochemical industry are light olefins such as 

ethylene and propylene which are used as building block for manufacturing other products 

of high demand. Chemicals and polymers such as polyethylene, polypropylene, ethylene 

glycol, acetones and other important products are produced from light olefins. This has 

contributed to the steady rise in demand of light olefins as building block over the past 

years [1].  

Propylene is one of the most essential raw materials in the petrochemical industries as it is 

used to synthesize useful substances such as polypropylene, propylene oxide, acrylonitrile, 

cumene and acrylic acid. There are ongoing exploration and research of efficient and 

sustainable means of producing light olefins such as ethene and propylene due to the ever-

increasing market demand. Fluid catalytic cracking (FCC) and steam cracking are the 

conventional technologies used in the production of light olefins, but due the growing 

demand there is the need to develop on-purpose technologies such as dehydrogenation of 

light olefins, metathesis and methanol to propylene as can be seen in Fig. 1.1 [2][3]. 

Traditionally, light olefins are produces by thermal cracking of hydrocarbons such as 

naphtha,  petroleum gas. In thermal cracking, saturated hydrocarbons are subjected to high 

temperatures of about 1000℃ which results in the cracking of the large hydrocarbons  to 

smaller ones that are most at times unsaturated in nature. Reaction temperature, steam to 

hydrocarbon ratio, residence time are some of the factors that are responsible for regulating 

the selectivity of olefins during cracking. The thermal cracking process is a highly 
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endothermic process that requires high amounts of energy for the dehydrogenation process. 

There is the issue of coke formation in the cracking process as a result of the high 

temperatures involved which leads to low productivity due to intermittent plant shut down 

[4]. Presently, light olefins are produced as by-product from steam cracking and from the 

fluid catalytic cracking of vacuum gas oil (VGO) which are both endothermic and highly 

energy demanding. It has been forecasted that the present industrial production capacity 

will not meet the future demand of light olefin as can be seen in Fig 1.1 [5]. 

 

Fig 1.1: Demand and supply of propylene with different technologies [6].  

An attractive alternative to the endothermic and thermodynamically limited FCC and steam 

cracking is oxidative dehydrogenation (ODH) of lower alkanes to produces olefins such as 

propylene and ethylene [7]. Alkenes are the major products of ODH reaction which are 

formed by parallel and sequential oxidation of alkane [8]. There is also the possibility of 

CO2 and CO formation due to secondary combustion of olefins or by direct combustion of 

the alkane feed. The use of pure oxygen as oxidizing agent in the ODH reaction is 

thermodynamically feasible as the reaction is exothermic and reduces the energy 

requirement, nonetheless the presence of oxygen reduce the selectivity towards olefins 

production as a result of potential deep oxidation of the olefin produces [9]. The ODH 
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process is at the moment not commercialized due to the fact that there is the secondary 

combustion of the primary alkene products resulting in less than 30% of alkene yield [8]. 

There are some characteristics that are common in the various ODH of alkanes. The initial 

stage in that is common in all alkane ODH is the activation and cleavage of the C-H bond, 

that reported as the rate determining step. The oxidizing ability of paraffins increases as 

the number of carbons in hydrocarbon increases (C2<C3<C4<C5).This sequence shows 

the order of decreasing strength of the C-H bond in alkanes. The acidic nature of 

hydrocarbons declines as the degree of saturation and or number of carbons atoms 

decreases. Thus, to improve the olefins selectivity, catalyst that are basic in nature are 

required for more basic alkenes to reduces the interaction that may leads to over oxidation 

of alkenes [10].  

1.2 CO2 as a mild oxidant 

Carbon dioxide can be used as a substitute to oxygen due to the fact that carbon dioxide 

can act as a soft oxidant, thus avoiding deep oxidation of the product [11]. ODH of alkane 

in the presence of CO2 has more merit than direct dehydrogenation of alkanes because of 

the reverse water gas shift reaction which improves the equilibrium conversion by shifting 

the reaction to the product side and also the reduction in formation coke via the Boudouard 

reaction [12]. The use of CO2 in ODH leads to significant improvement in selectivity 

although generally, the conversion is lower as compared to commercialized direct 

dehydrogenation process [13].   

The increasing buildup of CO2, a greenhouse gas in the atmosphere has a negative impact 

on the environment, predominantly increasing the severity of global warming. About two-

thirds of the world CO2 emissions are from burning of fossil fuels for electricity and heat 
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generation, and transportation.  Therefore, there is the  need to cutdown the CO2 emission 

as well as finding viable means of converting CO2  to useful products. One of the effective 

means of achieving CO2 reduction in the surrounding is by CO2 catalytic conversion. 

Furthermore, the generation of natural gas is on the rise as shale gas has become the new 

fastest growing source of natural gas. Currently the shale gas production represents a major 

portion of the US oil and gas industry as shown in Fig.1.2. The principal component of the 

shale gas is the C2-C3 alkanes which are of less importance in the petrochemical industry 

currently due to their inert reactivity and lack of available technologies to convert them 

into useful materials. Consequently, there is the need to develop a process that can 

transform CO2 and C2-C3 alkanes in to useful chemicals [14] .  

The use of CO2 as a mild oxidant has several advantage like lessening the thermodynamic 

equilibrium limitation, reduces the phenomenon of hot-spot on the surface of catalyst and 

increasing the rate of reaction [15]. The following reactions shows the boosting effect CO2 

contributes towards ODH reaction [16] . 
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Fig 1.2: Recorded and projected oil and gas production in the US (million barrel/day) 

[17] 

𝐶3𝐻8  ↔  𝐶3𝐻6 + 𝐻2    (1) 

𝐶𝑂2 + 𝐻2  ↔ 𝐶𝑂 + 𝐻2𝑂     (2)  

𝐶𝑂2 +  𝐶3𝐻8  ↔   𝐶3𝐻6 + 𝐶𝑂 + 𝐻2𝑂    (3)  

𝐶𝑂2  + 𝐶 ↔ 2𝐶𝑂     (4) 

In ODH process of light alkanes using CO2 as a non-traditional oxidant, there exist different 

pathways, but the mechanisms involved have been well established. It has been discovered 

that there are two reaction pathways depending on the acid-base and the redox property of 

the metal oxide. The Mars-van Krevelen mechanism is one of the pathways that involves 

the contribution of the lattice oxygen servings as selective oxygen group and the oxygen 

vacancy site for adsorption. The other route encapsulates both direct dehydrogenation as 
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well as reverse water gas shift reaction [13].  CO2 as a soft oxidant serve crucial role in the 

hydrogen removal from hydrocarbons that are simple or functionalized by the oxidation of 

carbon dioxide to form carbon monoxide and oxygen species. Aside the H atom abstraction 

and donating surface oxygen, CO2 can change the reaction path from dehydrogenation to 

oxidative route to enhance selectivity. Reaction (eqn 2) shows how CO2 eliminates the 

chemical equilibrium limitation in ODH by the reverse water gas shift reaction [18][19]. 

In addition, CO2 as a result of its inherent low oxidation ability, it subdues the unwanted 

overoxidation of products and may also increase yield by poisoning sites that are non-

selective on the catalyst which are mainly responsible for side product generation. 

Interestingly, it can be seen from Reaction (eqn 4) that CO2 alleviates coke formation by 

the reverse Boudouard reaction  [20]. For ODH using CO2, the acidic nature of carbon 

dioxide requires that the catalyst be basic for initial adsorption followed by reaction. 

However, the catalyst must be capable of activating the light hydrocarbon. Therefore a 

suitable catalyst should have both acid and basic properties as well as redox properties [21].  

1.3 ODH catalyst 

Developing a suitable and stable catalytic system that can enhance high conversion, 

selectivity as well yield is challenging due to the high possibilities of the oxidation of the 

formed olefin. An efficient catalyst should be able to activate the C-H bond in the alkane 

effectively and hinder the formation of COx by deep oxidation. In the search of more 

feasible catalyst for ODH, several transitional metals oxides such oxides of  molybdenum, 

vanadium, chromium, gallium, indium and other additional metals supported on metal 

oxides, zeolite, materials that are mesoporous have been studied [22]. There are two main 

concepts that make up the cornerstone in development of a selective oxidative catalyst for 
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oxidative dehydrogenation of light alkanes. One of these was the hypothesis that the 

oxygen from the lattice site of some transitional metal oxide are more effective and 

selective than molecular oxygen as oxidizing agent; the concept of site isolation is the 

second [23]. Mo-based catalyst are innocuous, comparatively less expensive and has 

receives lots of research attention in oxidative dehydrogenation of hydrocarbons [24], 

however there are currently no report on its application as a redox catalyst for ODH of 

propane in the presence of CO2. In addition, γ alumina is one of the most promising material 

used as catalyst support due to its high surface area as well as excellent thermal stability.  

Nevertheless, γ alumina has the potential of coke formation and cracking of propane due 

to its high acidity. The addition of a second metal oxides such as La, Si, W, Zr to γ alumina 

can boost the its catalytic activity [2].  

With this background on the properties and qualities for an efficient catalyst, herein, we 

report for the first-time the prospect of using MOx supported on a mixed oxide of 

lanthanum and aluminium (in different ratios) for the oxidative dehydrogenation of 

propane in the presence of CO2 as a mild oxidant. The catalyst support system with varying 

ratio of lanthanum to aluminium was synthesized by the coprecipitation. The active redox 

MOx  was the impregnated on the calcined support. The ODH of propane in this research 

was carried out in a CREC riser simulator at atmospheric pressure and at varying 

temperature (525-600℃) at 25℃ intervals. The stability of the catalyst, effect temperature, 

effect of reaction time, effect of CO2, effect of lanthanum to aluminium ratio have been 

discussed in this work.  
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1.4 Motivation 

In present study, ODH is selected as the technology to be used in the production of 

propylene from propane due to advantages it has over the traditional technologies such as 

steam cracking and FCC which are currently the main propylene on the world market. 

Below is the summary comparing the different technologies. The ODH features appear to 

provide solution the challenges posed by the other technologies: 

▪ Steam cracking 

•  High reaction temperature (approximately 800 °C) 

•  Robust materials required for equipment design 

•  Causes pollution dues to the release of NOX  & CO2 due to 

combustion of light effluent from the product 

• Highly  energy intensive [25] 

▪ FCC 

• Endothermic reaction (T> 550 ℃) 

• Olefins are produced as a side product 

• Catalyst deactivation leading to frequent regeneration [26] 

▪ Dehydrogenation 

• Endothermic reaction 

• High reaction temperature (550 - 700 °C) 

• Thermodynamic limitation 
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• Quick catalyst deactivation due to coke formation leading to regular 

regeneration [27] 

▪ Oxidative Dehydrogenation 

• Exothermic reaction 

• Eliminates thermodynamic limitation 

• Relatively low reaction temperature ( 400-600 °C) 

• Relatively low coke formation [11] 

1.5 Contribution of the work 

Our contribution to this area of research is primarily to synthesize and characterize a highly 

selective and fluidizable catalyst with the following characteristics: (i) reactive in redox 

cycles  (ii) balance acidity (iii) Stable over repeated cycles (iv) Economically feasible (v) 

Environmentally safe 

We therefore decide to synthesize a La2O3-γAl2O3 mixed oxide support in four different 

weight ratios. Oxides of Mo V and Ga were deposited on each set of catalyst support by 

wet impregnation method.  

In this work, we were also interested to know the  

• Promotional effect of CO2 

• Effect of contact time 

• Effect of lanthanum content 

• Effect of temperature over the synthesized catalyst 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

Researchers around the globe for the past few decades are working on discovering 

alternatives that are economically feasible for the production of light olefins. The main 

motive is to find solution to the current challenges such as coke formation, high energy 

consumption, low selectivity, limitations due to thermodynamics which are commonly 

associated with the current technologies for olefin production. Again, the generation of 

propylene from both steam and fluid catalytic cracking is projected to be inadequate to 

meet the fast-growing demand in the near future. Therefore, there is the need to improve 

and develop on-purpose technologies for the production of additional olefins to meet the 

demand [27]. Among the on-purpose technologies is oxidative dehydrogenation that is 

considered to be the outstanding alternative to the traditional technologies such as steam 

cracking. Low reaction temperature and the inherent ability to eliminate the 

thermodynamic constrains are some of the merits of the ODH process [28]. Despite this 

advantages, ODH reaction is prone to deep oxidation of both the alkane and the olefin 

resulting in low product selectivity. In this regard, a suitable catalyst that has high affinity 

for the activation of C-H bond of alkane and minimizes the formation of COX by the over 

oxidation is required. Transitional metals oxides are among the principal catalyst used for 

the purpose of the oxidative dehydrogenation of alkanes [29].   

2.2 Selection of Catalyst for ODH of Light Alkane to Olefins 

Supported Molybdenum oxide catalyst falls in the class of catalyst that are effective for 

oxidative dehydrogenation of alkanes to alkenes. It is well known that the process follows 

the mars-Van-Krevelen mechanism which comprises of the slow step of C-H bond 
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breaking as a result of the lattice oxygen participation from the molybdate. The 

effectiveness of the supported molybdena in activating the C-H bond in alkane to 

selectively produce olefins depends on several factors including the nature and distribution 

of the dispersed MoOx molecule on the support, the method of catalyst synthesis and phase 

loading of molybdena. The phase of the loaded molybdena on a support changes from 

segregated MoOx to a 2-dimmensional oligomer (Mo-O-Mo) and finally into a crystal 

mixed metal oxide (eg. Al(MoO4)3) or lumps of MoO3 at loadings  above monolayer 

coverage [30]. 

2.2.1 Aluminium Based Catalyst for ODH 

Gamma (γ) alumina is commonly used as catalyst support as it has a high specific surface 

area for uniform metal distribution, high thermal stability, mechanical stability and it is 

also less expensive [31] [32]. Nevertheless, its level of acidity is high contributing to 

cracking and coke formation of hydrocarbons leading to the deactivation of the catalyst. In 

order to reduce the effect of acidity, the introduction of promoters such as alkali metals, 

alkaline earth metals which are basic in nature has been recommended. An alternative 

means is the use of rare earth metal promoters such as Lanthanum which aids in the coke 

removal from the metal surface and enhances the stability of the catalyst as well as the 

oxides by inhibiting sintering. To elaborate more, the La2O3 generates an oxygen 

containing molecule (La2O2CO3) in the course of the reaction which aids in the removal of 

the carbon deposits (coke) on the catalyst. The process is below [33] [34]. 

La2O3 + CO2 → La2O2CO3               (5) 

La2O2CO3 + C → La2O3 + 2CO        (6) 
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2.2.2 Lanthanum Based Catalyst for ODH 

Lanthanum oxide is recognized to be one of the outstanding basic material used for most 

reactions to enhance and improve the basic strength of catalyst [35]. In the work of 

Mazumder et al [36] and Garbarino et al [37]  they investigated the influence of adding 

lanthanum to γ-Al2O3 support. The presence of lanthanum added a positive impact on the 

fluidizability of the catalyst. The results from the catalyst characterization indicated that, 

addition of lanthanum oxide enhanced the surfaces area, the ability of CO2 adsorption, 

reducibility and dispersion of metal as well as the capability to reduce the acidity of the 

support. However, there is also the possibility of the formation of unwanted LaAlO3 at 

calcination temperatures around 1000 ℃ with more than 10% La2O3 loading. Although γ-

Al2O3 is a widely used metal oxide for catalyst support due to high mechanical strength 

and surface area, it is prone to thermal sintering and phase transformation at elevated 

temperatures. The addition of La2O3 to the γ-Al2O3 enhances stability thereby promoting 

catalyst activity. Interestingly, the presence of La2O3 inhibits the formation of coke on the 

catalyst surface as results of its ability to reduce the acidity of the catalyst also enhance the 

CO2 adsorption capacity. It has also been confirmed by Del Angel et al [38] in their FTIR-

Pyridine analysis, that the addition of lanthanum oxide the γ-Al2O3 reduces the acidity of 

the support.    

2.2.3 Molybdenum Based Catalyst for ODH 

Most of the catalyst that have been studied for ODH about six decade ago are generally 

related to redox metals such molybdenum, vanadium oxides on Al2O3, TiO2 and SiO2 as 

supported. Vanadium oxide-based catalyst is considered among the most active catalyst 
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which are capable of effectively activating alkane in ODH reactions at low temperatures 

(around 100-200 ℃ less than normal dehydrogenation) [39]. On the contrary, the main 

drawback of vanadium oxide-based catalyst in the ODH of alkane is related to poor 

selectivity towards desired olefins. This is as a result of the combustion of alkane and 

alkene to form COX that usually occur at high vanadium loading which is a factor impeding 

the large-scale application of ODH. However, molybdenum oxide-based catalyst is usually 

used for selective oxidation of alkene due to its exceptional selectivity towards desired 

product but their activity for ODH is less as compared to vanadium based-catalyst [40]. It 

is widely reported that, the performance of a catalyst relies on a number of elements, which 

include the chemical characteristics of the active oxygen species, the acid-base and redox 

nature of the support, the dispersion as well as metal loading strongly impact on the catalyst 

selectivity and activity [10]. There two possible principles that can be used to improve the 

activity molybdenum oxide-based catalyst namely: (i) by combining VOx with MoOx as 

single catalyst system (ii) application of suitable support that can permit higher loading of 

MoOx. The acid-base nature and also the textural characteristics of the support largely 

affect the catalyst performance. The active site dispersion, the retention time of reactant 

and intermediates on the catalyst surface and the catalyst structure is greatly influenced by 

the acid-base property of the support. It can therefore be inferred that the most promising 

support for ODH of alkane to olefin should be basic in nature. This is because the desired 

olefin (more basic as compared to alkane) are desorbed easily from the catalyst surface 

suppressing the formation of COX in a consecutive reaction [5]. 

According to Z. Nawaz et al, the application of Molybdenum oxide-based catalyst was first 

reported for n-heptane dehydrocyclization in the year 1946 and was also often tested for 
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reactions involving conversion of hydrocarbons. MoOx has been used for research in  both 

oxidative and non-oxidative dehydrogenation of alkane. Molybdenum oxide has a similar 

chemistry as vanadium oxide, due to the presence of MoOx monomer, polymer and 

crystallites of MoO3. In the oxidized state of a fresh catalyst, Molybdenum exist as Mo6+, 

and reduces to the active species Mo+4 and Mo+5 during reaction [41]. The M=O bond 

makes the molybdate function affectively as a redox catalyst. The molybdate are 

bifunctional in nature; M=O vibration is one component that is responsible for molecular 

oxygen dissociation and Mo-O-Mo (bridging oxygen), the second component is effective 

in the chemisorption of hydrocarbons [42].   

