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ABSTRACT 

Development of Iron-based Catalyst for Isobutane Dehydrogenation to Isobutylene 

Faisal Alahmadi 

 

Isobutylene is a high demand chemical that contributes to the production of fuel, plastic, 

and rubbers. It is produced industrially by different processes, as a byproduct of steam 

cracking of naphtha or a fluidized catalytic cracking or by isobutane dehydrogenation. 

Catalytic dehydrogenation of isobutane is in increasing importance because of the 

growing demand for isobutylene and the better economic advantage compared to other 

isobutylene production processes. Isobutane dehydrogenation is an endothermic 

reaction and to achieve good yields; it is preferred to work at higher temperatures. At 

these temperatures, carbon deposition leads to catalyst deactivation, which requires the 

catalyst to be regenerated on a frequent basis. Most of the current processes to produce 

isobutylene use either expensive platinum-based metal or toxic chromium-based 

catalysis. Hence, there is a demand to search for alternative catalysts that are a relatively 

cheap and non-toxic. To achieve this goal, Zirconia-supported Iron catalysts were 

prepared. To study the effect of active phase distribution, different iron loadings were 

tested for impregnation (3% to 10%) and co-precipitation (10%-20%). The catalysts show 

promising results that can achieve an isobutylene selectivity and yield of 91% and 31%, 

respectively, with isobutane conversion of 35%. 

 



5 
 

ACKNOWLEDGEMENTS 

 
I would like to thank all the people whom I would not have been able to complete this 

research without their support. I would like to thank professor Jorge Gascon for giving me 

the opportunity to work within his group. I would like to thank him for his support, 

encouragement and patience. I would like to express my gratitude to Dr. Alberto 

Rodriquez Gomez who was my mentor and guide during this time. I would like to express 

my sincere appreciation for his patience, his valuable inputs and for making my master 

journey productive. My appreciation also extends to the committee and the whole family 

of KAUST Catalysis Center. 

My biggest thanks to my parents, my wife and my whole family for all the support they 

have shown me through this time. It was also a special time for me because during this 

time I met my baby girl (Deem) for the first time.  

Finally, I would like to acknowledge my company SABIC for sponsoring me and giving me 

this opportunity. 

  



6 
 

TABLE OF CONTENTS 

 

EXAMINATION COMMITTEE PAGE ...................................................................................... 2 

COPYRIGHTS ........................................................................................................................ 3 

ABSTRACT ............................................................................................................................ 4 

ACKNOWLEDGEMENTS ....................................................................................................... 5 

TABLE OF CONTENTS........................................................................................................... 6 

LIST OF ABBREVIATIONS ..................................................................................................... 8 

LIST OF ILLUSTRATIONS....................................................................................................... 9 

LIST OF TABLES .................................................................................................................. 10 

Chapter 1: Introduction .................................................................................................... 11 

1.1 Platinum-based catalysts ..................................................................................................... 14 

1.2 Chromium-based catalysts ................................................................................................... 15 

1.3 Other types of dehydrogenation catalysts .......................................................................... 16 

1.4 Available Technologies ......................................................................................................... 18 

1.4.1- Lummus Catofin Process .............................................................................................. 18 

1.4.2- UOP Oleflex process .................................................................................................... 18 

1.4.3- Snamprogetti-Yarsintez (FBD Process) ........................................................................ 18 

Chapter 2: Scope and Methodology ................................................................................. 20 

2.1 Thesis Scope ......................................................................................................................... 20 

2.2 Methodology ........................................................................................................................ 20 

2.2.1 Synthesis methods ........................................................................................................ 20 

2.2.2 Characterization methods ............................................................................................. 22 

2.3 Catalytic Testing ................................................................................................................... 23 

Chapter 3: ZrO2 based catalysis: Results and Discussion .................................................. 25 

3.1 Effect of Iron loading ............................................................................................................ 26 

3.2 Promotion effect .................................................................................................................. 29 

3.3 Effect of preparation method .............................................................................................. 33 

3.4 Detailed presentation and discussion of all samples ........................................................... 35 

3.4.1- ZrO2 .............................................................................................................................. 35 



7 
 

3.4.2- 3Fe-ZrO2 ....................................................................................................................... 36 

3.4.3- 5Fe-ZrO2 ....................................................................................................................... 37 

3.4.4- 10Fe-ZrO2 ..................................................................................................................... 38 

3.4.5- 1K-ZrO2 ......................................................................................................................... 40 

3.4.6- 1K-3Fe-ZrO2 .................................................................................................................. 41 

3.4.7- 1K-5Fe-ZrO2 .................................................................................................................. 42 

3.4.8- 1K-08Fe-ZrO2 ................................................................................................................ 43 

3.4.9- 1K-10Fe-ZrO2 ................................................................................................................ 44 

3.4.10- 1Na-10Fe-ZrO2 and 3Na-10Fe-ZrO2 ........................................................................... 45 

3.4.12- 1.5K1.5N-10Fe-ZrO2 ................................................................................................... 46 

3.4.13- 10Fe-ZrO2-CP .............................................................................................................. 48 

3.4.14- 15Fe-ZrO2-CP .............................................................................................................. 49 

3.4.15- 20Fe-ZrO2-CP .............................................................................................................. 51 

3.4.16- 1K-10Fe-ZrO2-CP ........................................................................................................ 52 

3.4.17- 1K-15Fe-ZrO2-CP ........................................................................................................ 53 

3.4.18- 1K-20Fe-ZrO2-CP ........................................................................................................ 54 

Chapter 4: Conclusions ..................................................................................................... 56 

BIBLIOGRAPHY .................................................................................................................. 57 

APPENDICES ...................................................................................................................... 59 

Appendix1: Additional catalytic experiments using Al2O3 based catalyst .................................. 59 

Appendix2: Raw data for catalytic reactions ............................................................................. 64 

Appendix3: Literature search of relevant patents ..................................................................... 67 

 



8 
 

LIST OF ABBREVIATIONS 

 
 
CP    Co-precipitation 
ETBE     Ethyl-t-butyl-ether 
FCC    Fluid catalytic cracking 
HCl   Hydrochloric acid 
IWI   Incipient wetness impregnation 
MTBE   Methyl-t-butyl-ether 
TBA   t-Butyl Alcohol 
TCD   Thermal conductivity detector 

 
 

 

  



9 
 

LIST OF ILLUSTRATIONS 

 
 

Figure 1.1 isobutylene downstream derivatives ............................................................. 12 
Figure 1.2 cost of isobutylene production via different routes ...................................... 13 
Figure 1.3 Equilibrium conversion of C2−C4 paraffins to olefins …….………………………...... 13 
Figure 2.1 Reactor Scheme ……………………………………………………...................................... 24 
Figure 3.1 Catalytic result of blank experiments (SiC) …………………….............................. 25 
Figure 3.2 Effect of iron loading on iC4H8 yield ……………………………….............................. 27 
Figure 3.3 Typical TPR profile for samples prepared by IWI and CP................................ 28 
Figure 3.4 TPR profiles of Fe2O3/ZrO2 catalysts with various Fe2O3 loading.................... 29 
Figure 3.5 Effect of promotion on iC4H8 yield for samples prepared by IWI................... 30 
Figure 3.6 Effect of promotion on iC4H8 yield for samples prepared by CP....................  32 
Figure 3.7 Results of ZrO2 (IWI) ………………………………………………...................................... 35 
Figure 3.8 Results of 3Fe-ZrO2 (IWI) .………………………………………...................................... 37 
Figure 3.9 Results of 5Fe-ZrO2 (IWI) ………………………………….……...................................... 38 
Figure 3.10 Results of 10Fe-ZrO2 (IWI) ..…………….…………………………................................ 39 
Figure 3.11 Results of 1K-ZrO2 (IWI) ..…………….…………………………………………................... 41 
Figure 3.12 Results of 1K-3Fe-ZrO2 (IWI) …….……………………………………............................ 42 
Figure 3.13 Results of 1K-5Fe-ZrO2 (IWI) …….……………………..……..................................... 43 
Figure 3.14 Results of 1K-8Fe-ZrO2 (IWI) …..……………………………...................................... 44 
Figure 3.15 Results of 1K-10Fe-ZrO2 (IWI) ………………………………...................................... 45 
Figure 3.16 Results of Na-10Fe-ZrO2 (IWI) ..……………………………...................................... 46 
Figure 3.17 Results of 10Fe-ZrO2 (CP) ………………….…………………...................................... 49 
Figure 3.18 Results of 15Fe-ZrO2 (CP) ………………….…………………...................................... 50 
Figure 3.19 Results of 20Fe-ZrO2 (CP) ………………….…………………...................................... 51 
Figure 3.20 Results of 1K-10Fe-ZrO2 (CP) …………….…………………...................................... 53 
Figure 3.21 Results of 1K-15Fe-ZrO2 (CP) …………….…………………...................................... 54 
Figure 3.22 Results of 1K-20Fe-ZrO2 (CP) …………….…………………...................................... 55 
Figure A1.1  Results of 10Fe-α-γ-Al2O3 (IWI) …..…............................................................. 59 
Figure A1.2  Results of 1K-10Fe-α-γ-Al2O3 (IWI) ……..…..................................................... 60 
Figure A1.3  Results of 10Fe-γ-Al2O3 (IWI) …………..…........................................................ 61 
Figure A1.4  Results of 3K-10Fe-γ-Al2O3 (IWI) ……..…........................................................ 62 
Figure A1.5  Results of 3Na-10Fe-γ-Al2O3 (IWI) ………....................................................... 63   