Mitchell et al [43] studied molybdenum hydrotalcite catalyst for the dehydrogenation of 

propane carried out in continuous flow stainless steel tube reactor (i.d=2mm) at 

atmospheric pressure. The dehydrogenation was done with (propane : oxygen= 2:1) and 

without oxygen as oxidant. They observed that the conversion for both oxidative 

dehydrogenation (with oxygen) and direct dehydrogenation (no oxygen) was higher as 

compared to reaction without a catalyst. Again, they noted that the presence of 

molybdenum promoted the selectivity as well as the activity of the dehydrogenation in the 

presence of oxygen as compared to reaction in the absence of oxygen confirming that the 

molybdenum plays a specific catalytic function in oxidative dehydrogenation. Abello et al 

[44] studied the oxidative dehydrogenation of propane on MoO3/Al2O3 promoted with Li 

(0.3-12wt%). The Raman spectra for the Li free catalyst revealed the presence of M=O and 

Mo-O-Mo bonds 1001 and 867 cm-1 respectively, however, α-MoO3 and Al2(MoO4)3 were 

not detected which is consistent with the XRD results obtained. With the addition of Li, 

the Raman band at 1001cm-1 (Mo=O) shifted to lower energies as the amount of Li 
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increases. This reveals that, the Mo=O bond becomes longer and weaker which is due to 

the interaction between the surfaces of the molybdena and the Li oxide. In the ODH of 

propane, it was observed that as the Li content in the catalyst increases, the activity of the 

catalyst decreases. This is due to the reduction of acid site on the catalyst as the amount of 

Li increases which also led to a negative effect on the reducibility of the catalyst. It has 

been suggested in several studies that, the reducibility of the active metal is directly 

proportional to rate alkane ODH. However, it was observed that as the Li-content is 

increased, the formation of COx (undesired product) reduced, suggesting the inhibiting 

ability of Li-containing catalyst for propane combustion. Heracleous et al [45] reported the 

ODH of ethane to ethylene using two MoO3/γAl2O3 catalyst with 11 wt% molybdena 

synthesized at two separate pH and Mo concentration (pH =3.9, Conc. of Mo= 1.1x10-3 

mol/L and pH=6.3, Conc. of Mo= 2.7x10-2 mol/L). In their report, it was clear that the 

conversion of ethane in the presence of oxygen (ethane : oxygen = 1:1) with temperature 

(450-600℃) was almost same for all the catalyst, however, the ethylene selectivity of the 

catalyst with the lower pH was about 15% higher than that recorded by the catalyst with 

higher pH value. The generation of ethene is accompanied by the total and partial oxidation 

of the hydrocarbon to form CO2 and CO. An inverse relationship between selectivity and 

conversion was observed which signifies parallel and consecutive reaction network. The 

undesired COx is generated either directly from the oxidation of ethane (parallel network) 

or through the deep oxidation of olefin produced (consecutive). On a plot of CO2 selectivity 

with ethane conversion, it was noted that, the CO2 selectivity remain almost constant at 

14% and then declined. This decline was attributed to the probable participation of the CO2 

generated in the ODH of ethane as a mild oxidant enhancing the conversion of ethane to 



39 

 

ethylene. On the other hand, the selectivity of CO increases with increase in ethane 

conversion and a decrease in ethene selectivity, this is ascribed to the fact that there is a 

consecutive reaction where the produced ethene further oxidized to CO. At temperatures 

below 600℃, the partial oxidation over reducible metals is believed to proceed by a redox 

cycle known as the Mars-van Krevelen mechanism. The removal of the H atom from the 

C-H bond by the catalyst lattice oxygen is considered to be the rate-determining step. The 

activity of a catalyst for ODH reaction is measured by the relative ease to release lattice 

oxygen which is characterized by the how easy a catalyst is reduced during H2-TPR 

experiment.  They attributed the high ethene selectivity to the strength of the nucleophilic 

Mo=O bond which selectively activate the C-H bond and avoid over oxidation to form 

CO2. Goudarzi et al [29] investigated the performance of titanate nanotube supported 

molybdenum oxide for the oxidative dehydrogenation of propane to propylene. A 

maximum of 9.3% yield of propylene was attained with a molybdena loading of 10%, 

however with the introduction of potassium on to the catalyst, the yield elevated to 11.3%. 

The propane ODH was reported to follow the mars-van-Krevelen (oxidation-reduction of 

catalyst) mechanism. In this mechanism, the propane initially gets adsorbed on the catalyst, 

at this point, the oxygen on the catalyst activates the C-H bond in propane to form 

propylene. The oxygen removed from the catalyst is replaced during regeneration with air 

containing oxygen. The products formed are chemically adsorbed on the catalyst and 

undergo two routes: (i) they are either detached or (ii) further oxidized to COx on the 

catalyst. The presence of optimal molybdena loading leads to well dispersed monomeric 

and polymeric species that enhances the efficiency in the ODH of propane to propylene. 

However, the presence of crystalline molybdena species leads to low catalytic activity due 
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to the blockage of active sites on the catalyst surface. The addition of potassium to the 

catalyst reduced the acidity of the catalyst thereby promoting the selectivity of the catalyst. 

For catalyst with elevated acidity, there is the possibility of proton transfer from the catalyst 

to the olefin formed, as a result carbocation sets in. Carbocation initiates other sets of 

reactions that decreases the selectivity of the catalyst. The presence of potassium enhances 

the rapid detachment of the propylene (as a nucleophile) from the catalyst surface thereby 

avoiding the over oxidation of propylene. Again, the presence of potassium lowers the 

concentration electrophilic oxygen (O2
-, O-) radicals that promotes progressive oxidation 

of olefins. However, it was noted that the existence of potassium on the catalyst increases 

the presence of O2-, a nucleophilic species responsible for partial oxidation. All these 

factors enhance the propylene selectivity, but a decrease in catalytic activity. Heracleous 

et al [10] reported the catalytic performance of  the monolayer coverage of vanadium and 

molybdenum oxide supported of titania and alumina for the ODH of propane and ethane. 

The results from the catalytic evaluation shows that vanadia catalyst were more active than 

molybdena regardless of the support. The comparison of the catalyst in terms of the support 

shows clearly that, the titania support exhibited a superior activity (alkane coversion) 

compared to Alumina-supported catalyst. However, alumina supported catalyst (both Mo 

and V) exhibited  high ethene selectivity as compared to titania supported catalyst. This 

could be explained using a possible relation between acidity of a catalyst and selectivity. 

From the NH3-TPD analysis, MoO3/TiO3 had a higher surface acid concentration as 

compared to MoO3/Al2O3 and this same trend was observed for V-supported catalyst. 

There may be over oxidation of ethane on the acidic TiO2 catalyst as a result of a strong 

interaction.   
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Below in Table 2.1 is a summary of different types catalyst that has been used in the 

ODH of propane in the presence of CO2.
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Table 2.1: A summary of catalyst used in the CO2 ODH of propane to produce propylene. 

No Catalyst C3H8 : 

CO2  

T (℃) Propane 

conversion % 

Propylene 

Selectivity % 

Yield of  

Propane (%) 

References 

1 β-Ga2O3 1:2 

 

600 

 

32 73 - [46] 

2 Ga2O3/Al2O3 26 94 - 

3 Ga2O3/ZrO2 30 65 - 

4 Ga2O3/SiO2 6.4 92 - 

5 Ga2O3/MgO 4.3 29 - 

6 Au/ZnO 1:1 600 50 56 - [47] 

7 Au/Al2O3 4.9 35 - 

8 Au/MgO 1.9 44 - 

9 ZnO 13 62 - 

10 *c-2.5Cr/ZrO2 5:13 550 26 - 18 [48] 

11 *m-2.5Cr/ZrO2 42 - 25 
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12 *c-5Cr/ ZrO2 41 - 26 

13 *m-5Cr/ ZrO2 58 - 30 

14 *c-10Cr/ ZrO2 38 - 26 

15 *m-10Cr/ ZrO2 36 - 25 

16 *c-15Cr/ ZrO2 59 - 34 

17 *m-15Cr/ ZrO2 58 - 34 

18 In2O3 1:4 550 2.5 56 1.4 [49] 

19 In-Al-40 27.6 69.3 21.9 

20 In-Al-20 35.7 76.5 27.3 

21 In-Al-10 31.5 75.8 23.9 

22 Al2O3 2.5 85.4 2.1 

23 In-Al-20 no 17.9 82.0 14.7 

24 CeZrAlOx   3 82 - [13] 

25 5%-Pd/Al2O3 1:1 500 8.7 64 - 

26 5%-Pd/ZrAl2Ox 3.3 76 - 
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27 5%-Pd/CeZrOx 10.1 92 - 

28 5%-Pd/CeO2 8 84 - 

29 5%-Pd/CeZrAlOx 4.7 92 - 

30 6.8V‐MCM‐41 (V 

content 6.8 wt%) 

1:4 600 58 92 53.36 [50] 

31 Cr/MSS-X 1:4 600 70 78 - [51] 

32 Ga2O3–Al2O3 1:5 500 18 41 7.38 [52] 

33 0.5Ni-Cr/Si 1:1 600 25 90 23 [53] 

34 7Cr-ZrO2 1:2 550 68 58 40.5 [54] 

35 In2O3–Al2O3 1:4 600 8 51 15 [55] 

36  1% V-Al2O3 - 550 25 98 24.5 [56] 

37 5% Mo-Al2O3 1:3 550 2.19 - 2.11 [57] 

38 7%V-Al2O3 6.72 - 6.5 

39 4%-Al2O3 5.18  4.65 
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40 7%V-5% Mo -Al2O3 10.08 - 9.74 

41 7%W-Al2O3 0.55 - 0.5 

42 7%V-7% W -Al2O3 9.85 - 9.56 

43 7%V-4% Cr -Al2O3 9.98 - 9.54 

44 5% Pd/CeZrAlOx 1:1 500 12 99 11.88 [58] 

45 7% Cr-TUD-1 51:210 550 45 75 33.75 [59] 

46 Cr/silicalite-1 1:1 600 3.5 92 3.22 [60] 

47 Cr/H[B]MFI 22.1 91 20.11 

48 Steamed Cr/H[B]MFI 15.7 93 14.6 

49 Cr/ZSM-5 1:2 500 48 86.0 41.28 [61] 

50 6.9 % VOx-SiO2, 1:2 550 25 45.1 11.3 [14] 

51 5.2 V-MSNS  1:4 600 60 85 51 [62] 
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(d vanadium oxides in 

3D dendritic MSNSs) 

52 7% Cr/SBA-1 1:5 550 37.7 85 32.0 [63] 

*Microwave treatment (m) and *Conventional treatment (c)
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2.3 Role of CO2 in the ODH of Light Alkane 

Carbon dioxide forms an integral part of the composition of the greenhouse gasses. The 

limitation of the amount of CO2 released into the environment from different sources has 

been the objective of most researchers. The use of chemical catalysis in the conversion of 

CO2 has been documented as one of the routes that could play an important role tackling 

the issues around  rising levels of CO2 in the atmosphere [64]. There are a number of 

technologies that has been suggested to enhance the efficiencies in terms of energy 

consumption in the conversion and application of CO2. The common practice used in CO2 

mitigation involves the sequestering of carbon dioxide recovered from flue gases or the 

environment in to the oceans and the oil wells. An attractive approach is to produce 

chemicals, fuel and very useful products from the captured CO2. There exists some 

inspiration for generating chemicals from CO2 due to the following reasons: 

i) CO2 is an innocuous and low-cost feedstock that can be used as substitute to 

harmful chemicals such as phosgene 

ii) As compared to crude oil and coal CO2 is renewable 

iii) The generation of new chemicals such as polymer can be achieved by using 

CO2 

iv) The use of CO2 could lead to global carbon balance 

For the past few years, scientist in the field of catalysis have made effort into the use of 

CO2 as a carbon source. Recently, it has been discovered that carbon dioxide can be used 

as a mild oxidant for the partial oxidation of light paraffins in to olefins. The natural gas in 

several places are known to contain high percentage of CO2, and other light alkanes. The 

use of this low-cost natural gases to produce valuable chemicals such as fuel is therefore 
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an attractive and desirable approach. Alkanes are saturated and stables chemical that are 

used as fuel but it desirable to convert alkane in to unsaturated and more valuable olefins 

that are of high demand in the petrochemical industry for use as starting material for the 

production of polymers. Recently, it has been proposed to use oxygen as oxidant in the 

oxidative dehydrogenation of alkanes to olefins as an alternative to the current direct 

dehydrogenation that is known to be less energy efficient [64]. However, the use of oxygen 

as oxidant leads to over oxidation of the olefin to carbon dioxide leading to low selectivity. 

Again, large amount of heat generated due to the exothermic nature of the reaction must 

be removed to avoid explosion. To address this, it has be proposed to use CO2 as a soft 

oxidant to stop the over oxidation of olefins thereby increasing the olefin yield [65].  

The process of commercialization of the oxidative dehydrogenation of propane with CO2 

as a mild oxidant will not only help meet the increasing demand of propylene in the market 

but also lead to the reduction of climate change. The interaction of CO2 varies from one 

catalyst to another. The reverse water gas shift (RWGS) reaction can occurs when both 

CO2 and hydrogen gas (H2) get adsorbed on the catalyst surface. This implies that, an 

efficient catalyst for ODH of propane with CO2 ought to have strong affinity for both C-H 

bond and CO2 as compared to C-C bond dissociation that leads to the generation of side 

products. Since CO2 is known to be fairly acidic nature, it would favorably be attached to 

the basic site of the catalyst whereas the H2 and propane would get adsorbed on the acidic 

site of the catalyst. Therefore to avoid undesirable reactions such as cracking and 

isomerization reactions, the selected catalyst ought to have a well-balanced acidic and basic 

sites [66]. 
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Nakagawa et al. [67] investigated the role of carbon dioxide in the dehydrogenation of 

ethane over Ga2O3-loaded on TiO3 and the observed that the catalyst was more effective in 

the presence of CO2. Increasing the amount of CO2 that is co-fed with ethane remarkably 

increases the selectivity of the desired product. The presence of CO2 promoted the activity 

of the catalyst as compared with reaction without CO2 due to the ability of CO2 to suppress 

the formation of carbon deposit on the catalyst surface. Dury et al. [68] studied the effect 

of CO2 on the dehydrogenation of propane over NiMoO4. They observed that CO2 helps in 

maintaining the catalyst surface at high oxidation state under conditions that the catalyst 

would have been in a reduced state. They then suggested that that CO2 dissociated in to 

CO and active oxygen species during the reaction which is responsible for the oxidizing 

ability of CO2. In their experiment without CO2, the conversion of propane was high (about 

80%) but no propylene was not produced, and the catalyst deactivated within an hour. Upon 

the addition of CO2, the conversion of propane decreased (2%) but the selectivity of 

propylene increased (66%) and deactivation of catalyst was not observed. Takehira et al 

[69] reported the use of MCM-41 supported chromium for the dehydrogenation of propane 

using CO2 as soft oxidant which resulted in the 30% conversion of propane and 90% 

selectivity of propylene. They observed that carbon dioxide was also capable of 

regenerating the reduced catalyst from Cr(III) to Cr(VI) even though it was less effective 

as compared to the regeneration ability of oxygen. Nowicka et al [58] elucidated the role 

of carbon dioxide for the dehydrogenation of propane to propylene on ceria-based catalyst.  

They noticed that the presence of CO2 during the ODH of propane enhanced the selectivity 

of the reaction towards propene as compared to ODH without CO2 as oxidant, which was 

more selective towards methane, an undesired product resulting from the decomposition of 
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the ODH product i.e., propene. They also showed that when the reduced catalyst was 

treated with CO2 at 500 ℃, the activity of the catalyst increases, suggesting that the oxygen 

vacancies have in away been refilled with oxygen enhancing more reaction. It was also 

observed that the presence of Pd in the catalyst promoted the reverse Boudourd reaction 

(reaction 4) which slowed the carbon deposition (deactivation) on the catalyst. They finally 

established that role of CO2 as soft oxidant in the ODH of propane as (i) to react with the 

hydrogen produced by direct dehydrogenation via  reverse water gas shift (RWGS) reaction 

or (ii) the re-oxidation of reduced catalyst by Mars van Krevelen (MvK) reaction 

mechanism. Tedeeva et al [70] studied the ODH of propane using CO2 on amorphous SiO2 

supported CrOx. The group reported a propane conversion of 53% and  a propylene 

selectivity of 95%. Side products such as methane, ethylene and ethane were detected. In 

the work of  Burri et al [22], they used Cr-TUD-1 as a catalyst for the ODH of propane to 

propene in the presence of CO2. They noticed that the conversion of propane increased 

with temperature whiles the selectivity of propylene decline. The presence of CO2 

enhanced the stability of the catalyst as the activity decrease slowly after 8 hours. This is 

attributed to the fact that in the existence of CO2, the oxidized from of chromium (Cr6+) is 

reduced rapidly to Cr2+ and Cr3+ which enhances the performance of the catalyst. They 

suggested that Cr2+ and Cr3+, may take part in both oxidative and non-oxidative 

dehydrogenation in the presence of CO2. They also found that the amount of coke deposited 

when He was used as a carrier gas was higher than when CO2 was used. This was used to 

explain the reason why there was a higher decrease in both surface area and pore volume 

of the catalyst in the presence of He as compared to CO2. To further elucidate the 

significance of CO2 in the propane ODH, they carried out with He and CO2 separately. 
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They found that, there was a substantial decrease in the activity of the catalyst in the 

presence of He within 4h of reaction which was attributed to complete reduction of Cr 

species and also high coke formation, however, in the case of CO2, there was minimal coke 

formation due to the ability of CO2 to increase the selectivity ODH products than cracking 

products. In the work of Oliveira et al [71], they noted that the existence of CO2 in the 

reaction feed resulted in the low selectivity, yield and activity of the Cr/ZrO2 catalyst. For 

instance,  at temperature of 550 ℃, a propane conversion of 59% and a yield of 47% was 

attained for ODH without CO2, whereas in the same condition but with the introduction of 

CO2, the conversion and yield decreased to 26 and 19% respectively. They indicated that, 

this observation was due to the strong adsorption of CO2 on the active sites of the catalyst 

that are responsible for the dehydrogenation of propane. They confirmed this claim by 

carrying out a reaction on the catalyst in the absence of CO2 and found out that the catalyst 

was active and more selective although there was deactivation with time. After however 

the results from the H2-TPR analysis indicated they catalyst were only partially oxidized 

when CO2 was used to re-oxidize the reduced catalyst suggesting inefficiency of the re-

oxidation process due to the strong adsorption of CO2 on the catalyst. 

2.4 FCC for Olefin Production 

The fluid catalytic cracking process is the second largest source of propylene for 

petrochemical applications. Gasoline production has been the main product of the FCC unit 

while 3-5% of propylene generated in the process. In modern refinery, FCC plays a major 

role in cracking hydrocarbons. As can be seen in Fig 2.1, the FCC unit is made up of reactor 

section, the stripper section riser and the regenerator section. Using air, steam and oil vapor 

as a transporting media, the catalyst is circulated between the reactor and the regenerator. 
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In a classic FCC operation, a preheated hydrocarbon is blended with the hot regenerated 

catalyst and charged into the reactor through the riser. As the mixture rise in to the reactor 

preconditioned at about 900-1000°F and a pressure of 10-30 psi, the hydrocarbon begins 

to crack. During the reaction, the catalyst gets deactivated due to coke deposition which is 

burnt off in the regenerator using preheated air [72].  

Although steam cracking remains the major source of propylene, there is still the need to 

produce propylene by other means due to increasing demand. In addition, most of the 

newly established steam cracking units are mainly designed to produce ethylene from 

ethane and propylene as a co-product. Propylene production in FCC can be enhanced by 

switching from catalyst that favor gasoline yield to catalyst which has high selectivity 

towards propylene [73].  High-severity fluid catalytic cracking (HS-FCC) technology is an 

innovative discovery made in the 1996 by Saudi Aramco in collaboration with King Fahd 

University of Petroleum and Minerals (KFUPM) and JX Nippon Oil & Energy. The main 

motive of this technology was to improve on the propylene yield as well as the octane 

number of gasolines. As compared to the 11% yield from the traditional FCC unit, HS-

FCC gave a much higher yield of about 25% [74]. 
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Fig 2.1: Schematic diagram of FCC unit showing the various sections 
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CHAPTER 3 OBJECTIVES 

Considering the deep insight gained from literature review, the aims and objectives of this 

MSc research is to gain understanding in using a novel La2O3-γAl2O3 as support with 

MoO3, V2O5 and Ga2O3 as active site for oxidative dehydrogenation of propane to 

propylene. In this study, the reactivity, selectivity and stability of the catalyst will be 

considered. Another important object is also to study the effect of the use of CO2 as mild 

oxidant instead of oxygen which favors deep oxidation thereby reducing selectivity of 

propane. The CREC riser simulator will be used as the reaction system. The following are 

the list of the breakdown of the objectives of  this MSc thesis research 

• Synthesize a highly selective and fluidizable MOx/La2O3-γAl2O3  (Mo, V, Ga) 

that can be used in a riser simulator for ODH of propane.  

• Characterization of the synthesized MOx/La-γAl2O3 catalyst. Characterization 

techniques such as X-ray Diffraction (XRD), Fourier Transform Infra Read (FTIR), 

Scanning Electron Microscope (SEM), X-ray fluorescence (XRF), N2 Adsorption-

Desorption Isotherms, Raman Spectroscopy, H2–Temperature Programmed 

Reduction (H2–TPR and NH3-Tmperature Programmed Desorption (NH3-TPD) 

will be used to analyze the catalyst 

• To study the effect of reaction conditions such as temperature, contact or reaction 

time on the performance of MOx/La2O3-γAl2O3 synthesized catalyst.  

• To investigate the promotional effect of CO2 on the oxidative dehydrogenation of 

propane to propylene over the synthesized catalyst. 

• To study the effect of varying the lanthanum oxide in the catalyst on the propane 

ODH  
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CHAPTER 4 EXPERIMENTAL PROCEDURE 

4.1 Introduction 

In the is chapter, we will be focusing on the method and detailed procedure used in the 

synthesis of the catalyst, characterization of the synthesized material to ensure that the 

desired catalyst with the anticipated properties was achieved. The detailed description of 

the CREC riser simulator that was used for the ODH of propane with CO2 as mild oxidant 

will also be discussed in detail. 

4.2 Catalyst Preparation 

The coprecipitation technique was used to synthesize the catalyst support. The Mo, V and 

Ga were deposited on the support by means of the incipient wetness impregnation 

technique. All the chemicals employed in the synthesis of the catalyst come from 

commercial source and for this matter were used without any further purification. The 

following chemicals were used: La(NO3)3.6H2O as La2O3 precursor, Al(NO3)3.9H2O) as 

Al2O3 precursor, (NH4)6Mo7O24.4H2O as MoO3 , C10H14O5V  as V2O5 precursor and 

Ga(NO3)3.H2O as Ga2O3 precursor and (NH4)2CO3 pH control and a precipitating agent.  

4.2.1 Catalyst Support Synthesis 

The La2O3-γAl2O3 composite support was prepared by a coprecipitation technique. The 

desired quantity of metallic nitrates precursors of (La(NO3)3.6H2O) and (Al(NO3)3.9H2O) 

were dissolves in deionized water. A buffer solution of (NH4)2CO3 and NH3.H2O at a pH 

8.5 was added to induce precipitation at about 40℃ with continuous stirring. The formed 

precipitate was aged for 2hrs, dried at 120℃ for 2hrs and then calcined at 500℃ for 6hrs 

[75]. The series of the catalyst support were synthesized by varying the mass ratio of 
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lanthanum to aluminium as follows: La2O3 : γAl2O3 = 1:1, 1:2 and 1:3. The three series of 

composite supports were identified as La2O3-γAl2O3 (1:1), La2O3-γAl2O3 (1:2) and La2O3-

γAl2O3 (1:3). A reference γAl2O3 support was synthesized using the same procedure with 

zero lanthanum incorporation.  

4.2.2 Deposition of active site on support  

Using the incipient wetness impregnation technique, molybdena was added to the support. 

Calculated amount of ammonium molybdate tetrahydrate (a molybdena precursor) was 

dissolved in deionized water that matched with the total pore volume of the support, 

thereafter, the La2O3-γAl2O3 support was added to the solution [29]. The system was stirred 

continuously for 3hrs. The mixture was then dried for 6hrs at 120℃ and then calcined for 

6hrs at 500℃ under GC quality air stream [4]. Vanadium oxide and gallium oxide were 

also deposited by following similar procedure as described above. However, toluene was 

the solvent used do dissolve the vanadium precursor, C10H14O5V.  

The complete  catalyst synthesis steps were summarized in flow chat chart Fig 4.1 below. 
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Fig 4.1: Stages of catalyst support synthesis:  1. Mixing,  2. Drying,  3. 

Calcination in a furnace, 4. Catalyst support,  5. Depositing MoO3 on Support,  6. 

Calcination in furnace,  7. Final Catalyst 

 

The resulting catalyst was identified as 10% MOX/La2O3-γAl2O3 (x : y) where the M (Mo, 

V and Ga) loading was kept constant at 10 wt%. A detailed summary of the molybdenum-

based, vanadium-based and gallium-based catalyst nomenclature are represented in Tables 

4.1, 4.2 and 4.3. 
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Table 4.1: Molybdenum-based catalyst nomenclature 

CATALYST La content in support (wt%) IDENTIFIED 

AS 

10% MoO3/γAl2O3 0.00 MA 

10% MoO3/La2O3-γAl2O3 (1:3) 25.00 MLA (1:3) 

10% MoO3/La2O3-γAl2O3 (1:2) 33.33 MLA (1:2) 

10% MoO3/La2O3-γAl2O3 (1:1) 50.00 MLA(1:1) 

Table 4.2: Vanadium-based catalyst nomenclature 

CATALYST La content in support (wt%) IDENTIFIED 

AS 

10% V2O5/γAl2O3 0.00 VA 

10% V2O5/La2O3-γAl2O3 (1:3) 25.00 VLA (1:3) 

10% V2O5/La2O3-γAl2O3 (1:2) 33.33 VLA (1:2) 

10% V2O5/La2O3-γAl2O3 (1:1) 50.00 VLA(1:1) 

Table 4.3: Gallium-based catalyst nomenclature 

CATALYST La content in support 

(wt%) 

IDENTIFIED 

AS 

10% Ga2O3/γAl2O3 0.00 GA 

10% Ga2O3/La2O3-γAl2O3 (1:3) 25.00 GLA (1:3) 

10% Ga2O3/La2O3-γAl2O3 (1:2) 33.33 GLA (1:2) 

10% Ga2O3/La2O3-γAl2O3 (1:1) 50.00 GLA(1:1) 
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4.3 Catalyst Characterization 

4.3.1 X-Ray Diffraction (XRD) 

The XRD characterization was carried out to identify the crystalline phases as well as the 

phase composition of the synthesized 10% MOx/La2O3-γAl2O3 catalyst. The analytical 

diffractometer called Rigaku MiniFlex equipped with Cu Kα radiation (λ=0.15406 nm) at 

40kV and 30mA was used to analyze the catalyst . The catalyst was scanned with a 2θ 

range between 10 – 90 using a scanning speed of 3°/min and a step size of 0.02. The 

obtained diffraction of the synthesized catalyst was compared with Joint Committee on 

Powder Diffraction Standards (JCPDS) files package for phase identification. 

4.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR characterization technique uses infrared spectrum of transmission absorption as 

well as photoconductivity via a substance either in liquid or solid state. This technique 

enables us to determine the characteristics of the  functional groups present on the support. 

The FTIR analysis was performed  by means of Nicolet 6700 Thermo Fisher Scientific 

equipment. To run each analysis, about 3mg of the synthesized catalyst was mixed with 

about 400mg KBr to form a uniform mixture. The results from the FTIR was recorded 

between the ranges of 400-4000 cm-1 spectrum. 

4.3.3 Scanning Electron Microscope (SEM) and EDX Analysis 

The SEM analysis was performed to determine and analyze the surface morphology of the 

synthesized catalyst with different La2O3 loading. The SEM analysis was carried out on a 

JEOL-SEM analyzer. The energy-dispersive X-ray spectroscopy was used for the 
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elemental analyses of the catalyst. In a typical analysis, the sample is initially spread on a 

stub that is covered with copper. To enhance better image quality with high visibility at 

magnification of one million times, the sample was coated with gold. The measuring and 

recording of the spectrum were done at room temperature. 

4.3.4 BET Surface Area 

The BET surface area as well as the pore volume of the prepared catalysts (the textural 

properties) were established by using the Micromeritic model ASAP analyzer. The N2 

adsorption-desorption analysis was done using an estimated amount of 300 mg of the 

catalyst sample. At a temperature of about 473K, the catalyst was degassed under elevated 

vacuum pressure for 2.5 hours to do away with any form of moisture and contaminants. 

The 𝑁2 adsorption process was executed in a bath containing liquid nitrogen to maintain 

the temperature at about 77K and a relative pressure range of 10-6 to 1. The surface area 

was evaluated using Multiple point BET, whiles the BJH (Barrett, Joyner, and Halenda) 

was used in obtaining the pore volume [76]. 

4.3.5 Raman Spectroscopy 

The Raman spectroscopy analysis was done to be able to establish the molecular structure 

of the synthesized catalyst. The experiment was conducted using the Horiba Raman 

spectrometer at room temperature and the results was recorded in the range 200 to 1200 

cm-1. A Raman spectrometer fixed to a confocal microscope was the equipment used to 

conduct the laser Raman spectroscopy of the prepared catalyst. In the analysis process, the 

excitation of the catalyst sample was done by using a 532 nm ion laser. For each analysis, 
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about 0.5 g of the sample was dehydrated with dry air at 773K for about 1 hour and then 

cooled to room temperature before the spectra collection [77].  

4.3.6 Temperature Program Desorption (NH3-TPD) 

An Autochem II 2920 analyzer designed by Micromeritic was used to analyze the acidity 

of the synthesized catalyst using ammonia TPD. The analysis is done by packing 

approximately 0.1g of the catalyst in between cotton wool in a U- tube quartz shape reactor 

which is then fitted to the sample port as shown in Fig 4.2. Using a gas stream of 10% 𝐻2 

and 90% 𝐻𝑒, the sample was reduced at a temperature of about 500 ℃ followed by 

degassing using argon for 2 hours at the same temperature and the cooled to 120℃ . The 

catalyst is the flooded with ammonia (5.52% 𝑁𝐻3 balanced with 94.48% helium) at 120 

℃ and a rate of 50ml/min. The system was the flushed with helium at 100 ℃  at a rate of 

500 cm3 min-1 purposefully to remove unabsorbed ammonia on the catalyst surface. The 

temperature of the system was raised to 750 ℃ at a rate of 10 ℃/min whiles the desorption 

of the chemisorbed ammonia on the catalyst was being monitored using a thermal 

conductivity detector (TPD) in the effluent gas [78].  

4.3.7 Temperature Programmed Reduction (H2-TPR) 

A Micromeritic equipment called Autochem II 2920 analyzer (Fig 4.2) equipped with a 

sensitive thermal conductivity detector was used to perform the H2 temperature 

programmed reduction (TPR) experiment at 101.3 Kpa. About 0.1g of the catalyst to be 

analyzed was packed in between a cotton in a U-tubed shapes quartz reactor. The sample 

was initially pretreated by flooding the system with argon at 500 ℃. The catalyst was then 

oxidized completely by circulating a gas stream of 5 % 𝑂2 balanced with 95% Helium at 
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500℃ for 1 hour. The system was then cooled to room temperature by circulating argon 

which also ensure the flushing out of any oxygen gas that may not be adsorbed to the 

catalyst or trapped in the system. This was then followed by reduction using a gas stream 

of 10% H2 balanced by 90% 𝐻𝑒 at a flow rate of 50 ml/min while the system temperature 

was increased from room temperature to 850 ℃ at ramping of 10 ℃/min. The reduction of 

the catalyst sample was measured by a calibrated thermal conductivity detector (TCD) 

which is capable of detecting the variation in the H2 concentration due to the reduction 

process [78]. 
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Fig 4.2: Schematic diagram of Micromeritics AutoChem-II for NH3-TPD and H2-TPR 

experiment 

4.3.8 Pyridine FTIR Spectra 

A Nicolet 6700 spectrometer equipment fitted with a cell was used to perform the pyridine 

FTIR to determine the different active on the catalyst surface. The advantage of this method 

is its ability to easily differentiate between Bronsted acid and Lewis acid sites. Typically, 

bands in the range of 1540-1548 and 1445-1460 𝑐𝑚−1 are attributed to Brønsted (PyH+) 

and Lewis (L-Py) acid sites correspondingly [79]. A small circular (13 mm diameter) pallet 

of the catalyst was made using the palletizer which is fixed into the IR cell before treating 

it under vacuum (0.0013 Pa) and 500℃ for 30 min. The cell is cooled down to 150℃ 

before the cell was flushed with pyridine vapor for adsorption about 20 min. The cell was 

then scanned to obtain the spectra.  

4.4 Catalytic Evaluation 

The ODH of propane using 𝐶𝑂2 as mild oxidant and the stability of  MOx/La2O3-γAl2O3 

catalyst was carried out in a batch CREC riser simulator reactor (CREC- Chemical 

Reaction Engineering Center) as shown in Fig 4.3 a & b with 53 cm3 capacity. The CREC 

riser simulator is a lab scale reactor developed for testing and kinetic analyses of the 

synthesized catalyst conditions like fluidized bed reactor (downer and riser).  The CREC 

riser simulator was invented by de Lasa (1992). There are two major segments in the CREC 

reactor (i) the upper section (ii)  the lower section. The two segments allow for smooth 

disassembling  making it  possible for  loading and removal of catalyst found in the central 

gasket. Major components like  retaining ring, impeller, grid, thermocouple, heater, raw 

material injection section is found in the CREC reactor. The lower section encloses the 
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reactor basket which has two porous grids at each end that hold the catalyst in place. The 

impeller is found above the basket and upon operating at high speed (maximum 7000 rpm), 

the catalyst gets fluidized and the reactant gases are forced in to the reactor basket through 

the porous grids for efficient diffusion as can be seen in Fig 4.3a. As part of the design, a 

vacuum box is directly linked to the reactor to collect the product formed after the  reaction 

via a 4-Port valve (PV). The product is then analyzed by an online GC linked to the vacuum 

via a 6-PV as presented in Fig 4.3b [80] [81]. The ODH experiment was conducted by 

loading the basket with  about 0.2g of the synthesized catalyst. Impurities were fluxed out 

of the reactor and the vacuum box by passing argon gas and a leak test was also done. The 

leak test was carried out by raising the reactor pressure up to about 30 psi at ambient 

temperature. 

 

 

Fig 4.3a: Comprehensive Pictorial view of catalyst basket and impeller of CREC Riser 

Simulator reactor [82] 
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Fig 4.3b: Schematic diagram of the CREC riser simulator for ODH of Propane in to 

Propylene[83] 

 

A stable pressure reading when the reactor is isolated indicates that the reactor is leak free.  

When no leak is detected, the temperature of the reactor is progressively increased to the 

desired reaction temperature. To avoid the interference of oxygen gas, the reactor was 

constantly purged with argon gas. As the required pressure is  approached, the reactor 

section is isolated from the vacuum section by a valve. With the aid of a vacuum pump, 

the pressure in the vacuum box was further decreased to about 20.7Kpa while keeping the 

reactor pressure at atmospheric pressure. Propane ODH with CO2 was the executed by first 

injecting a 4ml carbon dioxide in to the catalyst basket of the reactor with the help of an 

air-tight syringe. At an rpm of about 4000, the catalyst was then fluidized by an impeller 

which is positioned just above the reactor basket. At this moment, 2 ml propane was 

introduced in to the reactor by using an air tight syringe. The ratio of C3H8:CO2 used was 

1:2. The 4-PV spontaneously opens when the specified reaction time reached. This allows 
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the formed product to be transported in to the vacuum box instantaneously and prevents 

further reactions from occurring in the reactor. With the aid of the 6-VP, the product is 

transferred in to the online GC (Agilent 7890A) for analysis. The online GC is equipped 

with thermal conductivity detector (TCD 6Ft 1/8 2 mm HayeSep Q 80/100 Ni) to detect  

CH3, CO, CO2 and H2 and the flame ionization detector (FID) (HP AL/S (8 μm) analytical 

column: 25 m × 0.32 mm) which detects CH3, C2H6, C2H4, C3H8, C3H6 and other 

hydrocarbons [84].  At the end of each reaction, the products were transferred to the GC 

and analyzed. The catalyst was then regenerated for 10 mins at 600 ℃ and at a mixing rate 

(impeller speed) of 5000rpm in the presence of zero air to burn off the coke deposit on the 

catalyst.  

In using a riser simulator for ODH of propane in the presence of CO2, the reactor and 

vacuum pressure follows a general profile as shown in Fig 4.4. The top curve represents 

the pressure profile in the reactor during the ODH process. Initially the pressure of the 

reactor is almost atmospheric, the pressure then rises steadily as a result of the injecting a 

mixture of 𝐶𝑂2 and propane gas in to the reactor. During the reaction at elevated 

temperatures, there is a slight positive change in pressure as a result of the gas expansion 

due to the formation of products. The curve at the lower part of the graph shows the 

pressure profile in the vacuum box, which is kept far below atmospheric during the ODH 

reaction. At termination, the product is transferred to the vacuum, leading the sharp 

decrease in the reactor pressure and on the other hand there a slight increase in vacuum box 

pressure. These phenomena confirm the complete transfer of the reaction product to the 

vacuum box. 
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Fig 4.4: Pressure profile of vacuum box and reactor section in a Riser simulator for  

propane +CO2 ODH [80] 
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 Fig 4.5 a and b: Reactor Configuration 

 

4.4.1 Reactor Configuration 

Fig 4.5 shows reactor configurations used in the oxidative dehydrogenation of propane in 

the presence of CO2. In Fig 4.5a, only propane is feed into the reactor and after each 

reaction, the reduced catalyst is re-oxidized in another chamber with air containing oxygen. 

The regenerated catalyst is then transferred back to the reactor and the cycle continues. Fig 

4.5b describes the proposed configuration where propane is co-fed with CO2 into the 

reactor. The merit of  configuration Fig 4.5b over Fig 4.5a is that, the catalyst is 

simultaneously re-oxidized by the presence of CO2. The presence of the CO2 in the feed 

also helps to improve the selectivity of propylene, reduce hot spot and absorbs the heat 

generated during the reaction.  

4.4.2 Catalyst Performance Parameters 

The evaluation of the catalyst was carried out at four different levels of reaction time (15, 

20, 25 and 30 seconds), four reaction temperatures (525, 500, 575 and 600 ℃) using 0.2 g 

of catalyst and a ratio of C3H8:CO2 = 1:2. The following are the parameters used to evaluate 

the performance of the series of MOx/γ Al2O3 modified with La2O3 catalyst.  

Activity measurement (%) 

𝑋𝐶3𝐻8
 (%) = 

(𝐶3𝐻8)𝑖𝑛−(𝐶3𝐻8)𝑜𝑢𝑡 

(𝐶3𝐻8)𝑖𝑛
 х 100 

𝑆𝐶3𝐻6
 (%) = 

(𝑚𝑜𝑙𝑒 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

(𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
 х 100 
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𝑌𝐶3𝐻6
 (%) = 𝑋𝐶3𝐻8

 (%)  х  𝑆𝐶3𝐻6
 (%)  

Where (𝐶3𝐻8)𝑖𝑛 is the amount of propane feed to the reactor, (𝐶3𝐻6)𝑜𝑢𝑡 is the amount of 

unreacted propane that is present in the reaction product. The symbols are explained below 

𝑋𝐶3𝐻8
- conversion of propane in % 

𝑆𝐶3𝐻6
- selectivity of propylene in % 

𝑌𝐶3𝐻6
- yield of propylene also in % 
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CHAPTER 5 MOLYBDENUM BASED CATALYST 

5.1 Introduction  

This chapter will primarily be focusing on explaining and discussing the results from 

catalyst characterization, reaction of propane with and without CO2. The first segment of 

this chapter is dedicated to elucidating the vital physical and chemical characterization of 

the synthesized MoO3 based catalyst that is obtained from the different characterization 

techniques. 