 

 

  



10 
 

LIST OF TABLES 

 
 
Table 1.1 Comparison between available technologies for iC4H10 dehydrogenation ....  19 
Table 2.1 List of FeZrO2-based catalysts prepared by IWI …............................................  21 
Table 2.2 List of FeZrO2-based catalysts prepared by co-precipitation ..........................  22 

Table A2.1 Raw Data: effect of iron loading and promotion ….......................................  64 
Table A2.2 Raw Data: samples prepared by (IWI) ……………………………............................  65 
Table A2.3 Raw Data: samples prepared by (CP) ………………………………............................  66 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



11 
 

 
Chapter 1: Introduction 

In the industry of refinery and petrochemicals, olefins are the building block for many 

downstream products. Olefins are mainly produced using steam crackers and fluid 

catalytic crackers (FCC). These two processes provide a wide range of products. FCC is 

used mainly in the refinery sector. While steam crackers are used in the petrochemical 

sector.  One of the disadvantages of steam crackers is its high construction cost. It is 

expected that the demand for olefins will continue to develop in the coming years. On 

purpose production of specific olefin is in growing importance1; MTBE (methyl-t-butyl-

ether) and ETBE (ethyl-t-butyl-ether) are of great importance to improve gasoline 

efficiency. With increase demand on gasoline blends, tremendous focus is highlighted on 

Isobutylene because it is the building block for both chemicals. Although Isobutylene has 

been produced by traditional technologies mentioned above, the abundance of alkanes 

from natural gas has increased the interest in their utilization as an alternative feedstock 

for alkenes production. Dehydrogenation reactions are of interest to produce on-purpose 

propylene and Isobutylene since they are a building block for other chemicals 2.  Figure 

1.1 shows a list of chemicals that are derived from Isobutylene. In addition to fluid 

catalytic cracking (FCC) and Steam crackers, on-purpose Isobutylene is produced by four 

main routes, which are MTBE decomposition, t-Butyl Alcohol (TBA) decomposition, 

Isobutane dehydrogenation and Cold acid extraction2. Since selective dehydrogenation is 

the key to balance the abundance of alkanes and the high demand for Isobutylene, it 

gained much interest in the past four decades. In particular, catalytic dehydrogenation of 
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isobutane has been established to be one of the most important reactions. Especially for 

its attractive economic advantages. Figure 1.2 shows an economic comparison between 

different technologies to produce isobutylene. From the first glance, the chemistry of the 

reaction looks simple, however, it is actually one of the most complicated catalytic 

processes due to the limitation of thermodynamic equilibrium and the fact that isobutane 

dehydrogenation reaction is highly endothermic (enthalpy of around 123 kJ.mol-1) 1.  

 

Figure 1.1 isobutylene downstream derivatives [source: Nexant] 

 

Figure 1.3 shows the equilibrium conversion for dehydrogenation of ethane, propane and 

isobutane. This illustrates the challenge of reaching high temperatures to achieve 
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economic merit in isobutane dehydrogenation. The typical operation temperature for 

isobutane dehydrogenation is between 500 0C to 600 0C. Operating lower than this range 

will have no economic sense while operating above this range will have the challenge of 

severe deactivation of the catalyst due to coke deposition, active phase agglomeration 

and support sintering. Coke is formed by side reactions such as thermal or catalytic 

cracking. This high energy demand for the dehydrogenation reaction is because the 

energy required to remove two hydrogen atoms from the alkane molecule is independent 

of the molecular weight of the paraffin (113 - 134) kJ.mol-1 2. Hence, the heat to be 

supplied, expressed per weight of the product, increases significantly by decreasing the 

feedstock molecular weight2. 

 

Figure 1.2 cost of isobutylene production 

via different routes [source: Nexant] 

 

Figure 1.3 Equilibrium conversion of 

C2−C4 paraffins to olefins as a function 

of temperature at 1 bar 1 
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Two types of catalysts show excellent dehydrogenation properties and are widely used 

commercially. They are based on supported noble metals (mainly Platinum) with 

promoters and Chromium oxide on alumina or zirconia with promoters. Both two types 

of these catalysts can achieve required selectivity and activity in the dehydrogenation 

reaction. However, they are different when it comes to the formation of side products 

and regeneration behavior. Many other formulations have been suggested in the 

literature3-9. However, only promoted chromium and supported Platinum have been 

successfully commercially applied in industrial plants2. 

1.1 Platinum-based catalysts 

Platinum is the most successful metal in dehydrogenation catalysts because it can 

successfully break C-H bonds while having low activity of breaking C-C bond10.  This results 

in high selectivity toward dehydrogenation. On a platinum surface, only low-coordination 

number sites are able to catalyze the C-C bond breaking, while essentially all Pt sites 

catalyze the breaking of the C-H bonds 10, . Coke formation is a product of the occurrence 

of undesired reactions, such as cracking and hydrogenolysis. These reactions are more 

sensitive to the support structure than dehydrogenation reaction, Hence, the addition of 

co-catalyst/promoter to the carrier surface acts as a diluent and increase the selectivity 

toward dehydrogenation  9-11 . Thus, the addition of tin has been reported to improve the 

catalytic properties of platinum for the dehydrogenation of isobutane. Tin can increase 

the selectivity by inhibiting side reactions. Moreover, the addition of tin has a proved its 

effect on the catalyst life with the fact that the Pt-Sn catalyst show higher and longer 

activity than the pure Pt catalyst10. This improvement in selectivity and stability is 
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concluded to be due to the dilution by Sn. This dilution reduces the activity towards 

reactions that require a large ensemble of Pt atoms to constitute the active sites, such as 

hydrogenolysis and coking. also, in some experiments for pure Pt, researchers observed 

an increase in selectivity of the pure platinum sample with time. It has been concluded 

that the carbon formed during the reaction acts as a diluent that reduces undesired 

reactions10. This explanation also has been used to explain the improvement in the 

stability of the catalyst as a function of time as the number of large ensembles is reduced 

by the presence of carbon9, 10, 12. The catalyst preparation may critically influence the Pt-

Sn interaction and consequently the catalytic behavior9, 12. The promoting effect of tin 

depends on the method used in the preparation9, 10, 12. Catalysts prepared by co-

impregnation, when the solvent is an aqueous solution containing HCl, result in a 

relatively high extent of Pt-Sn interaction. On the other hand, impregnation results in a 

large fraction of unalloyed Pt10.  

1.2 Chromium-based catalysts 

Chromium oxide has been exploited in industry as a dehydrogenation catalyst for many 

years2,10,13. Chromium oxide supported on alumina has been extensively studied. 

Researchers has studied the catalyst structure under reaction conditions, the nature of 

the active sites, the role of the support, the effect of alkali metals promoters, and the 

mechanism of the dehydrogenation reaction over these catalysts. It is concluded that the 

adsorption of the alkane takes place on Cr−O sites13. Hence, most of the researchers 

studied the factors that could affect the nature of these active sites. The nature of the 

chromium species that exist on the surface of the catalyst are dependent on type of 
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support, calcination temperature, chromium oxide loading, and changes during the 

reaction. It has been concluded that dehydrogenation activity for chromium-based 

catalysts is assigned to existence of unsaturated Cr3+ species that are dispersed on the 

support10, 13. In the industry, small amount of potassium (1 %wt) is added to chromia-

based dehydrogenation catalysts. It is reported that this alkali promotors can poison the 

active sites that are responsible for side reactions such as cracking and hydrogenolysis. 

However, this potassium also affects the nature of the chromium species present on the 

catalyst surface. One of those species is potassium chromate (Cr6+) which is a less active 

form of chromium for the dehydrogenation reaction. 1, 10, 13. It is recommended to use low 

concentration of potassium with high concentration of chromium to have a promoting 

effect because the increase of potassium loading can help in forming the above-

mentioned potassium chromate (Cr6+). Recent studies suggests the use of zirconium oxide 

as a support of chromia catalysts instead of alumina10. This is because Zirconia has high 

thermal and chemical stability. 

1.3 Other types of dehydrogenation catalysts 

Many other types of catalysts have been explored, this includes but not limited to, 

Vanadium Oxide-based catalysts, Gallium oxide-based catalysts, Indium oxide-based 

catalysts, Titanium oxide-based, Molybdenum oxide-based catalysts and others1, 2, 13. It is 

of our interest to study iron oxide based catalysts as it is a scope of this thesis to explore 

this type. supported iron oxides are reported to be used in the ethylbenzene 

dehydrogenation to Styrene which is the building block for the production of some 

plastics and synthetic rubber14. Dehydrogenation of ethylbenzene is carried out at a 
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temperature around 600-630 °C on iron oxide catalysts with a promotor. it is proven that 

the addition of potassium increases the activity when compared to unpromoted Fe2O3. 

Similar to the case for using potassium with chromium oxide, only low concentration of 

potassium oxide show the promoting effect while the increase of potassium 

concentration can decline the activity performance and increase the selectivity of 

styrene15. 

 In 1990, Geus et al., investigated the activity of supported iron oxide in the 

dehydrogenation of 1-butene to 1−3 butadiene. They concluded that Fe3+ is catalytic 

active phase. The catalysts deactivate fast because of coke formation and reduction of 

Fe2O3 to Fe3O4. However, they showed better catalytic stability when the catalyst was 

promoted with potassium. It is suggested that potassium stabilizes the active phase by 

forming KFeO2, which donates electrons to the active iron species and prevents their 

reduction14. Moreover, potassium suppresses coke formation by preventing the alkane 

interaction with acidic sites responsible for these undesired reactions. Yun et al., 

investigated Iron incorporated ZSM-5 catalysts for propane dehydrogenation and 

concluded that the activity of iron was due to a redox cycle16. Shimada et al., investigated 

isobutane dehydrogenation for iron promoted activated carbon. activated carbon 

achieved isobutylene yield of around 10% without using iron. Better results were reported 

(around 40%) when they added 3.5 wt% Fe3O4 17. 
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1.4 Available Technologies 

Below is a brief description of common technologies that are used to produce 

Isobutylene. Table 1.1 shows a comparison between these technologies. 

1.4.1- Lummus Catofin Process 

This process is designed for dehydrogenation of both propane and isobutane. The catalyst 

used here is chromium-based catalysts. It operates below atmospheric pressure. 

temperature 860- 920 K,  feed rate (LHSV) 0.4-2.0 h-1. It is designed based on multifile 

adiabatic reactors. Heat generated by the combustion of the coke formed on the catalyst 

is stored in the bed and released adiabatically to the reactants during the next on-stream 

operation as they pass through the bed. The catalyst is in the form of cylindrical pellets 

and consists of 18-20 wt% Cr203 and 1-2 wt% alkaline promotor 1, 10. 

1.4.2- UOP Oleflex process 

This process is also designed to dehydrogenate both propane and isobutane. The catalyst 

used is the catalyst consists of spherical pellets containing 0.1-1 wt% of platinum, 0.1-4 

wt% tin, and 0.1-4 wt% alkali metals supported on alumina. With the presence of 

molecular hydrogen. With moving beds and adiabatic reactor and interstage external 

reheating. It operates at temperature of 820-890 K and 2-3 bar. Feed rate (LHSV) of 4 1, 10. 

1.4.3- Snamprogetti-Yarsintez (FBD Process) 

This technology derives conceptually from FCC and is carried out in a bubbling, staged 

fluidized bed reactor without diluent, at atmospheric pressure; the catalyst is a 

chromia/alumina-based one, which is continuously pneumatically moved from the 

reactor to a regenerator vessel and vice versa. The catalyst used is micro spheroidal 
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(average particle diameter <0.1 mm) and has high attrition resistance suitable for use in 

a fluidized bed. The catalyst contains 12-20 wt% Cr203, 1-2wt% of potassium, and 1-2 wt% 

SiO2. The support is a mixture of high transition alumina. It operates at a temperature 

between 820-870 K and a pressure of 110-150 kPa feed rate (LHSV) 0.4-2.0h-1 1, 10. 

Table 1.1 Comparison between available technologies for iC4H10 dehydrogenation. 
 

Technology Catofin Oleflex FBD SABIC 

Licensor CB&I-ABB 

Lummus 

UOP LLC 

(Honeywell) 

Snamprogetti SABIC* 

Reactor Adiabatic fixed 
bed 

Adiabatic 
moving bed 

Fluidized bed Adiabatic fixed 
bed and FBR 

Catalyst CrOx/Al2O3 

With alkaline 
promoter 

Pt-Sn/Al2O3 
with alkaline 

promoter 

CrOx/Al2O3 
with alkaline 

promoter 

Pt-Sn/K/ 
SAPO-34 

Temp. (0C) 565–649 550–620 535–590 560–600 

Press. (Bar) 0.3–0.5 2–3 0.5–1.5 0.1–6 

Conversion 

(%) 
55–68 35 50 55–68 

Selectivity (%) 89–93 91–93 91 80–85 

* Piloting stage 
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Chapter 2: Scope and Methodology 

2.1 Thesis Scope 

The objective of this study is to prepare a catalyst based on abundant,  non toxic, non 

noble metals for the production of isobutylene via isobutane dehydrogenation. Iron over 

zirconia shows promising results in terms of isobutane conversion and isobutylene 

selectivity. It was decided to prepare the catalysts using two different methods. 

Impregnation and co-precipitation because they are easy in case of scaling up. Study of 

the effect of iron loading in the impregnated samples and doping levels in the co-

precipitated samples. Different iron loadings were tested for impregnation ranging 

between (3% to 10%). And several doping levels were used using co-precipitation (10%-

20%). Study the promotion effect using 1% potassium on both preparation methods. 

2.2 Methodology 

2.2.1- Synthesis methods 

2.2.1.1 Iron over Zirconium oxide by incipient wetness impregnation (IWI) 

Zirconia-supported iron catalysts were prepared by incipient wetness impregnation, 

proper amount of iron nitrate nonahydrate was calculated to obtain the required iron 

loading. Iron nitrate nonahydrate was dissolved in appropriate amount of water and left 

for 15 minutes in an ultra-sonic bath. The solution was then added to Zirconium oxide 

support (ZrO2) drop wise with continuous homogenizing. The mixture then followed by 

drying in air at 120 0C for six hours with a ramp rate of 4 0C/min and then calcination in 

air at 550 0C for six hours at a ramp rate of 3 0C/min. 
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Table 2.1 List of FeZrO2-based catalysts prepared by IWI. 
 

Entry 

Fe content,  

Fe (NO3)3 

(wt. %) 

K content, 

K2CO3 

Water 

(mL) 
Catalyst Method 

1 0.000 g (0%) 0.036 g (1%) 1.200 1k/ ZrO2 IWI  

2 0.454 g (3%) 0.000 g (0%) 1.200 3Fe/ZrO2 IWI 

3 0.454 g (3%) 0.037 g (1%) 1.200 1K-3Fe/ZrO2 IWI 

4 0.773 g (5%) 0.000 g (0%) 1.200 5FeZrO2 IWI 

5 0.773 g (5%) 0.037 g (1%) 1.200 1K-5Fe/ZrO2 IWI 

6 1.280 g (8%) 0.000 g (0%) 1.200 1K-8Fe/ZrO2 IWI 

7 1.630 g (10%) 0.038 g (1%) 1.200 
1K-

10Fe/ZrO2 

IWI 

 

2.2.1.2 Iron zirconium oxide by co-precipitation 

Iron zirconium oxides catalysts were prepared by co-precipitation method using iron 

nitrate and zirconyl nitrate as the corresponding metal source and ammonia as a 

precipitating agent. the metals salts were dissolved in deionized water to prepare a 10 

wt.% aqueous solution. To this solution was added a required amount (10% in excess of 

the stoichiometric amount) of 7 wt.% ammonia water solution quickly. The precipitate 

was washed with deionized water about ten times until the pH became 7. The precipitate 

was filtered then followed by drying in air at 120 0C for six hours with a ramp rate of 4 

0C/min and then calcination in air at 550 0C for six hours at a ramp rate of 3 0C/min. 
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2.2.1.3 Addition of promoter and Reactor Preparation 

Addition of potassium as a promotor in both cases was by incipient wetness impregnation 

as described previously following by drying and calcination. After calcination the catalysts 

were pelletized then crushed and sieved into particles that are size between 150um to 

250um before loading 500 mg of the catalyst into a ¼ quartz reactor. 