The next segment is centered on the presenting and explaining the experimental results 

obtained from the oxidative dehydrogenation of propane with and without CO2 as a mild 

oxidant over lanthanum modified MoO3/γ-Al2O3 catalyst for the propylene and ethylene 

production. This is achieved by co feeding propane with CO2 as the feed stock to the CREC 

Riser Simulator unit that mimic the operation of a fluidized bed reactor. A comprehensive 

analysis and discussion  are done in relation to the effect of the reaction parameters such 

as reaction time, temperature on the performance of the catalyst and the product 

distribution. The main motive is to be able to establish a reasonable relationship between 

the catalyst properties, the conversion and selectivity of propylene using propane and CO2 

as feedstock.  

5.2 Characterization Result 

This section focused mainly on the results from the different characterization techniques 

including  X-ray diffraction (XRD), images from the scanning electron (SEM), energy-

dispersive X-ray (EDS), Fourier Transform Infrared Spectroscopy (FTIR), N2 Adsorption-

Desorption Isotherms, Raman Spectroscopy, H2-Temperature Programmed Reduction 
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(H2–TPR) and NH3-Tmperature Programmed Desorption (NH3-TPD) to be able to explain 

both the physical and chemical properties of the synthesized catalyst.  

5.2.1 X-Ray Diffraction (XRD)  
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Fig 5.1: X-ray diffraction patterns of A) γ-Al2O3, B) 10% MoO3/La2O3- γ-Al2O3 (1:1), C) 

10% MoO3/La2O3- γ-Al2O3 (1:2) D) 10% MoO3/La2O3- γ-Al2O3 (1:2) E) 10% MoO3/ γ-

Al2O3 

 

 Fig 5.1 shows the crystalline structure of a synthesized γAl2O3 and a series of catalyst 

synthesized with different La2O3-γAl2O3 mass ratio impregnated with 10% MoO3 calcined 

at 500 ℃ for about 6 hours. The crystalline phases of pure γAl2O3 with zero molybdenum 

oxide impregnation clearly appears at 2θ angles of 37, 45 and 67° that are cubic in structure 

(JCPDS card no. 10-0425) [85] [86] [87]. The 10% MoO3/γAl2O3 (zero lanthanum) shows 

two weak diffraction peaks at 2θ angles of 45° and 67° which were attributed the presence 
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of crystalline 𝛾𝐴𝑙2𝑂3 [88][89][90]. The peaks at 45° and 67° begin to disappear slowly as 

the amount of lanthanum incorporation increases whiles the peak at 37° disappears 

completely which shows the formation of  poorly crystalline phase (amorphous) of γAl2O3 

although it is known that 𝐿𝑎2𝑂3 stabilizes the 𝛾𝐴𝑙2𝑂3 phase [91]. This recession may be 

due to the decrease in the particle size/crystallinity of γAl2O3 or due to partial coverage of  

γAl2O3 by La2O3. Therefore the 𝛾𝐴𝑙2𝑂3 is well dispersed in the presence of La2O3. Small 

diffraction peaks (110) and (040) at 2θ angles of 23° and 25.7° indicates the presence of 

orthorhombic phase of 𝑀𝑜𝑂3 (JCPDS 35-0609) [92][93][94][95][96]. The peaks at 23° 

and 25.7° appears to increase slightly in intensity as the amount of lanthanum increases. 

This may be due to the formation of molybdenum aggregate as a result of the reduction in 

surface area caused by lanthanum addition. The weak diffraction peak observed for all the 

synthesized catalyst at 23 and 25.7° is an evidence that the molybdenum oxide was well 

dispersed over the support [97]. All the diffraction peaks were dominated by both γAl2O3 

and MoO3 as no diffraction peak corresponded to La2O3  which is usually located at 2θ of 

35°. From this observation, the La2O3 may be said to be amorphous in nature and well 

dispersed on the catalyst surface [98] [99] or may be below the detection limit of the XRD. 

The other phases due to the interaction of the metal oxide with each other (such as 

Al2(MoO4)3) were not observed. It can therefore be considered that reaction between 

molybdenum and the support γAl2O3 and/or is La2O3 is negligible at the calcination 

temperature of 500℃ [100]. 
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5.2.2 Scanning Electron Microscope (SEM) and EDS 

  

  

 

 

(a) 

(b) 
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Fig 5.2: SEM images of  (a) γ-Al2O3, (b) MoO3/γ-Al2O3, (c) MoO3/La2O3-γ-Al2O3 (1:2), 

(d) MoO3/La2O3-γ-Al2O3 (1:1) and EDS of (e) γ-Al2O3, (f) MoO3/La2O3-γ-Al2O3 (1:1) 

The SEM images displaying the morphology of the synthesized catalyst were also 

examined and presented (images with two magnification of each of the catalyst) in Fig 5.2. 

The results of the SEM images reveal that, the molybdenum oxide is well supported and 

distributed on the catalyst. This could  offer enough contact area as well as active site for 

both adsorption and desorption of reactants and products during the reaction [42]. The SEM 

images shows that the synthesized material is made up of particles that are irregular shape 

and size and agglomerated in nature. The addition of lanthanum to the gamma alumina 

support did not affect the morphology as irregular shape and size of particle is maintained 

in all the catalyst. The addition of Molybdenum to the form a new layer of particles on the 

surface of the support. 

The molybdenum layer increases and form cluster as the amount of lanthanum in the 

support increases. This observation agrees with the XRD result where the molybdenum 

peaks increases as the lanthanum content in the support increases. In order verify the 

(f) 
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surface elemental composition of the catalyst, the energy dispersive spectrum (EDS) 

analysis was carried out. The γAl2O3 EDS image shows the elemental of pure gamma 

alumina whiles the EDS image of MoO3/La2O3-γAl2O3 (1:1) confirms the presence of 

molybdenum and lanthanum added by wet impregnation and coprecipitation respectively.   

5.2.3 Fourier Transform Infrared Spectroscopy (FTIR) 
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Fig 5.3: FTIR spectra of A) 10% MoO3/La2O3- γ-Al2O3 (1:1), B)10% MoO3/La2O3- γ-

Al2O3 (1:2) C) 10% MoO3/La2O3- γ-Al2O3 (1:3) D) 10% MoO3/ γ-Al2O3, E) γ-Al2O3 

 

The FTIR analysis is utilized in the investigating of the surface chemical bonding of the 

synthesized material. The IR spectra was examined between the wavelength of 450 to 4000 

cm-1 and presented in Fig 5.3. The bands between 564 to 1000 cm-1 are related to pure 

γAl2O3 and all the other catalyst display similar spectra as the γ Al2O3 with little or no shift 

in wavenumber. This observation can be attributed to the fact that there is little of no 

interaction between the support and the active species [101] as observed in the XRD results.  

For all the samples, bands centered around  3500 and 1638 cm-1 were attributed to flexing 
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vibration of O-H group stretch and the bending vibration of H-O-H group from the water 

that is physisorbed or chemisorbed on the catalyst support by hydrogen bonding. It is 

interesting to note that the band intensity at 3500 and 1638 cm-1 has a direct correlation 

with the samples BET surface area, for example, the intensity at 3500 cm-1 for MoO3/Al2O3 

(212.64 m2/g) is higher than all the lanthanum containing catalyst (the higher the lanthanum 

content the smaller the specific surface area) [75]. The MoO3/La2O3-γAl2O3 (1:1) catalyst 

displays bands 1463 cm-1 which are due to the stretching of La-O vibration bond that 

confirms the formation of La2O3 [102]. 

5.2.4 N2 Adsorption-Desorption Isotherms 
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Fig 5.4a: N2 adsorption-desorption isotherms graph displaying hysteresis loop for 

synthesized catalyst A) 10% MoO3/La2O3- γ-Al2O3 (1:3), B) MoO3/γ-Al2O3  C) 10% 

MoO3/La2O3- γ-Al2O3 (1:2) and D)10% MoO3/La2O3- γ-Al2O3 (1:1) 

 

 

Fig 5.4b Pore size distribution of synthesized catalyst A) 10% MoO3/La2O3- γ-Al2O3 

(1:3), B) MoO3/γ-Al2O3  C) 10% MoO3/La2O3- γ-Al2O3 (1:2) and D)10% MoO3/La2O3- γ-

Al2O3 (1:1) 

 

The N2 adsorption-desorption isotherms and pore size distribution curves was analyzed by 

the method of BJT is presented in Fig 5.4 a & b respectively. The synthesized catalyst 

displayed similar shape. All the synthesized catalyst exhibited type IV adsorption isotherm 

as can be seen in Fig 5.4a that is unequivocally attributed to mesoporous solid. Fig 5.4b 

shows that all the curves shows unimodal pore size distribution within the range of  20- 

100 Å.  The catalyst sample exhibited an average pore diameter of about 9.0 nm which is 
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within the standard mesoporous pore range of 2-50 nm of IUPAC classification [103]. The 

presence of mesoporous property and the absence of any micropore improves the diffusion 

(mass transport) of reactants and products in and out of the active site. The isotherms of 

the synthesized material also display H2-type hysteresis loop showing the existence of 

bottleneck-like mesopore. The textural characteristics of the synthesized material with 

varying amount of lanthanum and aluminium oxide with fixed amount of molybdenum 

oxide (10 wt%) is shown in Table 5.1. All the catalyst examined maintained relatively high 

surface area (> 73 m2/g), large pore diameter (>4.4 nm) and relatively large pore volume 

(>0.1 cm3/g) which is an indication of a well-formed mesoporous material that enhances 

the excellent dispersion of the active metals on the support as well as play a vital role in 

the formation of monolayer that influences the selectivity nature of the catalyst in ODH. 

Again, the relatively high BET surface area of the synthesized material suggest that it could 

be appropriate for heterogeneous catalysis. In generally, the BET surface area and the total 

pore volume decreases as the amount of lanthanum added to the aluminium support 

increases. This observation could be attributed to the fact that the pores of aluminium oxide 

are being blocked by lanthanum oxide or it may be that lanthanum impeded the growth of 

the pores on alumina during the synthesis step. A similar observation was made by Frey et 

al ,2011 in their research work where the surface area of carbon nanofiber reduced as the 

amount of lanthanum added increased [98][104]. Nonetheless, there was no particular 

pattern in the average pore diameter of the synthesized catalyst with respect to the amount 

of lanthanum added to the alumina support.  
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Table 5.1: Textural properties of investigated catalyst material  

Catalyst La 

content 

in 

support 

(wt%) 

Micropore 

Area 

(m2/g) 

External 

Surface 

Area 

(m2/g)) 

BET 

surface 

area 

(m2/g)  

Total 

pore 

volume 

(cm3/g) 

Average 

pore 

diameter 

(nm) 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝛄𝐀𝐥𝟐𝐎𝟑 0.00 65.41 147.23 212.64  0.21 4.42 

𝟏𝟎% 𝐌𝐨𝐎𝐱/ 𝐋𝐚 −
𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟑) 

25.00 26.77 119.36 146.13 0.18 5.47 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝐋𝐚 −
𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟐) 

33.33 27.13 104.79 131.92 0.17 5.79 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝐋𝐚 −
𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟏) 

50.00 11.15 62.34 73.49 0.11 6.25 

5.2.5 Raman Spectroscopy 
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Fig 5.5: Laser Raman spectra of MLA (1:1)→ 10% MoO3/La2O3- γ-Al2O3 (1:1) , MLA 

(1:2)→ 10% MoO3/La2O3- γ-Al2O3 (1:2), MLA (1:3)→ 10% MoO3/La2O3- γ-Al2O3 (1:3), 

MA→ 10% MoO3/ γ-Al2O3      

 

The Raman spectra can be used in the investigation of metal-oxygen vibration form in  

metal oxide by identifying changes in local structure. The prepared catalyst was 

investigated within the range of 50-1200 cm-1 as shown in Fig 5.5. At Raman shift of about 
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995 cm-1 is a peak attributed to stretching vibration of terminal Mo=O in two dimensional 

polymolybdates, but the intensity decreased slightly with increasing lanthanum content. 

This corresponds to crystalline MoO3 which corroborate with the results obtained in the 

XRD analysis [105]. Peaks at band 820 and 665 cm-1 shows the presence of Mo-O-Mo 

stretch in the polymeric or crystalline structure of molybdena species of the synthesized 

catalyst. The bands at 379 and 335 cm-1 are Mo=O bending and the intensity of the peak is 

observed to decrease with increasing lanthanum content in the γ Alumina support. Mo-O-

Mo deformation was observed at a band of 158 cm-1 [97][106]. The Raman bands at 665, 

820 and 995 cm-1 matches orthorhombic MoO3. The monoclinic of MoO2 bands at 461, 

495, 571, 589 and 744 cm-1 were not observed [107]. The weakliest attached bridging 

oxygen atoms in Mo-O (long distance bond of 195 pm ) are along the c-axis unlike the 

shorter bonds in Mo=O along the a- and b-axes ( 167 and 173 pm respectively). This point 

suggests that the superior production of oxygen in MoO3 can be towards the c-axis. 

Consequently, it can be anticipated that there will be a displacement of atomic Mo along 

the terminal oxygen in the b-axis direction due to the loss of the b linking oxygen. As a 

result, the terminal oxygen bond in the a-direction is weakened [108] [109].  
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5.2.6 H2–Temperature Programmed Reduction (H2–TPR) 

 
Fig 5.6: H2 – temperature programmed reduction profile for the synthesized catalyst: (a) 

10% MoO3/ γ-Al2O3, (b)10% MoO3/La2O3- γ-Al2O3 (1:3), (c) 10% MoO3/La2O3- γ-Al2O3 

(1:2),  (d) 10% MoO3/La2O3- γ-Al2O3 (1:1) 

Table 5.2: percentage H2 consumption of catalyst 

Catalyst H2 Consumption ( %) 

Low temperature High temperature 

➢ 500℃ 500-850℃ 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝛄𝐀𝐥𝟐𝐎𝟑 28.9 71.1 

𝟏𝟎% 𝐌𝐨𝐎𝐱/ 𝐋𝐚 − 𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟑) 36.2 63.8 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝐋𝐚 − 𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟐) 38.1 61.9 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝐋𝐚 − 𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟏) 46.2 53.8 
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The redox property of metal oxide used as catalyst  in the oxidative dehydrogenation plays 

a crucial role in the activation of light alkane to alkene. H2-TPR is a useful tool used to 

study the reducibility of a catalyst and the amount of lattice oxygen as presented in Fig 5.6. 

The profile of the H2 consumption displays two different peaks with some distinction in 

relation to the temperature at the maximum. The presence of the two reduction peaks can 

ascribe to the sequential reduction of MoO3 to MoO2 and subsequently to Mo [110]. The 

peak at lower temperature around 400 - 450 ℃ can be attributed to the reduction oligomer 

of MoOx or small clusters of MoOx, whiles the high temperature reduction peak positioned 

at about 700 - 750 ℃ may be due to reduction of monomeric species of MoOx [111]. The 

catalyst that is most easily reduced is the MoO3/γ-Al2O3 with an onset temperature of 345 

℃ and a reduction maximum at 400 ℃. This is in accordance with literature [10] which 

indicates the reduction from Mo6+ to Mo4+. The addition lanthanum to the catalyst shift the 

lower reduction temperature of the remaining catalyst from 400 ℃ to 450 ℃ suggesting 

that, the reduction from Mo6+ to Mo4+ is faster with the catalyst with zero La2O3 content 

(MoO3/Al2O3) or there was a decrease in reducibility of M6+ to M4+ as a results of the La2O3 

incorporation. The reduction peak at high temperature was almost same (760 ℃) for all the 

catalyst except for MoO3/La-γAl2O3 (1:1) catalyst which has its second reduction peak 

around 645 ℃. This clearly indicates that, the addition of La2O3 up to an extent tend to the 

catalyst increase the reducibility of the catalyst at higher temperatures. The second 

reduction peak for catalyst MoO3/La2O3-γAl2O3 (1:2), MoO3/La2O3-γAl2O3 (1:3) and 

MoO3/γAl2O3 can be attributed to the reduction from Mo4+ to Mo0+ as the reduction 

temperature at this point is close to the melting/sublimation point of MoO3.Table 5.2 shows 

the percentage H2 uptake of the different series of catalyst synthesized. At lower reduction 
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temperature, MoO3/La2O3-γAl2O3 (1:1) recorded the highest amount of H2 (46.2%) 

consumed whiles MoO3/γAl2O3 records the lowest (21%), an indication that at lower 

temperature MoO3/La-γAl2O3 (1:1) is capable of donating more lattice oxygen as compared 

to MoO3/γAl2O3. However, at higher reduction temperatures, the catalyst with zero percent 

lanthanum (MoO3/γAl2O3) records the maximum reducibility (71.1%). This can be 

attributed to the fact that, the lattice oxygen MoO3/γAl2O3 are more available at higher 

temperatures. Therefore, the addition of lanthanum to the catalyst support enhances the 

catalyst reducibility.  

 5.2.7 NH3-Tmperature Programmed Desorption (NH3-TPD) 

 
Fig 5.7a: NH3-Temperature programmed desorption analysis of the synthesized catalyst: 

(a) 10% MoO3/ γ-Al2O3, (b) 10% MoO3/La2O3- γ-Al2O3 (1:3), (c) 10% MoO3/La2O3- γ-

Al2O3 (1:1) 
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Fig 5.7b: NH3 – TDP profile of the synthesized catalyst displaying the amount of NH3 

desorbed on (a) 10% MoO3/ γ-Al2O3, (b) 10% MoO3/La2O3- γ-Al2O3 (1:3) , (c) 10% 

MoO3/La2O3- γ-Al2O3 (1:1) 

Table 5.3: Summary of  NH3 consumption of catalyst 

Catalyst Amount of NH3 Desorbed (mmol/g) 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝛄𝐀𝐥𝟐𝐎𝟑 2.125 

𝟏𝟎% 𝐌𝐨𝐎𝐱/ 𝐋𝐚 − 𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟑) 1.6788 

𝟏𝟎% 𝐌𝐨𝐎𝐱/𝐋𝐚 − 𝛄𝐀𝐥𝟐𝐎𝟑(𝟏: 𝟏) 1.1195 

The acid-base nature of a catalyst demonstrates an essential role in terms of catalyst 

performance in the oxidative dehydrogenation of propane. For a high olefin selectivity to 

be achieved, an optimum acid-base site (moderate acid-base site strength) is necessary. The 

NH3-temperature programmed desorption is used to evaluate the nature and the available 

acid sites for adsorption on the catalyst. Ammonia can easily get adsorbed to acidic sites 
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of a catalyst due to its basic nature as a result, the increase in the desorption temperature is 

directly proportional to the level of acidity of the catalyst [112]. The strength of acid site 

on a catalyst can be grouped according to the temperature of NH3 desorption as strong 

(500-600 ℃), intermediate (300-500 ℃) and weak (120-300 ℃) [113]. The product of 

desorption is mainly NH3 with no traces N2, NO and N2O indicating that there was no 

reaction on the catalyst surface. On a plot of acidity against temperature, the area under the 

curve gives an idea the relative amount of acid site present, that is, the lager the NH3 

desorption area, the higher the amount of acid site (the strong acid site of a catalyst is 

identified by desorption of NH3 at higher temperatures) [114]. The NH3-TPD of the 

different series of catalyst synthesized is shown in Fig 5.7 (a and b) and Table 5.3. All the 

catalyst sample display two distinct peaks at low and elevated temperatures indicating the 

presence of two types of acid sites. Again, all catalyst sample examined had almost the 

same initial peak temperature centered at 200 ℃ which corresponds to the desorption of 

chemisorbed ammonia at weak to moderate acidic site of the catalyst. The amount of weak 

to moderate acid site of the catalyst is related to the area under the curve at lower 

temperatures (100-400℃) which is almost the same for all the samples. At higher 

temperatures, the peak temperatures relate to acidic sites with high strength. In general, the 

amount of strong acid site and maximum peak temperature of the samples decreased as the 

amount of La2O3 added to the alumina support increases ( in the case of MoO3/γ-Al2O3, 

the maxima peak temperature is centered at 650 ℃ which decreased to 600 and 550 ℃ for 

MoO3/La2O3-γAl2O3 (1:3) and MoO3/La2O3-γAl2O3 (1:1) respectively. This can be 

attributed to the  presence of lanthanum in the support that creates Al-O-La species as a 

result of the inter-diffusion of AL3+/La3+ cation that modifies and reduces the acidity of the 
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catalyst [115]. In summary, the ranking of the synthesized catalyst in order of acidity is 

found to be MA > MLA (1:3) > MLA (1:1) in Table 5.3. This shows that the distribution 

of acidity was not the same for all the catalyst. The acidity of the synthesized catalyst 

decreased as the amount of La2O3 added to the support increases as results of the formation 

of a La2O3 basic monolayer also the this may be due to the decrease in surface area. 