Table 2.2 List of FeZrO2-based catalysts prepared by co-precipitation 
 

Entry 

Fe 
content, 

Fe 
(NO3)3 

(wt. %) 

Zr 
Content. 
Zirconyl 
Nitrate 

K 
content, 

K2CO3 

Ammonia 
(mL) 

Water 
(mL) 

Catalyst Method 

1 1.64 
6.62 0.000 g 

(0%) 
32.24 

74.37 10FeZrO2 
CP 

2 1.64 
6.62 0.031 g 

(1%) 
32.24 

74.37 
1K/10FeZr

O2 
CP 

3 2.61 
6.62 0.000 g 

(0%) 
36.18 

83.06 15FeZrO2 
CP 

4 2.61 
6.62 0.036 g 

(0%) 
36.18 

83.06 
1K/15FeZr

O2 
CP 

5 3.69 
6.62 0.000 g 

(0%) 
40.61 

92.83 20FeZrO2 
CP 

6 3.69 
6.62 0.036 g 

(1%) 
40.61 

92.83 
1K/20FeZr

O2 
CP 

 

2.2.2- Characterization methods 

XRD measurements: x-ray diffraction patterns were recorded in a Bruker D8 

diffractometer using a Cu source (λ= 1.542 Å) operating at 40 eV and 40 mA. The data 

acquisition was carried out in the 2ϴ range of 10–80o, a step size of 0.01o. 

Thermo-gravimetric analysis (TGA): Fresh and Spent (Coke analysis) was carried out by 

using a TGA/DSC1 STAR-e system apparatus (Mettler Toledo). fresh and spent samples 
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were heated from 40 to 800 °C, using a heating ramp of 10 °C.min-1, under a nitrogen flow 

of 25 mL.min-1, After an hour at 800 °C in this inert atmosphere, and maintaining the same 

temperature, the catalyst was submitted to an air flow of 25 mL·min-1. 

Temperature-Programmed-Reduction (H2-TPR): H2- TPR was carried out using a blend of 

5% Hydrogen in Argon between 50 0C and 750 0C at a ramp rate of 10 0C /min using a TCD 

current and gain of 75 mA and 5 respectively. 

N2 adsorption-desorption: N2 adsorption-desorption isotherms were performed on a 

TriStar II 3020 from Micromeritics at 77K. Solids were pre-treated under vacuum at 100 

°C during 12 hours prior to the experiment. Specific surface areas were estimated 

according to the BET method in the relative pressure range of 0.05-0.25. 

2.3 Catalytic Testing 

The catalytic testing was carried out in a Micro activity-Reference unit. The system 

consists of a fixed-bed tubular reactor that is placed inside a hot box. The catalyst bed is 

loaded inside ¼ inch quartz reactor mounted inside a furnace. The flow inside the reactor 

is up-down, whereby the reactant mixture is fed through the upper part of the reactor 

and the reaction products are obtained through the lower part. The reactants flow rate is 

controlled using mass flow controller from (broonkhorst). The reaction product then 

analyzed by the mean of Gas Chromatography. Before starting the reaction, the furnace 

temperature is raised to 550 0C under inert atmosphere of helium. Then, the catalyst is 

reduced using Hydrogen (50 ml.min-1 of 10% H2/Ar mixture) at the reaction temperature 

550 0C. After that, one-to-one ratio of volume flow rate of Nitrogen and Isobutane (2:2 ml 
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min-1 of iC4H10:N2) is fed into the reactor and reaction is carried out 550 0C  for 10 hours. 

An online GC is attached for to the reaction outlet for products analysis.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Reactor Scheme   
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Chapter 3: ZrO2 based catalysis: Results and Discussion 

This chapter will present and discuss the results of the catalytic testing and 

characterization for all the samples. The effect of iron loading, promoter use, and 

preparation method will be discussed briefly in the beginning, then a detailed 

presentation and discussion of all samples will follow. The main expected reactions are 

Alkane dehydrogenation reactions, Alkane cracking, hydrogenolysis reactions and 

possible alkene hydrogenation reaction10, 18. Some of these reactions could occur in the 

gas phase. Isomerization reaction also could happen after dehydrogenation13. Blank 

experiments were conducted using silicon carbide and only iron oxide to state the ground 

reference for all our experiments. figure3.1a & figure3.1b show the results. Both 

experiments show selectivity and conversion above 60% and below 10%, respectively. No 

induction period is observed in both samples. 

 

Figure3.1a Catalytic result of blank 

experiment (SiC) 

 

Figure 3.1b Catalytic result of Iron Fe2O3 
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3.1 Effect of Iron loading 

Figure 3.2a shows the effect of increasing iron loading on non-promoted samples. The 

catalytic activity of plain zirconium oxide was tested as a reference. The use of the carrier 

only without impregnation shows a stable performance with the least catalyst activation 

time required. The ZrO2 sample reaches a steady state faster because less amount of 

methane is produced at the beginning of the reaction. The drop in the yield in this sample 

was due to the increase in propylene production. On the other hand, we can observe the 

increase in the induction period with an increase of iron loading until reaching a steady 

state for samples 3% Fe, 5% Fe and 10% Fe respectively. For almost all the samples, side 

reactions take place with increased production of methane and propylene, which are the 

products of the cracking and hydrogenolysis reaction. When the samples were promoted 

with 1% potassium (figure 3.2b), lower iron loadings show better performance. The 8% 

iron show better performance and it may reflect the optimum loading for the given 

reaction condition for promoted samples. Although GC connection was lost, it seems the 

reaction had reached a steady state by the time it lost connection between the reactor 

and GC. Figure 3.2c show isobutylene yield results of the samples that were prepared by 

co-precipitation. Higher loadings (15% Fe and 20% Fe) show an outstanding performance 

in the first three hours before losing the activity due to coke deposition later. On the 

contrary, for the promoted samples (figure 3.2d), better performance was observed 

when the reaction reached a steady state. 
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Figure 3.2a Effect of iron loading on iC4H8 

yield for samples prepared using IWI 

without promotion 

 

Figure 3.2b Effect of iron loading on iC4H8 

yield for samples prepared using IWI with 

promotion 

 

Figure 3.2c Effect of iron loading on iC4H8 

yield for samples prepared using CP 

without use of promoter 

 

Figure 3.2d Effect of iron loading on iC4H8 

yield for samples prepared using CP with 

use of promoter 

To better understand the effect of iron loading and preparation methods on the catalyst, 

H2-TPR experiments were carried out to check the reduction behavior. Figure 3.3a and 

figure 3.3b show the typical TPR profile for samples prepared using IWI and CP, 

respectively. The reduction behavior of iron supported zirconium oxide with different iron 

loadings has been invistigated19. According to the authors, and as can be seen from figure 

3.4 a pure iron oxide when reduced using H2-TRP would result in two peaks corresponds 
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to the reduction of Fe2O3 to Fe3O4 and Fe3O4 to metallic Fe, respectively. However, when 

zirconium oxide is loaded with a small amount of iron oxide by impregnation or any other 

synthesis method, TPR profiles becomes a little bit different with the emerge of a new 

peak. Apparently, the interactions between iron oxide and zirconia lead to the formation 

of different iron-containing 19. In summary, with an increase of iron loading, the first peak 

around less than 400 0C can be assigned to the reduction of Fe2O3 to Fe3O4 and/or 

immediately followed by an adjacent peak that can originate from the reduction of small 

Fe2O3 particles which have very weak interactions with the support. The peak around 500 

0C may correspond to the reduction of the surface iron oxide species and/or the 

intermediates formed in the first and the second peaks reduction steps. During the fourth 

peak, iron oxides are reduced to metallic Fe. According to other literature, the middle 

peak could also correspond to a partial reduction to metallic iron and iron oxide FeO. 

From the TRP profile, we can observe a slight shift for the peaks in the samples prepared 

using CP. Thus, stable performance is expected at the reaction temperature. 

 

Figure 3.3a Typical TPR profile for 

samples prepared by IWI 

 

Figure 3.3b Typical TPR profile for 

samples prepared by CP 
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Figure 3.4 TPR profiles of Fe2O3/ZrO2 catalysts with various Fe2O3 loading. (a) Bulk a-

Fe2O3, (b) 1.6 wt%, (c) 3 wt%, (d) 4 wt%, (e) 5 wt%,and (f ) 7 wt%. adopted from19 

3.2 Promotion effect 

3.2.1 Samples prepared by Incipient Wetness impregnation (IWI) 

3Fe-ZrO2 and 5Fe-ZrO2 prepared by IWI suffer from a severe deactivation that drops the 

yield of iC4H8 from above 35% in the first 90 minutes to less than 10% (figure 3.5b) and 

(figure 3.5c). This deactivation is caused primarily by coke deposition. Also, active phase 

agglomeration can contribute to this deactivation. Using promotor on both samples 

improved the steady state yield by almost double in each sample. This improvement is 

due to an improvement in activity rather than an improvement in selectivity. 1K-ZrO2 

(figure 3.5a) show that the potassium works as a poison rather than a promotor for the 

support. The result is almost similar to the non-catalytic thermal cracking of isobutane 

rather than the dehydrogenation of isobutane. Hence, we can conclude that potassium 
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interacts primarily with iron in the loaded samples and lead to an improvement in the 

overall yield. From figure 3.5d, when we increase the iron loading to 10%, no isobutane 

dehydrogenation reaction is taking place in the first 90 minutes and the induction period 

takes a longer time. This is coupled with the high production of methane. Until the acidic 

sites responsible for methane production was blocked by carbon deposition, it is then 

followed by an increase in iC4H8 yield until it reaches high yield above 40%. Non-promoted 

samples show a stable performance after four hours since the start of the reaction. 

 

 

Figure 3.5a Effect of promotion on iC4H8 

yield for 0% iron loading in samples 

prepared by IWI 

 

Figure 3.5b Effect of promotion on iC4H8 

yield for 3% iron loading in samples 

prepared by IWI 
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Figure 3.5c Effect of promotion on iC4H8 

yield for 5% iron loading in samples 

prepared by IWI 

 

Figure 3.5d Effect of promotion on iC4H8 

yield for 10% iron loading in samples 

prepared by IWI 

3.2.2 Samples prepared by Co-Precipitation (CP) 

Figures 3.6 a, b and c show the effect of promotor addition on samples prepared by co-

precipitation. For all samples, the steady state region shows better isobutylene yield. This 

improvement is due to better activity performance, as can be concluded from the detailed 

description of each sample in the next section. In industry, if a stable operation is needed 

with regeneration cycles, using of a promoter is proven to have stable performance 

relative to the severe deactivation behavior observed in non-promoted samples. In the 

non-promoted samples, the severe deactivation drives iC4H8 yield below 10% in all CP 

samples. On the other hand, In 10% Fe loading, Around 5% improvement in iC4H8 yield is 

noted when using promotor. In 15% loading, almost 10% improvement in steady state 

yield when compared to the non-promoted sample. In 20% loading, more than 15% 

improvement in iC4H8 yield when compared to non-promoted samples. 
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The deactivation of the non-promoted samples prepared by CP is -in addition to coke 

deposited- believed to be due to a crystal structure change of the carrier. As can be seen 

from XRD results from detailed results for each samples figure 3.17b and figure 3.18b it 

is observed that a change in the crystal structure from cubic in the fresh sample to a 

monoclinic in the spent sample could occur. In addition, XRD results suggest that some of 

the iron may leach out of the zirconium oxide lattice. A pure Fe2O3 phase was identified 

in sample 15Fe-ZrO2-CP. With these two reasons, coke deposition also contributes to this 

deactivation. Apparently, potassium helps to maintain the crystal structure of the support 

during the reaction and prevent iron leaching from the lattice. However, it increases the 

amount of coke based on TGA analysis. 

 

Figure 3.6a Effect of using promoter on 

iC4H8 yield for 10% iron loading in 

samples prepared by CP 

 

Figure 3.6b Effect of using promoter on 

iC4H8 yield for 15% iron loading in 

samples prepared by CP 
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Figure 3.6c Effect of using promoter on 

iC4H8 yield for 20% iron loading in 

samples prepared by CP 

 

Figure 3.6d Effect of preparation method 

on iC4H8 yield for 10% iron loading 

3.3 Effect of preparation method 

From figure 3.6d, we can observe that preparing the sample using CP helps to reduce the 

induction period in general. It Is clearly observed that isobutylene starts to be produced 

after the first GC injection in CP samples. While in the sample prepared by IWI, the 

activation of the catalyst takes around 200 minutes before isobutylene starts to be 

produced. For this case of 10%, The final isobutylene yield was greater in the sample that 

was prepared using IWI. From the detailed discussion of the two samples, both methods 

resulted in an almost similar conversion. However, isobutylene yield was higher in the IWI 

method after a steady state. The cause for this could be attributed to the change in the 

residence time after active sites have been blocked. TGA analysis for all samples suggests 

that the weight loss In the IWI spent catalysts was much higher than CP catalysts.  

From XRD analysis, the crystal structure of samples prepared using IWI and CP differs. The 

CP samples crystalize in cubic crystal structure while the support in IWI samples 
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crystallizes in the monoclinic crystal structure. Thus, during the reaction, the reactants 

are exposed to different crystallographic planes. Hence, the mechanism of the reaction 

differs. In the IWI, the iron is dispersed among the support, while in the CP samples, the 

iron is doped and incorporated into the zirconium oxide lattice. This is observed by a slight 

shift in the XRD peaks when compared to referenced cubic zirconium oxide. The side 

reactions that form carbon deposits on the catalyst surface lead to the coverage of the 

active sites with coke. Coke deposition is observed in the results of both preparation 

methods with different levels. In CP samples, less coke deposition occurs than the IWI 

sample. As it is not possible to completely prevent coke deposition, another reason that 

could aid in the catalyst deactivation is the agglomeration of the active phase. And the 

sintering effect can also happen in the support, which leads to a loss in the surface area. 

It is believed that iron helps to catalyze the side reaction at the beginning of the reaction. 

When the active sites responsible for these reactions are blocked by carbon deposition, 

the dehydrogenation reaction starts. In the IWI samples, the oxides on the support are 

readily reduced to metal atoms during the reaction. Then, the strong interaction between 

carbon atoms in isobutane molecules and the metal atoms weakens and breaks carbon-

carbon bonds in isobutane and thus leads to the generation of a significant amount of 

methane and cracking products. The causes of catalyst deactivation can be either 

blockage of active sites by coke or catalyst sintering. It is believed that in IWI samples, 

coke deposition is the main reason for catalyst deactivation more than the agglomeration 

or sintering effects.  On the other hand, for CP samples, we observe a reduction in the 
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side reactions at the beginning of the reaction. This because the iron is incorporated 

inside the zirconium lattice. The crystal structure change and iron leaching that occur 

during the reaction contribute greatly to the deactivation of these samples. This with coke 

deposition. 

3.4 Detailed presentation and discussion of all samples 

3.4.1- ZrO2 

To start with a reference material, plain zirconium oxide was tested for the 

dehydrogenation of isobutane. The XRD results in figure 3.7b show a monoclinic crystal 

structure. The BET surface area for this sample is 80 m2/g. The catalytic reaction starts 

with selectivity and conversion of around 80% and 60%. The catalyst deactivates fast in 

less than two hours with an increase of propylene selectivity. The TGA result of the spent 

catalyst in figure 3.7c suggests that a high amount of coke was deposited during the 

reaction. This indicates that the deactivation was due to this coke formation. 

 

Figure 3.7a Catalytic results for ZrO2 

 

Figure 3.7b XRD results for ZrO2 
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Figure 3.7c TGA results for ZrO2 

 

3.4.2- 3Fe-ZrO2 

Figure 3.8a shows the catalytic result of 3Fe-ZrO2. When compared to plain zirconium 

oxide, we can observe the catalyst remain at its high performance at the beginning of the 

reaction for a much longer time. After a steady state, the use of low iron loading proves 

to reduce side reactions that are responsible for methane and propylene production. As 

can be observed from the graph, less amount of methane was produced when compared 

to higher iron loadings catalyst. The selectivity of iC4H8 at the first two hours was at its 

maximum around 90%, and then it drops to around 80% with a decrease of conversion 

from 41% to 9%.  The loss of activity can be attributed to the blockage of active sites by 

carbon after two hours of iC4H8 production. The XRD results in figure 3.8b indicate a 

monoclinic crystal structure of the zirconium oxide support. Also, graphite can be 

observed from the spent catalyst pattern. When compared to plain zirconium oxide, we 

can observe the catalyst remain at its high performance at the beginning of the reaction 

for a much longer time. 
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Figure 3.8a Catalytic results for 3Fe-ZrO2 

 

Figure 3.8b XRD results for 3Fe-ZrO2 

 

Figure 3.8c TGA results for 3Fe-ZrO2 

 

3.4.3- 5Fe-ZrO2 

The catalytic results of 5Fe-ZrO2 is shown in figure 3.9a. At the beginning of the reaction, 

the production of methane is observed due to side reaction. After 30 minutes the 

selectivity of methane drops and iC4H8 production starts to increase. This indicates that 

the active sites responsible for producing methane have been blocked by coke deposits. 