5.3 Catalyst evaluation 

The oxidative dehydrogenation reaction and the stability of MoO3/La2O3-γAl2O3 catalyst 

series with varying amount of lanthanum oxide and alumina was carried out in the CREC 

Risser Simulator. The catalytic evaluation experiments were conducted using 0.2 g of the 

catalyst sample at four different temperature levels (500, 525, 575 and 600℃) and at four 

reaction times (15, 20, 25 and 30 seconds). Before each catalytic experiment, a blank 

experiment was performed at different temperatures by injecting propane into the reactor 

empty reactor (no catalyst loading). The results from the blank experiment shows 

negligible conversion of propane. The following parameters were used to establish the 

performance of the different La2O3-γ-Al2O3 supported MoO3 

i) Propane Conversion 

ii) Propylene and ethylene selectivity 

iii) Propylene yield  

iv) COx selectivity 

To ensure reliability and reproducibility of the catalytic evaluation results, all the reactions 

were repeated 3 times. The carbon balance was evaluated based on CO, CO2, methane, 
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ethane, ethylene, propane, propylene and the carbon deposited on the catalyst surface to be 

in the range of  ±7%.  

The oxidative dehydrogenation of propane experiment is carried out in CREC Risser 

Simulator which functions as a batch reactor but mimics the operation of a  fluidized bed 

reactor. Operating the impeller of the reactor at high speed around 4000 rpm ensures the 

fluidizability of the loaded catalyst in the catalyst basket. 

The propane ODH with MoO3 supported on mixed oxide of lanthanum oxide and alumina 

was investigated both in the presence and absence of CO2. This was done in order to be 

able to identify the role of CO2 as co-feed in ODH of propane. To be able to attain this 

goal, two main separate experiment were performed; multiple and single injection. The 

single run experiment is further divided in to two sub reactions; (i) ODH of propane without 

CO2, to investigate the interaction of propane with a completely oxidized MoO3/La2O3-

Al2O3 catalyst in a sequence reaction and regeneration (ii) ODH of propane in the presence 

of CO2, to study the interaction between propane, CO2 and a fully oxidized catalyst in a set 

of reaction/regeneration. However, in the experiment involving multiple injection, the state 

of the catalyst is altered from fully oxidized to partially oxidized form as a result of 

consecutive reaction/injection without catalyst regeneration. This section of the 

investigation will further reveal the role of CO2 in the ODH reaction by juxtaposing the 

performance of CO2 ODH with ODH without CO2 in a partially reduced catalyst 

environment.  
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5.3.1 Effect of Reaction Time 
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Fig 5.8a: Effect of time on propane conversion, C3H6 and C2H4 selectivity over 

MoO3/La2O3-γ-Al2O3 (1:2) catalyst . Reaction conditions (time=30s, Temperature= 

600℃ catalyst loading= 0.2 g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 
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Fig 5.8b: Effect of time on C3H6 yield on MoO3/La2O3-γ-Al2O3 (1:2) catalyst over a 

temperature range of 520-600 ℃. Reaction conditions (time=30s, catalyst loading= 0.2 

g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 

 

The effect of contact time on  the ODH of propane in the presence of CO2 was studied by 

performing reactions at four distinct times: 15, 20, 25 and 30 seconds. Fig 5.8a shows the 

conversion of propane, the selectivity of propylene and ethylene at different reaction 

contact times at 600 ℃. The propane conversion is observed to increase steadily from 

35.3% at 15s through to 80.9% at 30s. On the contrary, the propylene and ethylene 

selectivity declined as the reaction contact period increased. Fig 5.8b reports the effect of 

time on propylene yield at different temperatures. Interestingly, the yield of propane 

appears to increase as the reaction time is extended, a similar trend as the propane 

conversion. The progressive increase in propane conversion and yield with contact time 

clearly shows that, the longer the contact time between the catalyst and the reactant, the 
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more the lattice oxygen of the catalyst activates the ODH reaction. The reduction in the 

olefin selectivity as the reaction time is protracted may be an indication of consecutive 

combustion of the propylene and ethylene to COX by the lattice oxygen. It can be deduced 

from this observation that olefin selectivity in ODH reaction using lattice oxygen of metal 

oxide is related to the degree of catalyst reduction as can be seen from the H2-TPR analysis 

results. A similar observation was made by Heracleous at al where they reported an inverse 

relation between conversion (increase) and selectivity (decreasing),  as a result parallel and 

consecutive reaction network [10]. In general, light olefins (propylene and ethylene) are 

more reactive than their counterpart alkane. For example, C3H6 tends to be more reactive 

than C3H8 due to the presence of C=C bond and the weak bond of C-H in the C3H6 which 

has a low dissociation energy of 361kJmol-1 as compared to 397kJ mol-1 of C3H8.  

Therefore, the extended reaction time allows the produced olefins to be oxidized to 

undesired products such as COX [45] [117]. 
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5.3.2 Promotional effect of Lanthanum in the support 
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Fig 5.9: Effect of Lanthanum content on catalytic performance over the four series 

catalyst : MA→ MoO3/γ-Al2O3, MLA (1:3) →MoO3/La2O3-γ-Al2O3 (1:3), MLA(1:2) → 

MoO3/La2O3-γ-Al2O3 (1:2), MLA(1:1) → MoO3/La2O3-γ-Al2O3 (1:1)). Reaction 

conditions (time=30s, temperature = 600 ℃, catalyst loading= 0.2 g, volume of propane 

injected= 2.0 ml, C3H8 : CO2= 1:2). 

 

 

A study was conducted to investigate the effect lanthanum on the propane conversion, 

propylene and CO2 selectivity at 600 ℃ as represented in Fig 5.9. The propane conversion 

is observed to decrease as the amount of lanthanum incorporated in the support  increases. 

The catalyst with zero La2O3 content recorded the highest conversion of 91.3% and 

decreased to 85.7, 80.9 and 74.7% as the lanthanum to aluminium ratio in the catalyst 

support increased in the order 1:3, 1:2 and 1:1 respectively. A similar outcome on the 
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decline of  hydrocarbon conversion as a result of increasing the lanthanum content of the 

catalyst was made by Liu et al [118]. This may be attributed to the BET surface area of the 

catalyst since the propane conversion correlates with the La2O3 content. The higher the 

catalyst surface area, the more the propane interacts with the active sites of the catalyst 

resulting in high catalyst activity.  Interestingly, the amount of CO2 generated in the ODH 

of propane reaction appears to decline from 50, 45, 43.3 to 0% as the lanthanum content in 

the catalyst support increases. On the other, the selectivity of propylene increased from 

almost 21% for catalyst with zero La2O3 content to about 52% for the catalyst with the 

highest amount of lanthanum (MoO3/La2O3-γ-Al2O3 (1:1)). This observed trend can be 

attributed to the reduction in the acidity of the catalyst due to the introduction of La2O3 as 

shown in the NH3-TPD analysis report, Fig 5.7 (a and b). The acidic nature of CO2 enables 

it to absorb to the basic site created by the lanthanum oxide added to the support. This 

reduces the active sites available on the catalyst for propane ODH thereby reducing the 

activity of the catalyst. Again, the CO2 selectivity reduced significantly whiles the 

selectivity of propylene improved as the lanthanum oxide content of the catalyst increased 

due the blockage of the non-selective sites of the catalyst by the CO2 that was injected in 

to the reactor with propane as co-feed. The non-selective sites of the catalyst are 

responsible to the consecutive combustion of the produced olefin to form COX resulting in 

lower olefin selectivity.  
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5.3.3 Effect of Temperature on ODH of Propane in the absence of CO2 
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Fig 5.10a:Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/γ-Al2O3 catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 g, 

volume of propane injected= 2.0 ml). 
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Fig 5.10b: Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/La2O3-γ-Al2O3 (1:3) catalyst. Reaction conditions (time=30s, catalyst 

loading= 0.2 g, volume of propane injected= 2.0 ml). 
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Fig 5.10c: Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/La2O3-γ-Al2O3 (1:2) catalyst. Reaction conditions (time=30s, catalyst 

loading= 0.2 g, volume of propane injected= 2.0 ml). 

 

The oxidative dehydrogenation of propane to propylene in the absence of CO2 was 

conducted over MoO3/γ-Al2O3, MoO3/La2O3-γ-Al2O3 (1:3) and MoO3/La2O3-γ-Al2O3 (1:2) 

catalyst in the  temperature range of 525 to 600 ℃ at 25 ℃ interval for a reaction time of 

30s. Fig 5.10 a, b and c presents the propane conversion, the selectivity of the desired 

product (propylene and ethylene) and the undesired COX (CO2 and CO) as presented in 

reactions (i-iii). For all the catalyst, it can be observed that conversion of propane increases 

as the temperature rises, implying that the activity of the catalyst is strongly dependent on 

temperature. Again, this may be assigned to the availability free lattice oxygen at elevated 

temperatures. However, the result indicates that there exists an inverse correlation between 
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the propane conversion and the propylene selectivity denoting that the selectivity of 

propylene decreases with increase in temperature. The decline in the propylene selectivity 

with corresponding rise of COX selectivity can generally be attributed to the deep oxidation 

of the generated olefins in a consecutive combustion of propylene and ethylene by the 

lattice oxygen of the catalyst to COX as shown in reaction (i) and (ii). This is in agreement 

with the report by Ghandi et al, in their ODH reaction experiment [80]. The H2-TPR 

analysis results presented in Fig 5.6 shows that the synthesized catalysts were capable of 

reducing from the oxidized state to a reduced form by releasing lattice oxygen at relatively 

high temperatures as a result of weak binding energy the lattice oxygen. Again, comparing 

the three set of catalyst used in the ODH of propane in the absence of CO2, it can be 

deduced that, the catalyst with the highest amount of lanthanum oxide content, 

MoO3/La2O3-γ-Al2O3 (1:2), appears to demonstrates high selectivity towards olefins (83% 

at 575 ℃), highest propylene yield (28.1%  at 600 ℃) and a lower COX (15.5% at 575 ℃) 

selectivity as compared to the rest. This may be ascribed to the presence of La2O3 which 

reduces the non-selective sites on the catalyst that causes deep oxidation. From Fig 5.10 

(a&b), MoO3/γ-Al2O3 and MoO3/La2O3-γ-Al2O3 (1:3) recorded the highest conversion of 

approximately 75% at 600 ℃ due to their ability to reduce easily to release free lattice 

oxygen for the ODH of propane as confirmed from the H2-TPR analysis in Fig5.6. On the 

contrary, MoO3/γ-Al2O3, with zero La2O3 content recorded the lowest selectivity of olefins 

and a high COX, selectivity. One contributing factor that may be the catalyst acidity, high 

acidity promotes cracking and the generation of undesired product. As presented in fig 5.7 

a and b,  the acidity decreases with increasing lanthanum oxide content. The moderate 
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acidity of  MoO3/La2O3-γ-Al2O3 (1:2) can be the contributing for the its high catalytic 

performance [78]. 

CnH2n+2 + MOx (solid) = CnH2n + H2O + MOx-1 (desired)               (i) 

CnH2n+2 + MOx (solid) = COx + H2O + MOx-1 (undesired -1)          (ii) 

CnH2n + MOx (solid) = COx + H2O + MOx-1(undesired -2)             (iii) 

5.3.4 Effect of Temperature on ODH of Propane with CO2 
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Fig 5.11a: Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/γ-Al2O3 catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 g, 

volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 
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Fig 5.11b: Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/La2O3-γ-Al2O3 (1:3) catalyst. Reaction conditions (time=30s, catalyst 

loading= 0.2 g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 
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Fig 5.11c: Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/La2O3-γ-Al2O3 (1:2) catalyst. Reaction conditions (time=30s, catalyst 

loading= 0.2 g, volume propane injected= 2.0 ml, C3H8 : CO2= 1:2). 
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Fig 5.11d: Effect of temperature on propane conversion, C3H6, C2H4 and CO2 selectivity 

over MoO3/La2O3-γ-Al2O3 (1:1) catalyst. Reaction conditions (time=30s, catalyst 

loading= 0.2 g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 

The oxidative dehydrogenation of propane with CO2 as a mild oxidant (C3H8:CO2=1:2) 

was carried out in a CREC Riser Simulator over MoO3/γ-Al2O3, MoO3/La2O3-γ-Al2O3 

(1:3), MoO3/La2O3-γ-Al2O3 (1:2), MoO3/La2O3-γ-Al2O3 (1:1) catalyst in the temperature 

range of 525 to 600 ℃ at 25 ℃ interval for 30s. Reactions 1- 4 are some of the possible 

desirable reactions likely to occur during the ODH of propane with CO2. Fig 5.11 (a-d) 

presents the results from the ODH of propane with CO2. As a result of the endothermic 

nature of the ODH of propane with CO2  reaction, the propane conversion of all the catalyst 

evaluated increased with increasing reaction temperature. The progressive increase in 

propane conversion may be assigned to the easiness of the catalyst reduction at elevated 

temperatures as observed in the H2-TPR results in Fig 5.6. Thus the increase in the 

activation of the C-H bond of the alkane due to the availability of lattice oxygen may give 

rise to the high conversion [119]. However, it can be noted that the reverse of the trend of 
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propane conversion was observed in terms of propylene selectivity due to cracking, a side 

reactions [25]. From the data, 48 - 91%, 40 - 86%, 41 - 81% and 34 - 75% are the  minimum 

and maximum propane conversion of MoO3/γ-Al2O3, MoO3/La2O3-γ-Al2O3 (1:3), 

MoO3/La2O3-γ-Al2O3 (1:2) and MoO3/La2O3-γ-Al2O3 (1:1) respectively which coincides 

with the order of decreasing BET surface area of the series of catalyst synthesized. This 

shows that MoO3/γ-Al2O3, the catalyst with zero lanthanum oxide content exhibited the 

highest conversion (92% at 600 ℃) and this decreased as the amount of lanthanum oxide 

added to the support increased. This presents an inverse relation between the La2O3 content 

in the catalyst support and the propane conversion ie, the higher the La2O3 the lower the 

propylene selectivity. This observation can be attributed to both physical and chemical 

factors. Physical factors can be explained using the results obtained from the BET surface 

area analysis of the N2-absoption isotherm in Fig 5.4a, which proved that the addition of 

La2O3 to the support decreased the surface area of the catalyst support. The reduction in 

surface area as well as the pore size of the catalyst may be due to the blocking of the pores 

and the active sites of the γ-Al2O3 by La2O3 which decreases the catalyst activity due to 

less interaction between the propane and the active site. The chemical factor may be due 

to the adsorption of CO2 (acid in nature) to the basic lanthanum oxide site (from NH3-TPD) 

thereby reducing site available for propane adoption. There is a general decrease in 

propylene selectivity and for each catalyst as the reaction temperature increases. This may 

be as a result of consecutive oxidation of the produced olefins that are even more reactive 

as compared to the alkane due to the low dissociation energy of the C-H bond in the alkene 

as compared to that of the alkane. From Fig 5.11a-b, it can be reported that rate of olefin 

selectivity decline is in the order of MoO3/γ-Al2O3 < MoO3/La2O3-γ-Al2O3 (1:3) < 
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MoO3/La2O3-γ-Al2O3 (1:2) < MoO3/La2O3-γ-Al2O3 (1:1). Also, it can be deduced that, CO2 

generation was observed at high reaction temperatures for catalyst MoO3/γ-Al2O3, 

MoO3/La2O3-γ-Al2O3 (1:3) and  MoO3/La2O3-γ-Al2O3 (1:2), however insignificant or no 

CO2 was generated for propane ODH over MoO3/La2O3-γ-Al2O3 (1:1) in the reaction 

temperature range. This observation may be ascribed to the oxidation of the produced 

olefins by the weakly bonded lattice oxygen  (Corroborated by H2-TPR analysis results 

presented in Fig 5.6) at high reaction temperatures . Similar trend was observed by Khan 

et al [84]. At low reaction temperatures, however,  the CO2  adsorbs on the non-selective 

site of the catalyst, impeding the secondary reaction that generates CO2 as a result of olefin 

oxidation. The minute amount of CO2 generated in the case of MoO3/La2O3-γ-Al2O3 (1:1) 

at all temperatures shows that the injected CO2 adsorbed strongly and did not desorb easily 

at high temperatures as the other catalyst. 

The ODH of propane with CO2 over the MoO3-based catalyst was advantageous over the 

ODH of propane in the absence of CO2. The highest conversion under ODH with CO2 was 

recorded for MoO3/γ-Al2O3 with 92% conversion and a yield of 39% was recorded for 

MoO3/La2O3-γ-Al2O3 (1:1) at 600 ℃. 

C3H8 ↔ C3H8 + H2  (1) 

CO2 +H2 ↔ CO + H2O  (2) 

CO2 + C3H8 ↔ C3H6 + CO + H2O  (3) 

CO2 +C ↔ 2CO  (4) 
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5.3.5 Successive C6H8 injection: Catalyst Stability with and without CO2 
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Fig 5.12a: Propane conversion and selectivity of propylene over MoO3/γ-Al2O3 in 

consecutive propane injection without catalyst regeneration . The first 5 consecutive 

injections are propane only, the 6th and 7th is C3H8 with CO2 in ratio 1:2 and 1:3 

respectively. 
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Fig 5.12b: Propane conversion and selectivity of propylene over MoO3/γ-Al2O3 in 

consecutive feed (propane + CO2) injection without catalyst regeneration. (Reaction 

conditions: time = 30s, temperature = 550 ℃, Volume of propane injected = 2 ml, C3H8: 

CO2 =1:2 

 

For the successive oxidative dehydrogenation of propane experiment, the sample catalyst 

was subjected to consecutive propane injection in the CREC riser Simulator without 

regeneration in between feed injection. The data from each injection experiment is used to 

calculate the conversion and selectivity of propane and propylene respectively. The 

reaction time for each experiment was 30s and the reaction temperature was kept fixed at 

550 ℃. In addition, all the reactions were performed using the fixed quantity of catalyst 

(0.2 g) and constant volume of propane injected.  
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Fig 5.12a presents the propane conversion and propylene selectivity for seven successive 

ODH reaction of propane without catalyst regeneration. This experiment was conducted to 

verify the promotional effect of CO2 on reduced catalyst in the oxidative dehydrogenation 

of propane. A fresh catalyst was initially subjected to five consecutive propane ODH 

reactions without re-oxidation between injections. It can be observed that the highest 

propane conversion (42%) was recorded for the first reaction. The propane conversion then 

decreased slightly to 38% and 34% for the second and third successive reactions 

respectively. The conversion then declined to 33% and remained almost unchanged in 

reactions four and five. The propylene selectivity increased  from an initial 33% to 

approximately 42% at the fourth reaction and remained consistent till the fifth reaction. 