When compared to 3% loading, we can see that the reaction continued to be at its 

maximum performance for a longer time than 3% and plain zirconium oxide. Then, the 

conversion starts to drop from above 40% to around 10%. The selectivity of iC4H8 after 



38 
 

the 30 minutes stayed at around 90% for 90 minutes before it drops to 80%. Similar to 

3%, TGA results in figure 3.9c suggest lower iron loading in IWI samples produce less coke. 

 

Figure 3.9a Catalytic results for 5Fe-ZrO2 

 

Figure 3.9b XRD results for 5Fe-ZrO2 

 

Figure 3.9c TGA results for 5Fe-ZrO2 

 

3.4.4- 10Fe-ZrO2 

With increasing iron loading to 10%, methane formation and coke deposition increased 

when compared to lower loading, a noticeable increase in the induction period is 

observed in figure 3.10a. Thus, suggest the existence of bulk iron oxide species that, when 

reduced, interacts with isobutane. This strong interaction between carbon atoms in 

isobutane molecules and the metal atoms breaks carbon-carbon bonds in isobutane and 
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thus leads to the generation of a large amount of methane and other cracking products. 

Also, loading with 10% showed lower initial selectivity. However, the activity is higher. 

Thus, the isobutylene yield will be higher. With severe coke deposition for this sample, 

the reason for this high activity could be the change in residence time due to coke 

deposition. When reaching a steady state, we can observe the increase in propylene 

selectivity due to the hydrogenolysis reaction. BET surface area for this sample is 69 m2/g 

and the crystal structure of the support remain to be monoclinic zirconium oxide for both 

fresh and spent catalyst. 

 

 

Figure 3.10a Catalytic results for 10Fe-ZrO2 

 

Figure 3.10b XRD results for 10Fe-ZrO2 
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Figure 3.10c TGA results for 10Fe-ZrO2 

 

Figure 3.10d BET results for 10Fe-ZrO2 

 

3.4.5- 1K-ZrO2 

The catalytic results shown in figure 3.11a for 1K-ZrO2 suggests that potassium works as 

a poison rather than a promotor for the support. The result is almost similar to the non-

catalytic thermal cracking of isobutane rather than the dehydrogenation of isobutane. 

The TGA analysis in figure 3.11c shows that a small amount of coke was deposited during 

the reaction. This conclusion is backed up by XRD analysis in figure 3.11b, which shows 

the peaks of the graphite phase do not exist or exist in a very minimal quantity that is 

hard to be detected through XRD. The monoclinic structure of zirconium oxide is detected 

and remains itself even after the reaction. 
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Figure 3.11a Catalytic results for 1K-ZrO2 

 

Figure 3.11b XRD results for 1K-ZrO2 

 

Figure 3.11c TGA results for 1K-ZrO2 

 

3.4.6- 1K-3Fe-ZrO2 

The catalytic results in figure 3.12a show a better performance of 3% loaded zirconium 

oxide when promoted with 1% potassium. When compared with non-loaded samples, we 

can observe that selectivity has increased from around 60% to around 90%. This increase 

is also coupled with an increase in the activity by almost double between the two samples. 

The results also show methane production by cracking and hydrogenolysis reactions in 

the first 60 minutes. This is believed to be coupled by coke deposition until the active sites 

responsible for this side reaction is blocked. After that, the dehydrogenation reaction is 
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taking place with minimal loss of performance. This suggests that a smaller amount of 

iron loading is preferable to maintain the activity of the catalyst. The XRD results in figure 

3.12b show the existence of the graphite phase in spent catalyst and monoclinic crystal 

structure of zirconium oxide. 

 

Figure 3.12a Catalytic results for 1K-3Fe-

ZrO2 

 

Figure 3.12b XRD results for 1K-3Fe-ZrO2 

3.4.7- 1K-5Fe-ZrO2 

From figure 3.13a, we can observe from the catalytic results of 1K-5Fe-ZrO2 the increase 

of the side reaction time. Methane was produced by cracking and hydrogenolysis for 

more than 200 minutes. When the loading was 3%, the time was almost 60 minutes. On 

the other hand, we do not observe the high methane production for non-promoted 

samples of 3% and 5% iron loading. This indeed suggests the potassium role in catalyzing 

the side reactions. Overall, potassium increases the activity by almost double after the 

reaction reaches a steady state. For 1K-5Fe-ZrO2, the selectivity and the conversion 

stabilized at around 90% and 20%, respectively. In 5Fe-ZrO2, the selectivity and 

conversion stayed at 80%, and 10% after reaction reached a steady state. The XRD in 
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figure 3.13b results confirm the monoclinic crystal structure of ZrO2 in both fresh and 

spent catalysts. It also confirms the existence of the graphite phase. 

 

Figure 3.13a Catalytic results for 1K-5Fe-

ZrO2 

 

Figure 3.13b XRD results for 1K-5Fe-ZrO2 

3.4.8- 1K-08Fe-ZrO2 

For the promoted sample, figure 3.14a shows the outstanding selectivity of 8% iron 

loading at almost 95% and conversion above 20% after the reaction reached a steady 

state. When compared to lower iron loading, we can observe the increase of time needed 

to activate the catalyst for the dehydrogenation reaction. An increase in iron loading 

could contribute to the existence of a small amount of bulk iron that is not in interaction 

with the support. Hence, this excess of iron phase with the existence of potassium 

catalyzes side reaction until the active sites for these reactions blocked by coke or by 

active phase agglomeration. Then, isobutane conversion drops, and only the 

dehydrogenation reaction takes place. At the same time, this increase in iron loading 

helped the selectivity increase from 90% to 95% between 5% loading to 8% loading. And 

an increase in the conversion by 2%-3%. The BET surface area for this sample is 65 m2/g. 
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Figure 3.14a Catalytic results for 1K-8Fe-

ZrO2 

 

Figure 3.14b XRD results for 1K-8Fe-ZrO2 

 

Figure 3.14c TGA results for 1K-8Fe-ZrO2 

 

Figure 3.14d BET results for 1K-8Fe-ZrO2 

3.4.9- 1K-10Fe-ZrO2 

It is evident now that increasing iron loading increases the induction period; also, it 

increases the steady state conversion of isobutane. From figure 3.15a, when loading 10% 

iron with 1% potassium, a selectivity around 90% is achieved and a conversion stabilizes 

at around 20%. XRD results in figure 3.15b indicate that no crystal structure change of the 

support and no iron leaching occurred during the reaction. When we compare this sample 

with similar loading but non-promoted, we can see the potassium improved the 
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selectivity and conversion. However, TGA results in figure 3.15c suggests that potassium 

helped increases coke deposition. The BET surface area for this sample is 73 m2/g. 

 

Figure 3.15a Catalytic results for 1K-10Fe-

ZrO2 

 

Figure 3.15b XRD results for 1K-10Fe-ZrO2 

 

Figure 3.15c TGA results for 1K-10Fe-ZrO2 

 

Figure 3.15d BET results for 1K-10Fe-ZrO2 

 

3.4.10- 1Na-10Fe-ZrO2 and 3Na-10Fe-ZrO2 

Here, we tested the use of 1% and 3% sodium over 10% Fe for samples prepared using IWI. Figure 

3.16a and figure 3.16c show the catalytic results of both samples. It clearly noted that sodium is 

not a proper promoter. In fact, it is a poison for isobutane dehydrogenation reaction. In the 1% 

promoted sample, only methane was produced, which is the result of cracking products. The 
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increase in conversion is due to change in the residence time after the reactor was almost fully 

blocked by carbon deposits. TGA results in figure 3.16b and figure 3.16d respectively also confirm 

the huge amount of coke deposition. In the 3% sample, Besides the huge amount of methane, a 

production of propylene was observed. This indicates that the hydrogenolysis reaction is also 

taking place. The BET surface area for this sample is 61 m2/g for 1% Na and 69 m2/g for 3% Na. 

3.4.12- 1.5K1.5N-10Fe-ZrO2 

When using 1.5% potassium and 1.5% sodium, isobutane dehydrogenation to isobutylene 

improves when compared with pure sodium samples. The activity of the catalyst is decent 

compared to all other samples. However, the selectivity to iC4H8 is relatively low compared to all 

other samples. Also, the results in figure 3.16e show the production of propylene with selectivity 

is around 20% at the beginning of the reaction and an increase in methane production with time. 

From TGA in figure 3.16f, less carbon deposition occurred during the reaction compared to any 

sodium promoted sample. The BET surface area for this sample is 43 m2/g. 

 

 

Figure 3.16a Catalytic results for 1Na-10Fe-

ZrO2 

 

Figure 3.16b TGA results for 1Na-10Fe-ZrO2 
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Figure 3.16c Catalytic results for 3Na-10Fe-

ZrO2 

 

Figure 3.16d TGA results for 3Na-10Fe-ZrO2 

 

 

 

Figure 3.16e Catalytic results for 

1.5K1.5Na-10Fe-ZrO2 

 

 

 

Figure 3.16f TGA results for 1.5K1.5Na-

10Fe-ZrO2 
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Figure 3.16g XRD results for 1.5K1.5Na-

10Fe-ZrO2 

 

Figure 3.16h BET results for 1.5K1.5Na-

10Fe-ZrO2 

3.4.13- 10Fe-ZrO2-CP 

Using co-precipitation can remarkably reduce coke formation. TGA results in figure 3.17c 

show less than 15% loss in the spent catalyst after burning coke in TGA. XRD results in 

figure 3.17b suggest the existence of a cubic zirconium oxide phase in the fresh catalyst. 

However, the spent catalyst shows that a crystal structure change has occurred during 

the reaction and changed the cubic structure to a monoclinic structure for the support. 

XRD confirms that very little amount of coke was formed during the reaction. With less 

coke formed, this crystal structure change could be the cause of catalyst deactivation 

after 90 minutes of the reaction. The catalyst, in general, shows an acceptable 

performance of around 80% and 10% selectivity and conversion, respectively. 
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Figure 3.17a Catalytic results for 10Fe-ZrO2-

CP 

 

Figure 3.17b XRD results for 10Fe-ZrO2-CP 

 

Figure 3.17c TGA results for 10Fe-ZrO2-CP 

 

3.4.14- 15Fe-ZrO2-CP 

This formulation shows an outstanding catalytic performance at the beginning of the 

reaction (figure 3.18a). In the first two hours, the selectivity and conversion were stable 

at around 90% and around 40%, respectively. When the spent catalyst was taken out of 

the reaction, two types of spent catalysts were observed based on physical color. Part of 

the spent catalyst was orange and the other was black. XRD results in figure 3.18b that 

the fresh catalyst is a cubic structure of iron-doped zirconium oxide. The black-colored 

spent catalyst shows the existence of graphite and another monoclinic zirconium oxide 
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phase. The orange spent catalyst maintained the Cubic crystal structure with a very small 

trace of the monoclinic zirconium oxide phase. However, we also can observe small traces 

of iron (Fe2O3) was leached out of the zirconium lattice and detected on XRD. This 

discussion of crystal structure might be the reason for catalyst deactivation. TGA results 

in figure 3.18c show less than 30% coke content. 

 

Figure 3.18a Catalytic results for 15Fe-ZrO2-

CP 

 

Figure 3.18b XRD results for 15Fe-ZrO2-CP 

 

Figure 3.18c TGA results for 15Fe-ZrO2-CP 
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3.4.15- 20Fe-ZrO2-CP 

The XRD results in figure 3.19b show a monoclinic crystal structure of ZrO2 for the fresh 

and spent catalyst. The graphite phase is not observed by XRD, which indicates a minor 

existence of coke. This is also observed with the TGA analysis in figure 3.19c, which shows 

less than 25% was burnt off. In figure 3.19a, the catalyst shows decent catalytic 

performance average iC4H8 selectivity and iC4H10 conversion of 90% and 30% in the first 

three hours of a reaction. No major by-products were produced during that time. After 

three hours, the hydrogenolysis reaction started to take place. We can observe this by 

the increase in methane and propylene selectivity after three hours. The BET surface area 

for this sample is 75 m2/g. 

 

Figure 3.19a Catalytic results for 20Fe-ZrO2-

CP 

 

Figure 3.19b XRD results for 20Fe-ZrO2-CP 
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Figure 3.19c TGA results for 20Fe-ZrO2-CP 

 

Figure 3.19d BET results for 20Fe-ZrO2-CP 

 

3.4.16- 1K-10Fe-ZrO2-CP 

1K-10Fe-ZrO2-CP shows a very stable performance. From figure 3.20a, the selectivity and 

conversion were around 80% and 20% for the whole tested time. With minimal coke 

formation as can be observed from XRD and TGA in figure 3.20b and figure 3.20c, 

respectively. When compared to similar loading with potassium, we can observe that 

potassium improved the activity by almost double and reduced the selectivity only in the 

1st 100 minutes of the reaction. On the steady state part of the reaction, promoting with 

potassium helped increase the iC4H8 yield by almost double. Also, we can observe that 

potassium helped the support to avoid the crystal structure change from cubic to 

monoclinic that occurred during the reaction of unpromoted samples and could have 

contributed to the loss of iC4H8 yield after the first 100minutes for that sample. Both 

samples show minor coke deposition, which is a pattern observed for all the samples 

synthesized by co-precipitation BET surface area for this sample is 93 m2/g. 
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Figure 3.20a Catalytic results for 1K-10Fe-

ZrO2-CP 

 

Figure 3.20b XRD results for 1K-10Fe-ZrO2-

CP 

 

Figure 3.20c TGA results for 1K-10Fe-ZrO2-

CP 

 

Figure 3.20d BET results for 1K-10Fe-ZrO2-

CP 

3.4.17- 1K-15Fe-ZrO2-CP 

Unlike other coprecipitated samples, 1K-15Fe-ZrO2 took a very long time until the 

dehydrogenation reaction took place (figure 3.21a). The reaction reached steady state 

after 450 minutes and stabilized a selectivity and conversion of above 80% and 20%, 

respectively. Traces of the graphite phase is identified on the XRD in figure 3.21b. 
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Figure 3.21a Catalytic results for 1K-15Fe-

ZrO2-CP 

 

Figure 3.21b XRD results for 1K-15Fe-ZrO2-

CP 

 

3.4.18- 1K-20Fe-ZrO2-CP 

For 1K-20Fe-ZrO2, we have encountered a connection issue at the beginning of the 

reaction. However, we observe in figure 3.22a that the reaction reached a steady state at 

selectivity and conversion of above 80% and above 20%, respectively. Although the 

beginning of the reaction is blocked from us. we can expect similar behavior to that of 1K-

15Fe-ZrO2 because the TGA analysis in figure 3.22c shows that more than 50% of spent 

catalyst was consists of graphite and XRD results in figure 3.22b suggest the existence of 

the graphite phase. The BET surface area for this sample is 93 m2/g. 
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Figure 3.22a Catalytic results for 1K-20Fe-

ZrO2-CP 

 

Figure 3.22b XRD results for 1K-20Fe-ZrO2-

CP 

 

 

Figure 3.22c TGA results for 1K-20Fe-ZrO2-

CP 

 

 

Figure 3.22d BET results for 1K-20Fe-ZrO2-

CP 

 

 
  



56 
 

 
Chapter 4: Conclusions 

Isobutylene continues to be a fundamental building block to produce several important 

chemicals such as some oxygenates, plastic and rubbers. The availability of light alkane 

feedstock and the increasing demand for direct production of isobutylene (on-purpose) 

urge the industry to continue improving its operations. Since catalysts employed in the 

industry are mainly either expensive noble metal-based catalysts or toxic chromium-

based catalysts, the interest to develop relatively cheap, non-toxic catalysts with high 

performance are of interest. Iron supported zirconium oxide have been tested with 

different iron loadings, the effect of preparation methods and use of promotors has been 

studied. The increase in iron loading increases the induction period before the 

dehydrogenation reaction starts. Thus, side reaction occurs at the beginning of reaction 

such as cracking and hydrogenolysis leads to the formation of side products and coke 

deposition. Coke deposition continue to be main reason for catalyst deactivation The use 

of promotors proved its ability to increase overall isobutylene yield in both samples 

prepared by incipient wetness impregnation and co-precipitations. The use of the co-

precipitation method helps reduce the induction period and the production of coke. 

Promotor addition to co-precipitated samples reduces the severe deactivation behavior 

and prevents iron leaching out from zirconium oxide lattice and prevents crystal structure 

change from cubic to monoclinic. 
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APPENDICES 

Appendix1: Additional catalytic experiments using Al2O3 based catalyst 

Al2O3 based catalysis: Results and Discussion 

In this section, we will report some additional experiments conducted in iron supported 

alumina. Although the full story is not finalized due to the emerge of the COVID-19 

pandemic, these results may have some informative data for future work. 