The initial high propane conversion may be ascribed to the availability of lattice oxygen 

from the fully oxidized catalyst which improved the activation of C-H bond of the alkane. 

The decrease and constant  conversion recorded after the first injection may be assigned to 

the fact that, the lattice oxygen responsible for the C-H bond activation was depleted and 

must be regenerated since the catalyst is redox in nature. The increase in propane selectivity 

from reaction one to reaction five may be due to the fact that, in the first reaction the catalyst 

was fully oxidized with weakly bonded lattice oxygen which are capable of deep oxidation 

of propylene and even propane, however, the selectivity increased in the subsequent 

consecutive reactions as a result of the depletion of the non-selective lattice oxygen on the 

catalyst. Similar claim was made by Panov et al [120] that oxygen that are weakly attached 

to the catalyst are electrophilic in character and are responsible for complete oxidation 

however, they also noted that lattice oxygen that are strongly bonded are mostly 

nucleophilic in nature which contribute to selective oxidation. At this stage, CO2 was then 
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added to the propane feed in the following ratios, C3H8 : CO2 = 1:2  for the sixth reaction 

and 1:3 for the seventh reaction. The introduction of CO2 (C3H8 : CO2 = 1:2) in the reaction 

increase the propane conversion and propylene selectivity to about 35% and 45% 

respectively. The propane conversion and propylene selectivity further increased to 

approximately 36% and 48% respectively in the seventh injection as a result of the increase 

in CO2 level in the reaction system (C3H8 : CO2 = 1:3). This is an indication that the CO2 

has a promotional effect on propane ODH based on the following factors; (i) partial re-

oxidization of catalyst  (ii) plays a role of reverse water gas shift reaction (reaction 2) which 

eliminates the thermodynamic limitation in the CO2 ODH of propane and (iii) the 

possibility of reaction 4, the reverse Boudouard reaction occurring, which enhances the 

removal of coke deposited on the active sites of the catalyst thereby improving the catalyst 

activity and (iv) the CO2 may be acting as poisoning agent which covers the non-selective 

sites of the catalyst to minimize oxidation of propylene.  

In the second part of the experiment, the catalyst was subjected to ten sequential injection 

of feed consisting of propane and CO2 (C3H8 : CO2 = 1:2) without regeneration in between 

injection. The motive is to study the performance of fully oxidized MoO3/γ-Al2O3 catalyst 

in 10 successive CO2 ODH of propane without regeneration.  

Fig 5.12b shows the propylene selectivity and propane conversion as a function of the 

number of injections (C3H8 :CO2 = 1:2) at 550 ℃. Interestingly, the propylene selectivity 

remained almost the same at 80% approximately for all the 10 consecutive injections. 

However, the propane conversions were 50%, 30% and 23% for the first three consecutive 

reactions. The propane conversion for the remaining seven consecutive injection remained 

the same at 20%. The first three consecutive propane conversions were higher than the 
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subsequent consecutive reactions recorded in Fig 5.12a, this may be attributed to depletion 

of lattice oxygen on the catalyst due to reduction of the active sites. The CO2 may also be 

capable of partially re-oxidizing the catalyst which increases the availability of lattice 

oxygen for C-H bond cleavage to produce olefins  
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CHAPTER 6 VANADIUM BASED CATALYST 

6.1 Introduction 

Supported vanadium oxide catalyst are seen as one of the promising alternatives that can 

successfully replace the existing industrial Pt and CrOx based catalyst due to its excellent 

catalytic activity [121]. 

6.2 Characterization results 

For one to be able to get the insight of the physicochemical properties of the synthesized 

materials, the following characterization techniques were used: (i) X-ray diffraction (XRD) 

to study the crystallinity of the catalyst, (ii) scanning electron (SEM) to understand the 

morphology, (iii) energy-dispersive X-ray (EDS) to identify the elemental distribution on 

the catalyst surface, (iv) Fourier Transform Infrared Spectroscopy (FTIR), (v) N2 

Adsorption-Desorption Isotherms to calculate the surface area of the catalyst, (vi) Raman 

Spectroscopy to identify functional groups of the metal oxide, (vii) H2–Temperature 

Programmed Reduction (H2–TPR) to study the oxygen carrying capacity of the catalyst 

and (viii) NH3-Tmperature Programmed Desorption (NH3-TPD) to investigate the acidity 

of the catalyst.  
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6.2.1 X-ray powder diffraction results (XRD) 
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Fig 6.1: XRD pattern of γ-Al2O3, VA→ V2O5/γ-Al2O3, VLA (1:3)→V2O5/La2O3-γ-Al2O3 

(1:3), VLA (1:2) →→V2O5/La2O3-γ-Al2O3 (1:2), VLA (1:1) → V2O5/La2O3-γ-Al2O3 (1:1) 

 

The diffraction pattern of the gamma alumina support and the supported vanadium oxide 

catalyst are presented in Fig 6.1. The γ-Al2O3 curve displays three distinct peaks at the 2θ 

angles of 36.5,  46.5 and 67° [122] [123]. The three peaks corresponding to the crystalline 

phase of γ-Al2O3 appears in the rest of the catalyst but with decreasing peak intensities as 

the content of lanthanum in the support increases. The broad peak at 2θ of 29 ° is attributed 

to lanthanum oxide which increased in intensity as the amount of lanthanum increased 

[124][115]. It can be observed that no diffraction peak was detected in relation to the 

vanadia crystal phase, indicating an excellent dispersion of vanadium over the catalyst 

support. Generally, particles smaller than 3nm are not detectable by XRD [125], suggesting 

that the vanadia species could exist as small crystalline that the XRD could not detect [126].  
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6.2.2 scanning electron microscope (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS)  

  

  

  

c) 

 

a)  

b)  

 



110 

 

  

 

 

d) 

f) 

 

e) 

 



111 

 

Fig 6.2: SEM images of a) γ-Al2O3, b) V2O5/γ-Al2O3, c) V2O5/La2O3-γ-Al2O3 (1:2),  d) 

V2O5/La2O3-γ-Al2O3 (1:1) and EDX of e) γ-Al2O3, f) V2O5/La2O3-γ-Al2O3 (1:1)  

 

The scanning electron microscopy (SEM) and the energy dispersive X-ray experiment were 

performed to analyze the morphology and elemental distribution on the surface of the 

catalyst. Fig 6.2 shows the SEM images of  γ-Al2O3, V2O5/γ-Al2O3, V2O5/La2O3-γ-Al2O3 

(1:2) and V2O5/La2O3-γ-Al2O3. In general, it can be observed that all the samples consisted 

of particles that appear to be irregular in shape and size. Fig 6.2a shows the image of bare 

alumina support with zero lanthanum incorporation which appears to be heterogeneous and 

with uneven particle size. With the impregnation of vanadium oxide, a layer was formed 

over the support as can be seen in Fig 6.2b, c ,and d. The presence of vanadium was 

confirmed by the EDS analysis in Fig 6.2 (e and f). The layer increases and forms small 

agglomerations as the amount of lanthanum incorporated increases. Again, the SEM 

images shows that the vanadium oxide was well dispersed over the support. This may 

create enough contact area and selective active site for effective adsorption and desorption 

of both reactant and products in the ODH reaction [42]. The EDX analysis was conducted 

to confirm the elements on the surface of the catalyst. Fig 6.2 (e and f) shows the elemental 

distribution on the surface of the synthesized catalyst.   
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6.2.3 Fourier-transform infrared spectroscopy (FTIR) 
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Fig 6.3: FTIR of  VA→ V2O5/γ-Al2O3, VLA - (1:3)→V2O5/La2O3-γ-Al2O3 (1:3), VLA - 

(1:2) →V2O5/La2O3-γ-Al2O3 (1:2), VLA - (1:1) → V2O5/La2O3-γ-Al2O3 (1:1) 

 

Fig 6.3 reports the FTIR spectra of V2O5/La2O3-γ-Al2O3 catalyst with varying 

concentration of lanthanum oxide. The analysis of all the samples was done in the range of 

400 – 4000 cm-1 wavenumbers. All the samples show a narrow peak at  1650 cm-1 and  

broad between wavenumbers of 3250 cm-1 and 3750 cm-1. These peaks are attributed to the 

vibrational bond of the H-O-H or the hydroxyl group from the water adsorbed on the 

surface of the catalyst support [127] [123]. It is worth mentioning that all the catalyst 

sample exhibit a spectrum that is almost the same. The minimal interaction between the 

catalyst support and the active site may account for the insignificant shift in band position 

[4]. Al-O and VOx are assigned to FTIR peaks at band below 1100 cm-1. In addition, the 
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ban at 830 cm-1 is associated with the vibration of V-O-V bond bridge which can be seen 

more clearly on VLA (1:2) and VLA (1:1) .  

6.2.4 N2 adsorption-desorption Isotherm and Pore distribution curve 

 

Fig 6.4a: N2 adsorption-desorption isotherms graph displaying hysteresis loop for 

synthesized catalyst  V2O5/γ-Al2O3,  V2O5/La2O3-γ-Al2O3 (1:3), V2O5/La2O3-γ-Al2O3 (1:2), 

V2O5/La2O3-γ-Al2O3 (1:1) 
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Table 6.1: Textural properties of investigated catalyst material  

Catalyst La content 

in support 

(wt%) 

Micropore 

Area 

(𝒎𝟐/𝒈) 

External 

Surface 

Area 

(𝒎𝟐/𝒈) 

BET 

surface 

area 

(𝒎𝟐/
𝒈) 

Total 

pore 

volume 

(c𝒎𝟑/
𝒈) 

Average 

pore 

diameter 

(nm) 

V2O5/γ-Al2O3 0.00 27.2 150.7 178.0 0.328 7.3 

V2O5/La2O3-γ-

Al2O3 (1:3) 

25.00 21.5 76.6 98.1 0.167 6.3 

V2O5/La2O3-γ-

Al2O3 (1:2) 

33.33 13.5 58.7 72.3 0.163 9.0 

V2O5/La2O3-γ-

Al2O3 (1:1) 

50.00 6.7 40.1 46.8 0.157 13.4 

 

 

Fig 6.4b: Pore Size distribution of synthesized catalyst V2O5/γ-Al2O3,  V2O5/La2O3-γ-

Al2O3 (1:3), V2O5/La2O3-γ-Al2O3 (1:2), V2O5/La2O3-γ-Al2O3 (1:1) 
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To further understand  the nature of the pore size and volume distribution, porosity of the 

catalyst, the Brounauer-Emmett-Teller (BET) measurement was carried out in order to 

determine the textural properties of the catalyst. Fig 6.4 (a and b) display the N2 

adsorption/desorption isotherm for V2O5/La2O3-γ-Al2O3 with varying lanthanum oxide and 

their corresponding pore size distribution. Table 6.1 also displays the textural properties of 

the different catalyst samples under investigation. From Fig 6.4a, it can be observed that in 

line with IUPAC gas adsorption/desorption classifications, all the catalyst samples under 

investigation exhibited a type IV isotherm with capillary condensation at relatively high 

relative pressures. All the catalyst samples exhibit the H2 type hysteresis loop with a 

bottleneck-like constriction. This clearly describes the mesoporosity and a nitrogen 

monolayer adsorption on the catalyst samples [129]. The monolayer coverage can be seen 

to extend beyond a relative pressure of about 0.6, which is an indication of a well dispersed 

active site [124 ][131]. The BET surface area of the catalyst samples under study were  

found by utilizing the N2 adsorption isotherm. It can be seen from Table 6.1 that the total 

BET surface area of the catalyst with zero La2O3 loading (V2O5/γ-Al2O3) was 178.0 m2/g, 

the highest surface area recorded. The surface area decreased significantly as the amount 

of lanthanum oxide added to the support increases. A BET surface area of 98.1, 72.3 and 

46.8 m2/g was recorded for V2O5/La2O3-γ-Al2O3 (1:3), V2O5/La2O3-γ-Al2O3 (1:2), 

V2O5/La2O3-γ-Al2O3 (1:1) respectively in the order of increasing lanthanum oxide content. 

A similar trend was observed for the total pore volume of all the catalyst samples. This 

decrease in the catalyst surface area may be assigned to the La2O3 species entering and 

blocking of the mesopores of the alumina support. This is phenomena is confirmed by the 

increase in the average pore distribution where the average pore size shift from 7.3 nm for 
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V2O5/γ-Al2O3  to 13.4nm for V2O5/La2O3-γ-Al2O3 (1:1) catalyst sample. Interestingly, the 

incorporation of small amount of lanthanum (3-5wt%) leads to an increase in the surface 

area as found by some researchers [132][133]. However, in this work, we found that 

incorporating more than 10% lanthanum oxide decreases the surface area of the catalyst. 

A similar observation was made by Lu et al [134] who suggested that the textural properties 

of the catalyst material depends on the loading lanthanum oxide species. 

The Barret-Joyner -Halenda (BJT) technique was used in the pore size distribution analysis 

as shown in Fig 6.4b. From this, it can be seen that the pore size distribution is mainly 

center around 10.0 nm for all the samples under study. This average pore diameter is within 

the IUPAC range of 2-50 nm corresponding to mesoporous materials which further 

confirms the mesoporosity of the synthesized material [103][135].  

6.2.5 Laser Raman Spectroscopy 

0 200 400 600 800 1000

In
te

n
si

ty
 (

a
.u

)

Raman shift (cm-1)

 VLA  (1:1)  VLA  (1:2)  VLA  (1:3)  VA

 



117 

 

Fig 6.5: Raman of, VLA (1:1) → V2O5/La2O3-γ-Al2O3, VLA (1:2)→ V2O5/La2O3-γ-Al2O3 

(1:2), VLA (1:3) → V2O5/La2O3-γ-Al2O3 (1:3), VA→ V2O5/γ-Al2O3 

The Raman spectra is a technique that is versatile and powerful for vanadium oxide 

characterization. Fig 6.5 shows the Raman spectra of the four series of catalyst with 

different La2O3 loading recorded between 100 and 1100 cm-1 obtained at room temperature. 

The surface concentration as well as the vanadium oxide loading affects the appearance of 

VOX spectra [84]. Al-Ghamdi et al recorded that at 5% vanadium loading, only 

monovanadate species at 1033 cm-1 were detected suggesting that VOX species were 

present as isolated monovanadate whiles at 7% and above vanadium loading, the spectra 

indicated the existence of both monovanadate and polyvanadate species [136].  The narrow 

band between 1010-1035 cm-1 is attributed to the V=O bond stretching mode which is an 

indication of isolated monovanadate surface species [126] [137]. The band in the range of 

200- 600 cm-1 is associated with the vibration of crystalline VOX and band at 995 cm-1 is 

linked to isolated VOX. As a result of the high vanadium loading on the support, all the 

catalyst samples whether promoter or un-promoted display peaks that are sharp within the  

range of crystalline V2O5. This observation is in agreement with that of Elbadawi et al, that 

at high metal loading normally above 10 wt%, poly-vanadate species are formed [130]. 

The broad peaks in the range of 700-945 cm-1 are attribute to two stretching of mode (i) 

945-1030 cm-1 relating to V=O and (ii) 670-945 is ascribed to polyvanadate species 

[138][139]. The rest of the bands emerging at 180, 235, 325, 520, 520 and 995 are ascribed 

to bulk V2O5 crystal [140].  
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6.2.6 H2-Temperature Programmed Reduction (H2–TPR) 
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Fig 6.6: VLA (1:1)→ V2O5/La2O3-γ-Al2O3 (1:1), VLA (1:2)→ V2O5/La2O3-γ-Al2O3 (1:2), 

VLA (1:3)→ V2O5/La2O3-γ-Al2O3 (1:3), VA→ V2O5/γ-Al2O3 

 

The H2-TPR experiment was used to study the reducibility of the vanadium oxide deposited 

on the mixed oxide support. It gives more information regarding the catalyst ability to be 

reduced and to be regenerated during the propane ODH reaction. One can see that all the 

synthesized catalyst exhibited one unique reduction peak with the maximum peak 

temperature range of 440-500 ℃ as shown in Fig. 6.6. The existence of one distinctive 

peak for each catalyst indicates the reduction of V5+ to V4+ species as shown in reaction 5 

where V2O5 reduces to V2O3 [126]. From Fig 6.6, sample V2O5/γ-Al2O3 with zero La2O3 

content exhibited a reduction peak at 425 ℃, the lowest among the four series of catalyst 

whiles V2O5/La2O3-γ-Al2O3 (1:3), V2O5/La2O3-γ-Al2O3 (1:2), V2O5/La2O3-γ-Al2O3 (1:1) 

catalyst displayed maximum peaks at 475, 476 and 500 ℃ respectively. It can be deduced 

from the analysis that there is a slight shift of the TPR maximum peak temperatures towards 
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elevated temperatures as the amount of La2O3 added to the support increases. Hence, the 

catalyst with high content of La2O3 exhibited the formation of a monomeric species which 

is more stable and required higher temperatures to be reduced. This deduction clearly 

indicates that the presence of La2O3 in the catalyst tend to decrease the catalyst ability to 

reduce as can be seen in Table 6.2. The actual quantity of H2 uptake was calculated by 

integrating the area under the H2-TPR curves. The total amount of H2 consumed and the 

peak reduction temperature is  reported in Table 6.2. The variation in the H2 uptake can be 

attribute the primarily to the different  quantity of La2O3 added to the support. It is 

interesting to note that the addition of La2O3 increases the stability of the catalyst by 

decreasing the VOx of   reduction ability. Khan  in their work where they used CeO2 as a 

dopant observed similar trend [84] 

V2O5 +2H2 →  V2O3 +2H2O  (5) 

Table 6.2: Total consumption of H2 and percentage reduction of catalyst  

Catalyst sample Peak 

temperature (℃) 

H2 uptake (mmolg-1) % reduction 

V2O5/γ-Al2O3 425 0.3200 64.24 

V2O5/La2O3-γ-Al2O3 (1:3) 475 0.3308 53.00 

V2O5/La2O3-γ-Al2O3 (1:2) 476 0.3380 52.00 

V2O5/La2O3-γ-Al2O3 (1:1) 500 0.4309 41.17 
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6.2.7 NH3 -Temperature Programmed desorption (NH3 -TPD) 
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Fig 6.7: VLA (1:1) → V2O5/La2O3-γ-Al2O3 (1:1), VLA (1:2) → V2O5/La2O3-γ-Al2O3 (1:2), 

VLA (1:3)→ V2O5/La2O3-γ-Al2O3 (1:3), VA→ V2O5/γ-Al2O3 

 

Table 6.3: Total desorption of NH3 and percentage desorption of catalyst  

Catalyst sample Peak temperature 

(℃) 

NH3 desorption  

(mmolg-1) 

Total  

Low 

temp 

High 

temp 

Low 

temp 

High temp 

V2O5/γ-Al2O3 190 575 0.475 0.081 0.556 

V2O5/La2O3-γ-Al2O3 (1:3) 160 600 0.228 0.109 0.337 

V2O5/La2O3-γ-Al2O3 (1:2) 160 600 0.179 0.147 0.323 

V2O5/La2O3-γ-Al2O3 (1:1) 160 650 0.104 0.164 0.268 
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NH3-TPD technique is among the common techniques that is widely used to analyze the 

nature of acid site, the metal support interaction  and total acidity of a catalyst. Besides the 

redox property analysis, the surface acidity forms an important aspect of vanadium oxide 

supported catalyst that can be used to determine the catalyst activity. This is governed by 

the structure of the vanadium oxide species on the catalyst surface and the nature of the 

support used. Thus, the relation between the structure of the supported vanadium oxide and 

the surface acidity is key to understanding the ODH process [141]. Fig 6.7 shows the TPD 

profile of catalyst with and without lanthanum oxide. From Table 6.3, the order of the 

catalyst acidity is noted to be VA > VLA (1:3) > VLA (1:2) > VLA (1:1). The distribution 

of the acidity of the catalyst change slightly with  the addition of  La2O3. In general, all the 

catalyst samples exhibited two distinct peaks at approximately 180 and 600℃: the lower 

temperature region and the higher temperature region relating to acid sites described as 

weak/moderate and strong respectively. It can be observed that there was a decrease in the 

area corresponding to the weak acid site after the addition of La2O3. However, the area 

under the curve corresponding to strong acid site increased slightly as the amount of La2O3 

incorporation increased. Similarly, the incorporation of La2O3 decreased the lower peak 

temperature from 190 ℃ to approximately 160 ℃. The decrease in the weak acid site is 

due to the neutralization of the acid sites on the gamma alumina whiles the slight increase 

in the strong acid site may be attributed to the Lewis acid site due to the presence of the 

deficiently coordinated La3+ cation that can moderately affect the acid density [142]. 