A1.1: 10Fe-α-γ-Al2O3 

When iron was impregnated on a mixture of α-γ alumina (Surface area 108 m2/g), the 

catalyst suffered from severe coke deposition, as be seen from the TGA result in figure 

A1.1b, the spent catalyst lost more 65% of its weight after coke has been burnt off. The 

increase in iC4H8 selectivity in figure A1.1a  is due to a change in residence time after the 

surface area has been blocked by coke deposited. 

 
 

Figure A1.1a  Catalytic results for 10Fe- 
α-γ-Alumina 

 
 

Figure A1.1b Catalytic results for 10Fe-α-γ-
Alumina 
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A1.2: 1K-10Fe-α-γ-Al2O3 

The addition of potassium did not suppress the coke deposition. However, in the very 

beginning of the reaction, high selectivity of iC4H8 is observed between 80% and 90%. But 

the activity is very low around 10%. This show that a mixture of α and γ-alumina is not 

good choice to consider for regeneration cycles. From TGA results in figure A1.2c, the 

spent catalyst lost more than 60% of its weight after coke was burnt off. BET surface area 

for this sample is 115 m2/g 

 
 

Figure A1.2a Catalytic results for 1K-10Fe- 
α-γ-Alumina 

 
 

Figure A1.2b TPR results for 1K-10Fe-α-
γ-Alumina 

 
 

Figure A1.2c TGA results for 1K-10Fe-α-γ-
Alumina 

 
 

Figure A1.2d BET results for 1K-10Fe-α-
γ-Alumina 
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A1.3: 10Fe-γ-Al2O3 

When using only γ-alumina (surface area for this sample is 207 m2/g), the activity 

improved to above 25% and selectivity averaged around 80%. TGA results suggests that 

less coke was deposited, the spent catalyst lost less amount (around 50%) of its weight 

when compared to α-γ alumina sample. BET surface area for this sample is 207 m2/g 

 

 
 

Figure A1.3a Catalytic results for 10Fe-γ-
Alumina 

 
 

Figure A1.3b TPR results for 10Fe-γ-
Alumina 

 
 

Figure A1.3c TGA results for 10Fe-γ-
Alumina 

 
 

Figure A1.3d BET results for 10Fe-γ-
Alumina 
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A1.4: 3K-10Fe-γ-Al2O3 

Addition of 3% potassium as a promotor reduces the selectivity from average of 80% to a 

selectivity between 60%-70%. Also, activity dropped from 25% to 20%. This indicate the 

using a promotor loading of 3% is too high for these samples. However, TGA results show 

that coke deposition was greatly enhanced. BET surface area for this sample is 187 m2/g  

 
 

Figure A1.4a Catalytic results for 3K-10Fe-
γ-Alumina 

 
 

Figure A1.4b TPR results for 3K-10Fe-γ-
Alumina 

 
 

Figure A1.4c TGA results for 3K-10Fe-γ-
Alumina 

 
 

Figure A1.4d BET results for 3K-10Fe-γ-
Alumina 
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A1.5: 3Na-10Fe-γ-Al2O3 

Also, the use of sodium as promotor for this samples proved to improve the selectivity of 

iC4H8 and the activity. Very stable performance is observed when compared to other 

samples. The selectivity of iC4H8 and conversion of iC4H10 remained at around 80% and 

25% respectively. This result suggests the use of sodium for this alumina-based catalyst 

instead of potassium. The BET surface area for this sample is 171 m2/g.  

 

 
 

Figure A1.5a Catalytic results for 3Na-
10Fe-γ-Alumina 

 
 

Figure A1.5b BET results for 3Na-10Fe-γ-
Alumina 
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Appendix2: Raw data for catalytic reactions 

Table A2.1 Raw Data: effect of iron loading and promotion 

Time Selectivity Conversion Yield Selectivity Conversion Yield 
 3Fe-ZrO2 5Fe-ZrO2 

60 88.30 42.50 37.53 89.43 43.57 38.97 

120 84.77 12.30 10.43 89.81 37.72 33.88 

240 80.18 7.00 5.62 79.51 10.90 8.67 

360 81.11 7.69 6.24 80.75 9.24 7.46 

480 80.54 9.15 7.37 79.65 8.83 7.04 

Time Selectivity Conversion Yield Selectivity Conversion Yield 
 1K-3Fe-ZrO2 1K-5Fe-ZrO2 

60 16.53 27.30 4.51 12.66 36.08 4.57 

120 90.88 20.40 18.54 8.75 43.00 3.76 

240 90.22 16.45 14.84 88.32 20.65 18.24 

360 89.43 16.83 15.05 88.37 18.30 16.17 

480 88.00 14.57 12.82 87.33 15.61 13.63 
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Table A2.2 Raw Data: samples prepared by (IWI) 

Time Selectivity Conversion Yield Selectivity Conversion Yield 
 ZrO2 1K-ZrO2 

60 77.06 40.54 31.24 61.33 11.89 7.29 

120 69.33 24.82 17.21 63.20 10.18 6.43 

240 69.26 23.22 16.08 63.80 11.43 7.29 

360 68.65 22.95 15.76 63.60 11.78 7.49 

480 67.96 22.45 15.26 63.82 12.68 8.09 

Time Selectivity Conversion Yield Selectivity Conversion Yield 
 1K-3Fe-ZrO2 1K-5Fe-ZrO2 

60 16.53 27.30 4.51 12.66 36.08 4.57 

120 90.88 20.40 18.54 8.75 43.00 3.76 

240 90.22 16.45 14.84 88.32 20.65 18.24 

360 89.43 16.83 15.05 88.37 18.30 16.17 

480 88.00 14.57 12.82 87.33 15.61 13.63 

Time Selectivity Conversion Yield Selectivity Conversion Yield 
 1K-8Fe-ZrO2 1K-10Fe-ZrO2 

60 22.76 26.56 6.05 7.31 41.40 3.03 

120 1.03 74.35 0.77 2.32 61.78 1.43 

240 86.27 22.56 19.46 34.03 26.10 8.88 

360 95.10 23.02 21.89 89.10 19.70 17.55 

480    89.82 19.52 17.53 
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Table A2.3 Raw Data: samples prepared by (CP) 

Time Selectivity Conversion Yield Selectivity Conversion Yield 

Catalyst 10Fe-ZrO2 1K-10Fe-ZrO2 

60 91.16 23.51 21.43 73.38 16.96 12.45 

120 78.47 12.30 9.65 81.23 20.16 16.38 

240 79.44 9.79 7.78 79.83 16.27 12.99 

360 78.66 10.24 8.05 77.20 17.69 13.66 

480 78.00 9.96 7.77 76.01 18.38 13.97 

Time Selectivity Conversion Yield Selectivity Conversion Yield 

Catalyst 15Fe-ZrO2 1K-15Fe-ZrO2 

60 85.18 53.00 45.14 47.59 13.81 6.57 

120 89.72 55.34 49.66 25.11 19.97 5.02 

240 84.07 35.84 30.13 9.67 33.72 3.26 

360 81.31 31.14 25.32 48.99 24.90 12.20 

480 82.01 29.78 24.43 81.93 22.27 18.25 

Time Selectivity Conversion Yield Selectivity Conversion Yield 

Catalyst 20Fe-ZrO2 1K-20Fe-ZrO2 

60 88.17 31.88 28.11      

120 91.73 34.48 31.62      

240 89.85 25.78 23.16      

360 81.66 8.71 7.11 83.29 22.90 19.07 

480 80.70 4.38 3.54 83.61 25.77 21.55 
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Appendix3: Literature search of relevant patents 

1- Supported catalyst for the dehydrogenation of hydrocarbons and method for the 

preparation of the catalyst (US5258348A) 

2- Method of catalytic dehydrogenation of hydrocarbons (RU2178399C1) 

3- Iso-butane dehydrogenation catalyst and preparation method thereof (CN102614864A) 

4- The catalyst of dehydrogenation of isobutane synthesis isobutene (CN106582612B) 

5- Dehydrogenation catalysts (WO2019089176A1) 

6- Catalyst used for alkane catalytic dehydrogenation and preparation method thereof 

(CN104607168A) 

7- Catalyst for dehydrogenation of paraffin c3-c5 hydrocarbons (RU2698308C1) 

8- Iron catalyst for isobutylene preparation through catalytic dehydrogenation of isobutane, 

preparation method and applications thereof (CN106563452A) 

9- Composite carrier catalyst used for iso-butane dehydrogenation producing isobutylene 

and preparation method thereof (CN105728021A) 