Regarding the total acidity, it can be seen from Table 6.3 that the total acidity of the 

synthesized catalyst decreases with increase in the amount of lanthanum oxide in the 

support. This is an indication that clearly shows that the addition lanthanum oxide 
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significantly increase the basic site of the catalyst that may improves the CO2 adsorption 

capacity [36]. 

6.3 Catalyst Evaluation 

The propane ODH and the stability of VOX/La2O3-γ-Al2O3 catalyst series with varying 

amount of lanthanum and aluminium experiment was performed in the CREC Risser 

Simulator. The catalytic evaluation experiments were conducted using 0.2 g of the catalyst 

sample at four different temperature levels (500, 525, 575 and 600℃) and at a contact 

period of 30s. The following parameters were used to evaluate the catalyst performance: 

i) Propane Conversion 

ii) Propylene and ethylene selectivity 

iii) Propylene yield  

iv) COx selectivity 

All reactions were carried out in triplicates to ensure reliability and reproducibility. The 

carbon balance was evaluated based on CO, CO2, methane, ethane, ethylene, propane, 

propylene and the carbon deposited on the catalyst surface to be in the range of  ±7%.  

The ODH of propane both in the presence and absence of CO2 experiment was carried out 

in CREC Risser Simulator, a batch reactor that is used to mimics the operation of a  

fluidized bed reactor. Operating the impeller of the reactor at high speed around 4000 rpm 

ensures the fluidizability of the loaded catalyst in the catalyst basket.  

To identify the role of CO2 in the OHD of propane, two main separate experiment were 

performed; multiple and single injection. The single run experiment is further divided in to 

two sub reactions; (i) ODH of propane without CO2, to investigate the interaction of 
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propane with a completely oxidized VOx/La2O3-γAl2O3 catalyst in a sequence reaction and 

regeneration (ii) ODH of propane in the presence of CO2, to study the interaction between 

propane, CO2 and a fully oxidized catalyst in a set of reaction/regeneration. However, in 

the experiment involving multiple injection, the state of the catalyst is altered from fully 

oxidized to partially oxidized form as a result of consecutive reaction/injection without 

catalyst regeneration. This section of the investigation will further reveal the role of CO2 

in the ODH reaction by juxtaposing the performance of CO2 ODH  with ODH without CO2 

in a partially reduced catalyst environment.  

6.3.1 Effect of Temperature on propane ODH without CO2 
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Fig 6.8a: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/γ-Al2O3 catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 g, volume of 

propane injected= 2.0 ml). 
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Fig 6.8b: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/La2O3-γ-Al2O3 (1:3) catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 

g, volume of propane injected= 2.0 ml). 
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Fig 6.8c: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/La2O3-γ-Al2O3 (1:2) catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 

g, volume of propane injected= 2.0 ml). 
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Fig 6.8d: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/La2O3-γ-Al2O3 (1:1) catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 

g, volume of propane injected= 2.0 ml). 

 

Fig 6.8a-d presents the propane conversion and the product selectivity as a functions of 

reaction temperature (525-600 ℃) at constant reaction contact time of 30s and catalyst 

loading of 0.2g. The reactions were carried out in the absence of CO2 over the four series 

of catalyst synthesized with different support compositions. Generally, the propane 

conversion over all the catalyst shows an increase as the reaction temperature increases. 

For instance, the conversion over catalyst V2O5/γ-Al2O3 increased from 55% to 77% at 525 

and 600 ℃ respectively. The continuous rise in propane conversion with temperature over 

all the catalyst samples may be attributed to the fact at the higher temperatures, the lattice 

oxygen of the catalyst are easily released as observed in the H2-TPR analysis results. Thus 

high availability of free lattice oxygen at high temperatures tend to promote the activation 

of more C-H bond which result in high propane conversion .Catalyst V2O5/γ-Al2O3 with 

zero La2O3 incorporation displayed high propane conversion at 525,550 and 575 ℃ as 
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compared to the rest of the catalyst due to its high BET surface area and acidity. However, 

the total olefin selectivity dropped as the reaction temperature increases. From the TPR 

results, one can observe that the addition of La2O3 to the catalyst support decreases the 

ability of the catalyst to reduce easily. This implies that the addition La2O3 of helps to 

control the release of lattice oxygen which may be responsible for total oxidation of olefins 

via secondary reaction. This explains why the propylene selectivity of catalyst 

V2O5/La2O3-γ-Al2O3 (1:1) was higher than V2O5/γ-Al2O3.  

 

6.3.2 Effect of Temperature on propane ODH with CO2 
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Fig 6.8a: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/γ-Al2O3 catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 g, volume of 

propane injected= 2.0 ml, C3H8 : CO2= 1:2). 
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Fig 6.8b: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/La2O3-γ-Al2O3 (1:3) catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 

g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 
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Fig 6.8c: Effect of temperature on C3H8 conversion, C3H6, C2H4 and CO2 selectivity over 

V2O5/La2O3-γ-Al2O3 (1:2) catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 

g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2). 

 

Fig 6.8 (a-c) shows the propane conversion and the olefin selectivity as a function of 

temperature at constant time of 30s in the presence of CO2 as a mild oxidant. The 

experiment was conducted by loading 0.2g of  fresh catalyst and the catalyst was re-

oxidized after each run by circulating air through the catalyst bed. For all the catalyst 

samples, it can be observed that, the propane conversion generally increases with increase 

in temperature. This may be assigned to the availability of more lattice oxygen responsible 

for the C-H bond cleavage at elevated temperatures. One can observe that the propane 

conversion over V2O5/γ-Al2O3 was higher than over V2O5/La2O3-γ-Al2O3 (1:3) and 

V2O5/La2O3-γ-Al2O3 (1:2) at 525 and 500 ℃ which is consistent with the H2-TPR results. 

The H2-TPR analysis in Fig 6.6 shows that catalyst V2O5/γ-Al2O3 reduces at lower 

temperatures (425 ℃) as compared to the rest of the catalyst which are incorporated with 

La2O3. This indicates that V2O5/γ-Al2O3 releases higher amount of free lattice oxygen at 

525 and 550 ℃ as compared to catalyst with some La2O3  incorporation. Again, V2O5/γ-

Al2O3 catalyst exhibited high catalyst activity due to its high surface area as compared with 

the La2O3 containing catalyst. The high surface area enhances the exposure of the active 

site for efficient interaction. However, the olefin (propylene and ethylene) selectivity 

decreased as the reaction temperature increases for all the catalyst samples. This may be 

assigned the proliferation of lattice oxygen at elevated temperatures. The degree of catalyst 

reduction increases at high temperatures (H2-TPR analysis Fig 6.6) due to low binding 

energy. The generated olefins which are even more reactive than propane may be oxidized 

via secondary reactions to form undesired products. Among the catalyst, V2O5/γ-Al2O3 
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exhibited the highest propane conversion of  80% at 600 ℃. The order of decreasing 

conversion is V2O5/γ-Al2O3 > V2O5/La2O3-γ-Al2O3 (1:3) > V2O5/La2O3-γ-Al2O3 (1:2). 

Catalyst V2O5/La2O3-γ-Al2O3 (1:3) exhibited the highest propylene selectivity of  90 % at 

525 ℃. This may be attributed to the moderate acidity as observed in the NH3-TPD 

analysis. In addition, the presence CO2 poisons the non-selective sites on the catalyst 

thereby reducing secondary reactions that generated undesired products from the over 

oxidation of olefins. 

6.3.3 Successive C6H8 injection : Catalyst Stability with and without 

CO2 
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Fig 6.9: Propane conversion and selectivity of propylene over V2O5/γ-Al2O3 in 

consecutive propane injection without catalyst regeneration . The first 5 consecutive 

injections are propane only, the 6th and 7th is C3H8 with CO2 in ratio 1:2 and 1:3 

respectively. 

In the successive injection experiment, the V2O5/γ-Al2O3 catalyst was progressively 

reduced without regeneration in a six consecutive propane injection. For the 7th and 8th 

reactions, CO2 was added to the propane feed in different ratios. This was done to ascertain 

the role of CO2 in the oxidative dehydrogenation of propane with CO2 on a reduced 

catalyst. The operation conditions were: reaction temperature 550 ℃, reaction contact 

time= 30s, catalyst loading= 0.2g. As one can observe from Fig 6.9, the propane conversion 

was maximum (55%) for the first injection and then decreased progressively in the 

subsequent injections to about 25% in the 6th injection. The propylene selectivity dropped 

slightly from 73% in the first injection to 63% in the 4th injection  and then increased 

gradually to 67% in the 6th reaction. The increase in propylene selectivity and decrease in 

propane conversion was a result of the depletion of the liable lattice oxygen of the catalyst 

since the catalyst was not regenerated in between reactions. The addition of CO2 to the 

propane (C3H8:CO2=1:2) in the reaction 7, increased both the propane conversion to 31% 

and propylene selectivity to almost 75%. Again, a further increase in the amount of CO2 

added to propane (C3H8:CO2=1:3) in the 8th reaction did not have much effect of the 

propane conversion, however, there was a slight rise in propylene selectivity. The 

enhancement in the catalytic performance in the presence of CO2 may be attribute to the 

replacement of selective lattice oxygen site that was depleted as a result of the consecutive 

reactions without regeneration. From our observation, we deduce that, CO2 can partially 

oxidize the reduced catalyst to improve the catalytic performance. 

In conclusion  
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Comparing the ODH with and without CO2:  

(i) for all catalyst samples, the propane conversion in the absence of CO2 is 

relatively higher as compared to ODH of propane with CO2. This observation 

may be attributed to adsorption of CO2 to the active site of the catalyst. This 

reduces the active site available for propane adsorption in the CO2 environment 

thereby reducing the propane conversion. A similar observation was made by 

Shishido et al 2012 [143]. 

(ii) However, the total olefins selectivity was enhanced in the ODH of propane with 

CO2. In the ODH of propane without CO2, it was observed that COx was 

formed. This may be due the total oxidation of olefins that adsorb on the non-

selective sites of the catalyst. In a CO2 environment the non-selective sites of 

the catalyst may be blocked by the CO2 thereby enhancing the olefin selectivity. 

In addition, CO2 can limit the diffusion of oxygen which causes total oxidation 

in the catalyst bed since the CO2 is heavier than oxygen [144][145]. 

(iii) From the successive injection experiment, it was observed that CO2 is capable 

of partially oxidizing the reduced catalyst to improve the catalytic performance. 
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CHAPTER 7 GALLIUM BASED CATALYST 

7.1 Introduction 

Gallium supported catalysts are well documented as one of the most promising materials 

due to their high catalytic performance However one of the challenges associated with the 

utilization of Ga2O3 base catalyst for the ODH of propane is the deactivation within a short 

period of reaction which is not favorable for industrial application [146].  

7.2 Characterization results 

The following characterization techniques were used to understand both the physical and 

chemical properties of the series of gallium based catalyst synthesized : (i) X-ray 

diffraction (XRD) to study the crystallinity of the catalyst, (ii) scanning electron (SEM) to 

understand the morphology, (iii) energy-dispersive X-ray (EDS) to identify the element on 

the catalyst surface, (iv) Fourier Transform Infrared Spectroscopy (FTIR), (v) N2 

Adsorption-Desorption Isotherms to calculate the surface area of the catalyst, (vi) Raman 

Spectroscopy to identify functional groups of the metal oxide, (vii) NH3-Tmperature 

Programmed Desorption (NH3-TPD) to investigate the acidity of the catalyst.  
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7.2.1 X-ray powder diffraction results (XRD) 
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Fig 7.1: XRD pattern of γ-Al2O3, GA→ Ga2O3/γ-Al2O3, GLA - (1:3)→ Ga2O3/La2O3-γ-

Al2O3 (1:3), GLA - (1:2) →Ga2O3/La2O3-γ-Al2O3 (1:2), GLA - (1:1) → Ga2O3/La2O3-γ-

Al2O3 (1:1) 

 

Fig 7.1 display the XRD pattern of the bare γ-Al2O3, Ga2O3/La2O3-γ-Al2O3 with different 

lanthanum oxide loading of 0, 25 33.3 and 50 wt%. The bare γ-Al2O3 curve displays three 

characteristic peaks at 2θ angles of 37.5, 45.5 and 67°(JCPDS 10-425) [147][7][55]. The 

intensity of the three peaks that is attributed to pure γ-Al2O3 were unaffected by the 

deposition of  Ga2O3 on γ-Al2O3. This is an indication that, the deposition of gallium on 

the alumina did not alter the diffraction pattern of the support of Ga2O3/γ-Al2O3 catalyst. 

One can observe that there was a considerable decrease in the peak intensities  at 2θ angles 

of 37.5, 45.5 and 67° for all the catalyst samples with lanthanum oxide incorporation [38]. 
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This may be attributed to the decrease in the particle size/crystallinity of  𝛾𝐴𝑙2𝑂3 or due to 

partial coverage by La2O3. The appearance of a new broad peak located at 2θ angle of 30° 

from samples containing lanthanum oxide is assigned to crystalline La2O3 [115][124] . 

Interestingly, no diffraction signals of Ga2O3 was detected for all the samples with gallium 

impregnation even though several phases such as β, α and δ of Ga2O3 are known to occur 

depending the conditions of treatment [148]. The absence of diffraction peak 

corresponding to Ga2O3 could be an indication  that the Ga2O3 deposited was well dispersed 

over the catalyst support [149].  

7.2.2 scanning electron microscope (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS) 

  

a)  
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Fig 7.2: SEM images of a) γ-Al2O3, b) Ga2O3/γ-Al2O3, c) Ga2O3/La2O3-γ-Al2O3 (1:2),  d) 

Ga2O3/La2O3-γ-Al2O3 (1:1) and EDX of e) γ-Al2O3, f) Ga2O3/La2O3-γ-Al2O3 (1:1)  

 

The images from the SEM micrographs and the data from the energy dispersive X-ray 

analysis EDX of the synthesized catalyst are displayed in Fig 7.2. The SEM images 

displays the surface morphology whiles the EDX depicts the elements on the surface of the 

catalyst. One can observe that all the catalyst samples containing La2O3 under investigation 

are made up of particles that are rough and irregular in shape and size just like the pure γ-

Al2O3. This observation shows that the morphology of the γAl2O3 was not altered by the 

incorporation of lanthanum oxide. This confirms the fact there was little or no interaction 

between the support and lanthanum oxide as observed in the FTIR results. The deposition 

of gallium oxide on the support formed a layer on the catalyst surface as can be seen in Fig 

7.2b, c and d. as this layer was not present on the bare γAl2O3 in Fig 7.2a. This claim is 

further confirmed by the results from the EDS which shows that the elements present in 

the γAl2O3 sample was Al and O whiles La and Ga were the additional element found in 

Ga2O3/La2O3-γ-Al2O3 (1:1) samples. In general, the SEM images depict that gallium oxide 

f) 
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is well distributed on the catalyst support. This could improve the active site and contact 

area for efficient adsorption/desorption of both reactant and product in the ODH of propane 

reaction [42]. 

7.2.3 Fourier-transform infrared spectroscopy (FTIR) 
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Fig 7.3: γ-Al2O3, GA→ Ga2O3/γ-Al2O3, GLA - (1:3)→ Ga2O3/La2O3-γ-Al2O3 (1:3), GLA - 

(1:2) → Ga2O3/La2O3-γ-Al2O3 (1:2), GLA - (1:1) → Ga2O3/La2O3-γ-Al2O3 (1:1) 

 

The Fourier transform infrared spectroscopy is the adsorption spectroscopic method that is 

used to explain the vibrational transitions in materials. These are generated by the bending 

motion or stretching in the chemical bonds that exist in the metal oxide [150]. The FTIR 

of  γ-Al2O3, Ga2O3/γ-Al2O3 and Ga2O3/La2O3-γ-Al2O3 with different lanthanum loading is 

displayed in Fig 7.3. As one can see, all the catalyst samples display similar curves as γ-

Al2O3 but with decreasing peak intensities as the amount of lanthanum oxide incorporated 

in the support increases. The broad band at 3500 cm-1 and the narrow band at 1630 cm-1 
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are attributed to the bending vibration mode of O-H and stretching vibration of  H-O-H due 

to the water molecule weakly adsorbed on the catalyst support [150][151]. The  broad peak 

between 500 cm-1 and 1000 cm-1 displays strong absorption which is assigned to the 

vibration mode  of oxides of Al (Al-O) [152].  

7.2.4 N2 adsorption-desorption Isotherm and Pore size distribution  

 

Fig 7.4a: N2 adsorption-desorption isotherms graph displaying hysteresis loop for 

synthesized catalyst  GA→ Ga2O3/γ-Al2O3, GLA (1:3) → Ga2O3/La2O3-γ-Al2O3 (1:3), 

GLA(1:2) →Ga2O3/La2O3-γ-Al2O3 (1:2), GLA(1:1) → Ga2O3/La2O3-γ-Al2O3 (1:1) 
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Table 7.1:  Physicochemical properties of  gallium supported catalyst 

Catalyst La 

content 

in 

support 

(wt%) 

Micropore 

Area (𝒎𝟐/
𝒈) 

External 

Surface 

Area 

(𝒎𝟐/𝒈) 

BET 

surface 

area 

(𝒎𝟐/
𝒈) 

Total 

pore 

volume 

(c𝒎𝟑/
𝒈) 

Average 

pore 

diameter 

(nm) 

Ga2O3/γ-Al2O3 0.00 180.2 12.8 193.0 0.343 7.12 

Ga2O3/La2O3-γ-

Al2O3 (1:3) 

25.00 13.4 118.2 131.5 0.195 7.52 

Ga2O3/La2O3-γ-

Al2O3 (1:2) 

33.33 12.2 80.0 92.2 0.164 8.01 

Ga2O3/La2O3-γ-

Al2O3 (1:1) 

50.00 4.7 39.3 44.0 0.133 12.06 

 

 

Fig 7.4b: Pore Size distribution of synthesized catalyst GA →Ga2O3/γ-Al2O3, GLA (1:3) 

→ Ga2O3/La2O3-γ-Al2O3 (1:3), GLA(1:2) → Ga2O3/La2O3-γ-Al2O3 (1:2), GLA(1:1) → 

Ga2O3/La2O3-γ-Al2O3 (1:1) 

 

The N2 adsorption/desorption isotherm of all the samples under investigation is presented 

in Fig 7.4a. It can be observed that all the catalyst samples exhibited similar shape. The 
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shape could be described as type IV isotherms with the H2-type hysteresis loop at a relative 

pressure range of 0.5-0.9. This is an indication that the synthesized material is mesoporous 

in nature with the bottleneck like pore with wider bodies. The average pore size distribution 

(displayed in Fig 7.4b) of the samples were found to be approximately 8.0 nm which falls 

within the IUPAC range of 2-50nm. This further confirms that the material synthesized is 

mesoporous [153]. The summary of the physicochemical parameters including the BET 

surface area, total pore volume, and average pore diameter is found in Table 7.1. The N2-

adsorbtion isotherm were used in determining the BET surface area of the catalyst samples. 

From Table 7.1, the catalyst with the highest surface area (193 m3/g) is the sample with 

zero La2O3 content, Ga2O3/γ-Al2O3. The incorporation of La2O3 in the support decreased 

the total surface area in the order 131.5, 92.2 and 44.0 m3/g corresponding to Ga2O3/La2O3-

γ-Al2O3 (1:3), Ga2O3/La2O3-γ-Al2O3 (1:2) and Ga2O3/La2O3-γ-Al2O3 (1:1) respectively. 

One can notice that the total surface area of the sample decreased as the amount of La2O3 

incorporated in the support increases. The total pore volume of the catalyst sample also 

decreased as the quantity of La2O3 in the support increases. The  shrinkage of in the surface 

area could be attributed to lanthanum oxide penetrating and blocking the bottleneck-like 

mesopore of the support. This observation is further confirmed by the increasing trend in 

the average pore distribution where the average pore diameter changes from 7.12, 7.52, 

8.01 to 12.06 nm for Ga2O3/γ-Al2O3, Ga2O3/La2O3-γ-Al2O3 (1:3), Ga2O3/La2O3-γ-Al2O3 

(1:2) and Ga2O3/La2O3-γ-Al2O3 (1:1) respectively based as the La2O3 content. Remarkably, 

some researchers found that the incorporation of about 3-5% lanthanum oxide in γ-Al2O3 

support increases the surface area of the catalyst sample [132][133]. Nonetheless, in our 

study, we observed that the addition of more than 10% lanthanum oxide in a γ-Al2O3 results 
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in the decrease in the catalyst surface area. A similar trend was uncounted by Lu et al  

[134]. They concluded that, the lanthanum oxide loading affects the textural property of 

the catalyst material.  

 

7.2.5  NH3-Temperature programmed desorption (NH3-TPD) 
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Fig 7.5: NH3-TPD profile of GA→Ga2O3/γ-Al2O3, GLA (1:3) →Ga2O3/La2O3-γ-Al2O3 

(1:3), GLA(1:2) → Ga2O3/La2O3-γ-Al2O3 (1:2), GLA(1:1)→ Ga2O3/La2O3-γ-Al2O3(1:1) 
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Table 7.2: Total desorption of NH3 and percentage desorption of catalyst  

Catalyst sample Peak temperature 

(℃) 

NH3 uptake (mmolg-

1) 

Total  

Low 

temp 

High 

temp 

Low 

temp 

High 

temp 

Ga2O3/γ-Al2O3 0.365 0.136 200 600 0.501 

Ga2O3/La2O3-γ-Al2O3 (1:3) 0.267 0.1814 190 645 0.448 

Ga2O3/La2O3-γ-Al2O3 (1:2) 0.244 0.198 190 650 0.443 

Ga2O3/La2O3-γ-Al2O3 (1:1) 0.177 0.225 190 650 0.402 

 

In order to obtain insight about the surface acidity of the catalyst samples, the NH3-TPD 

experiment was conducted and reported in Fig 7.5. The sample with zero lanthanum oxide 

loading exhibited two characteristic peaks: a broad peak with maximum peak temperature 

at 200 ℃ and a narrow peak centered at 600 ℃ corresponding to the desorption of 

physisorbed ammonia species at the moderate/weak and strong acid sites respectively 

[154]. The rest of the catalyst samples with lanthanum oxide incorporation display three 

distinct desorption peaks : two small peaks centered around 200 ℃, 300 ℃ and a third 

broad peak with maximum peak temperature at 650 ℃ corresponds to the desorption of 

adsorbed NH3 at weak, moderate and strong acid site respectively. Interestingly, the area 

under the NH3-TPD curve at lower temperature which correlates to the amount of 

weak/moderate acid site decreases as the amount of lanthanum oxide in the support 

increases. However, the area under the curve at high temperatures region relating to the 

desorption of physisorbed NH3 at the strong acid site increases with increasing lanthanum 
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oxide content in the support. This behavior can be assigned to the existence of coordinated 

ion of La3+ functioning as a Lewis acid site. In this situation, the cation, La3+ could be 

responsible for the acid site density dynamics [142][36]. In general, the total acidity of the 

catalyst samples under investigation decrease as the quantity of La2O3 incorporated in the 

support increased as can be seen from Table 7.2. This suggest that the lanthanum oxide 

could be responsible for the reduction acid site on the catalyst sample [155]. The decline 

in the acid site is attributed; i) pore adjustment due to the La2O3 incorporated, resulting in 

pore entrance blockage as observed in the N2 adsorption/desorption analysis  ii)  the 

formation of basic site that neutralizes the acid sites on the support [156] .  

7.3 Catalyst Evaluation. 

The ODH and the stability of Ga2O3/La2O3-γAl2O3 catalyst series with varying amount of 

lanthanum and aluminium experiment was performed in the CREC Risser Simulator. The 

catalytic evaluation experiments were conducted using 0.2 g of the catalyst sample at four 

different temperature levels (500, 525, 575 and 600℃) and at a contact period of 30s. The 

following parameters were used to evaluate the catalyst performance: 

i) Propane Conversion 

ii) Propylene and ethylene selectivity 

iii) Propylene yield  

iv) COx selectivity 

All reactions were carried out in triplicates to ensure reliability and reproducibility. The 

carbon balance was evaluated based on CO, CO2, methane, ethane, ethylene, propane, 

propylene and the carbon deposited on the catalyst surface to be in the range of  ±7%.  
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The ODH of propane both in the presence and absence of CO2 experiment was carried out 

in CREC Risser Simulator, a batch reactor that is used to mimics the operation of a  

fluidized bed reactor. Operating the impeller of the reactor at high speed around 4000 rpm 

ensures the fluidizability of the loaded catalyst in the catalyst basket.  

7.3.1 Effect of Temperature on OHD of Propane with CO2 
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Fig 7.6a: Effect of temperature on propane conversion, C3H6 selectivity and yield over 

Ga2O3/γ-Al2O3 catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 g, volume 

of propane injected= 2.0 ml, C3H8 : CO2= 1:2) 
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Fig 7.6b: Effect of temperature on propane conversion, C3H6 selectivity and yield over 

Ga2O3/La2O3-γ-Al2O3 (1:3) catalyst. Reaction conditions (time=30s, catalyst loading= 

0.2 g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2) 
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Fig 7.6c: Effect of temperature on propane conversion, C3H6 selectivity and yield over 

Ga2O3/La2O3-γ-Al2O3 (1:2) catalyst. Reaction conditions (time=30s, catalyst loading= 

0.2 g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2) 
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Fig 7.6d: Effect of temperature on propane conversion, C3H6 selectivity and yield over 

Ga2O3/La2O3-γ-Al2O3 (1:1) catalyst. Reaction conditions (time=30s, catalyst loading= 

0.2 g, volume of propane injected= 2.0 ml, C3H8 : CO2= 1:2) 

The dehydrogenation of propane in the presence of CO2 as a soft oxidant was conducted in 

the temperature range of 525-600 ℃ over four Ga2O3/La2O3-γ-Al2O3 catalyst was 

presented in Fig 7.6 a-d. The major product generated from the reaction is propylene 

whereas ethylene, ethane, and methane constitute the minor product. In general, it can be 

observed that the propane conversion over all the catalyst increases with temperature: 24 

to 69%, 22 to 79%, 32 to 72% and 49 to 62% corresponds to the propane conversion from 

525 to 600 ℃ over catalyst Ga2O3/γ-Al2O3, Ga2O3/La2O3-γ-Al2O3 (1:3), Ga2O3/La2O3-γ-

Al2O3 (1:2), Ga2O3/La2O3-γ-Al2O3 (1:1) respectively. A similar trend was also recorded for 

the propylene yield. It should be notated that the highest propane yield of 51% was 

observed over catalyst Ga2O3/La2O3-γ-Al2O3 (1:1) at 600 ℃. The results clearly indicate 
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that the activity of all the synthesized catalyst strongly depend on the temperature of 

reaction. Due to the endothermic nature of the dehydrogenation reaction in the presence of 

CO2, both the propane conversion and propylene yield increases with increase in reaction 

temperature. However, a reverse trend was recorded for the propylene selectivity as the 

reaction temperature increases as a result of cracking reactions at elevated temperatures. 

For example, catalyst Ga2O3/La2O3-γ-Al2O3 (1:3) recorded a decline in propylene 

selectivity from 68% to 49% at 525 and 600 ℃ respectively. Al-Awadi et al documented 

a similar observation in their ODH with CO2 research work [25].  

The role of CO2 in the dehydrogenation of propane in a CO2 atmosphere could be explained 

with the following reactions  

CO2 + H2 ↔ CO + H2O       (2) 

CO2 + C ↔ 2CO    (4) 
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7.3.2 Effect of Temperature on OHD of Propane without CO2 
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Fig 7.7: Effect of temperature on propane conversion, C3H6 selectivity and yield over 

Ga2O3/γ-Al2O3 catalyst. Reaction conditions (time=30s, catalyst loading= 0.2 g, volume 

of propane injected= 2.0 ml) 
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Fig 7.8: Performance Ga2O3/La2O3-γ-Al2O3 (1:1) catalyst  with and without CO2 at 550 

℃ 
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7.3.3 Effect of CO2 on propane ODH 

Fig 7.7 shows the effect of reaction temperature on the ODH of propane over Ga2O3/γ-

Al2O3 in the absence of CO2. Propylene was the major product recorded along with 

methane, ethane and ethylene as side products. Again, the propane conversion increased 

steadily from 16 to 62% as reaction temperature increased from 525 to 600 ℃ whiles the 

propylene selectivity within the same temperature region declined from 56 to 41%. 

Comparing Fig 7.6a  and Fig 7.7, that is, the results of dehydrogenation over Ga2O3/γ-

Al2O3 with and without CO2, we can observe that the catalyst performance is more enhance 

in the CO2 environment. This is an indication that the CO2 plays significant role on the 

catalytic performance of the Ga2O3/γ-Al2O3 catalyst. The propane conversion and 

propylene yield over Ga2O3/γ-Al2O3 catalyst in the presence of CO2 was 65% and 37% 

respectively as compared with 44 and 22% respectively in the absence of CO2 at the same 

reaction temperature of 575 ℃.  

Fig 7.8 presents a similar observation where the addition of CO2 to the dehydrogenation 

reaction over Ga2O3/La2O3-γ-Al2O3 (1:1) records higher propane conversion (65%), 

propylene selectivity (62) and propylene yield (40%) as compared to the dehydrogenation 

in the absence of CO2 with corresponding propane conversion of 37%, propylene 

selectivity of 36% and propylene yield  of  13%. CO was detected as part of the products 

of the dehydrogenation reaction in the presence of CO2 indicating that the enhancement of 

the catalytic performance may be attributed to the continuous H2 removal from by the 

reverse water gas shift reaction (reaction 2) [12].  
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7.3.4 Successive C6H8 injection: Catalyst Stability with and without CO2 
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Fig 7.9: C3H8 conversion and propylene selectivity over Ga2O3/La2O3-γ-Al2O3 (1:1) in 

consecutive propane injection without catalyst regeneration . The first 8 consecutive 

injections are propane only, the 9th and 10th was C3H8 with CO2 in ratio 1:2 and 1:3 

respectively. 

 

The successive injection experiment was performed by subjecting the Ga2O3/La2O3-γ-

Al2O3 (1:1) catalyst to consecutive propane injection in the CREC Riser Simulator and 

presented in Fig 7.9. The ODH experiment was performed for about ten consecutive 

reactions without the catalyst regeneration in between reactions. The first eight reactions 

were carried out over the catalyst by injection only propane as the feed in each reaction. At 

the 9th and 10th  injections, CO2 was added to the propane feed. The ratio of C3H8 to CO2 

in the 9th and 10th  reactions were 1:2 and 1:3 respectively.  

The initial propane conversion over the fresh catalyst in 1st reaction was around 48%. The 

propane conversion then declined progressively to 30%, 27% and 23% in the 2nd,3rd and 

4th injection. The propane conversion dropped further to 20% at fifth reaction and remained 
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constant up to the 8th  reaction. The propylene selectivity increased gradually from 35% in 

the 1st reaction to around 45% in the 8th reaction. The decline in the propane conversion 

and propylene yield may be attributed to the carbon deposition on the gallium catalyst 

[157]. As a result of the CO2 addition, the propane conversion increased to 36% and 45% 

at the 9th and 10th reaction respectively. Again, the propylene selectivity was also improved 

as a result of the CO2 incorporation. The increase in both propane conversion and propylene 

selectivity may be attributed to: (i)  the reverse water gas shift reaction (reaction 2) that 

involves the removal of the generated hydrogen by the CO2 thereby shifting the reaction 

equilibrium of reaction 1 to the product side which in turn favors propylene selectivity   (ii) 

the elimination of carbon deposit by the Boudouard reaction (reaction 4) (iii) the 

enhancement of the propylene desorption from the surface of the catalyst to eliminate 

secondary reaction [146] [158]. 
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS 

8.1 Conclusion 

This study was aimed at comparing the oxidative dehydrogenation of propane with and 

without CO2 as soft oxidant over MOX/La2O3-γ-Al2O3 (M= Mo, V, Ga). The catalysts were 

synthesized by coprecipitation (support) by varying the lanthanum to aluminium ratio and 

depositing M (Mo, V, Ga) on the support by wet impregnation technique. Characterization 

of the synthesized MOx/La2O3-γAl2O3 catalyst was done with the following technique: X-

ray Diffraction (XRD), Fourier Transform Infra Read (FTIR), Scanning Electron 

Microscope (SEM), X-ray fluorescence (XRF), N2-Adsorption-Desorption isotherms, 

Raman Spectroscopy, H2–Temperature Programmed Reduction (H2–TPR and NH3-

Tmperature Programmed Desorption (NH3-TPD) was used to analyze the catalyst. 

The catalyst evaluation of the novel MOX/La2O3-γ-Al2O3 was carried out in the CREC 

Riser Simulator at atmospheric pressure and temperature range of 525-600 ℃. The 

experiment is divided in to three: i) ODH of propane reaction with CO2 ii) ODH of propane 

in the absence of CO2 and iii) successive reaction for stability test 

The following are the summary of the  key findings and contribution of this research: 

i. In general, the BET surface area of all the synthesized catalyst decreases with 

increasing La2O3 incorporation in the support. This observation is as a result of the 

pore blockage of the γ-Al2O3 by the La2O3. The increase in the catalyst pore 

diameter as the quantity of La2O3 increases further confirms our claim. 

ii. Again, the N2 adsorption isotherm indicates that all the catalyst samples exhibited 

type IV isotherm, H2 hysteresis loop with bottleneck-like constriction. The pore 
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size distribution as in the range of 2-50nm. This proofs that the synthesized material 

is mesoporous in nature which allows for efficient diffusion of both reactant and 

products over the catalyst. 

iii. The SEM results indicates that all the synthesized material of were made of 

particles that were irregular in shape and size with rough surfaces. This may 

improve the efficient adsorption/desorption of both reactant and product in the 

ODH of propane reaction. 

iv. The H2-TPR data for the molybdenum-based catalyst shows two distinct reduction 

peaks establishing that the MoO3 reduces in two stages of Mo6+ 
→ Mo4+

→ Mo0, 

however, the vanadium-based catalyst exhibited one characteristic peak indicating 

that the synthesized supported VOx reduced in a single stage. In addition, for the 

VOx based-catalyst, there was a slight shift of the TPR peak towards elevated 

temperatures as the amount of La2O3 added to then support increases. 

v. The NH3-TPD analysis shows that for most of the catalyst, the incorporation of 

La2O3 in the support reduces the total surface acidity of the catalyst as the La2O3 

(basic) is known to neutralizes the surface acidity of the γ-Al2O3. 

vi. For the successive injection experiment, it was found that, the injection of propane 

together with CO2 over a reduced catalyst improved both the propane conversion 

as well as propylene selectivity for all the catalyst. For instance, for the vanadium 

based-catalyst, the ODH of propane without CO2 over a reduced catalyst yielded 

25% propane conversion and 65% propylene selectivity. However, the injection of 

propane with CO2 over the same reduced catalyst, resulted in the increase of 

propane conversion and propylene selectivity as 35% and 77% respectively. 
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Similar trend was observed molybdenum and gallium based-catalyst. This shows 

that CO2 is capable of partially regenerating the reduces catalyst for ODH reaction. 

vii. For vanadium and molybdenum-based catalyst, propane ODH without CO2 as part 

of the feed recorded high selectivity of Cox as compared to with propane ODH with 

CO2 present. For example, ODH reaction over MoO3/La2O3-γ-Al2O3 (1:3) catalyst 

without  CO2 recorded as high as 63 % CO2 selectivity at 575 ℃ whiles in the case 

of ODH in the presence of CO2 over the same catalyst and same conditions, the 

CO2 selectivity declined to 21 %. This may be due the CO2 (acidic) adsorbing to 

the La2O3 (basic) surface thereby inhibiting secondary oxidation of olefins by 

limiting the olefin adsorption on the surface of catalyst.  

viii.  For all the catalyst samples, the incorporation of La2O3 in the support resulted in a 

decline in propane conversion but an increase in olefin selectivity. We therefore 

concluded that this observation may be due to the reduction in acid sites and non-

selective site of the γ-Al2O3 that may be responsible for deep oxidation of propylene 

and propane to COx 

8.2 Recommendations 

The following recommendations are made for future research: 

i. The synergy  effect of molybdenum and vanadium oxide on La2O3-γ-Al2O3 can be 

explore for the oxidative dehydrogenation of propane to propylene with CO2.  

ii. The addition of small quantity of O2 to a feed of  propane with CO2 can also be 

explored as the oxygen reaction could reduce the endothermic nature of the ODH 

process. 
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iii. An investigation in to the variation of propane to CO2 ratio can be explored to 

obtain the optimum mixture for the ODH reaction over the catalyst. 

iv. The doping of MoO3/γ-Al2O3 and VOx/γ-Al2O3 with metals such as Li, Mg, Ca or 

K can be explored as these metals are known to improve catalyst activity. 
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