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ABSTRACT 
 

AN INVESTIGATION OF ACTIVITIES AND SELECTIVITIES OF 
HZSM-5 AND H-FERRIERITE ZEOLITES MODIFIED BY DIFFERENT 

METHODS IN N-BUTENE ISOMERIZATION 
 

 In this study the synthesis and preparation of active and selective zeolite 

catalysts for the skeletal isomerization of 1-butene to iso-butene reaction were 

investigated. Since this reaction occurs on the acid sites, acidity of the catalyst plays 

important role on catalyst activity and isobutene selectivity. 

The acidity of synthesized HZSM-5, commercial Ferrierite (H-FER) and HZSM-

5-C zeolite catalysts were modified by chemical liquid deposition (CLD) using 

tetraetyhyl orthosilicate (TEOS), SiCl4 and triaminopropyltriethoxysilane (3-amino), 

alkali, acid and ammoniumhexafluorosilicate treatment methods. 

Reaction tests were performed in a fixed bed reactor at 375 0C at weight hour 

space velocities of 22 h-1. 

 SiCl4 deposition dramatically decreased the total acidity and surface area, both 

conversion and selectivity of the catalysts whereas TEOS increased selectivity. The 

highest selectivity (81.2 %) among CLD agents, were obtained by H-FER modified by 

TEOS 1 hour 1 cycle. 

 Mild alkali treatment slightly decreased the acidity, which increased selectivity 

for H-ZSM5 from 57 to 60. However severe alkali treatment decreased the selectivity of 

the catalysts since some acid sites increased after this treatment. 

 Acid treatment significantly decreased  the surface area, acidity and caused 

dealumination. As a result catalyt activity decreased by 10 %. However, selectivity to 

isobutene changed slightly. Pre-alkali treatment before acid treatment decreased the 

dealumination effect, so this increased the selectivity; for H-ZSM5 from 57 to 66. 

 AHFS treatment decreased the acidity slightly without affecting other properties. 

This increased the selectivity of H-ZSM5 from 58 to 87. The highest selectivity values 

were obtained for AHFS treatment among all modifications. 
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ÖZET 
 

FARKLI METODLARLA MODİFİYE EDİLMİŞ HZSM-5 VE H-
FERRİT ZEOLİTLERİN AKTİVİTELERİNİN VE SEÇİCİLİKLERİNİN 

N-BÜTEN İZOMERİZASYONUNDA ARAŞTIRILMASI 
 

 Bu çalışmada normal bütenden izobüten dönüşümü için aktif ve seçici zeolitlerin 

hazırlanması araştırılmıştır. Reaksiyon asit merkezleri üzerinde gerçekleştiğinden 

katalizör asitliği, katalizörün aktivitesi ve seçiciliğinde önemli rol oynamaktadır. 

Sentezlenen H-ZSM5, ticari ferrit (H-FER) ve H-ZSM5-C katalizörlerinin 

asitlikleri kimyasal çöktürme (tetraetilortosilan (TEOS), silikontetraklorür (SiCl4), 

triaminopropiltrietoksisilan (3-amino) kullanılarak), asit, baz ve 

amonyumhekzaflorosilikatla muamele edilerek modifiye edilmiştir. 

Reaksiyon testleri sabit yataklı reaktör içinde 375 0C de gerçekleştirilmiştir. 

Silikontetraklorür modifikasyonu toplam asitliği ve yüzey alanını fazlasıyla 

etkilediğinden dolayı, aktivite ve seçiciliğin bu modifikasyondan sonra çok düşük 

olduğu görülmüştür. Kimyasal çöktürme metodundaki en yüksek seçicilik (H-FER için 

87 %) 1 saat ve 1 döngülük TEOS modifikasyonunda elde edilmiştir. 

Bazla hafif muamele asit merkezlerini çok az azaltmakta iken, etkili muamele 

asit merkezlerini artırmaktadır. Asit merkezleri üzerindeki hafif azalma katalizör 

seçiciliğini H-ZSM5 için 57'den 60'a yükseltmektedir. Bunun yanında bazla etkili 

muamele katalizörün seçiciliğini asit merkezlerindeki artış nedeniyle azaltmaktadır. 

 Asitle muameleden sonra katalizör asitliğinin önemli derecede azaldığı 

gözlemlenmiştir. Ayrıca yüzey alanında da azalma gözlenmiştir. Bunun nedeni yapıdaki 

alüminyumların uzaklaşmasıdır (dealüminasyon). Asitle modifiye olmuş örneklerin 

seçicilik değerleri ana katalizörle hemen hemen aynıdır. Asitle muameleden önce bazla 

ön muamele dealüminasyonun etkisini azaltmakta, bu da katalizörün seçiciliğini 

artırmaktadır (H-ZSM5 seçiciliği 57'den 66'ya yükselmiştir). 

 AHFS muamelesi toplam asitliği (diğer özellikleri etkilemeden) hafifçe azaltmış, 

buda katalizörün seçiciliğini artırmıştır. AHFS muamelesi H-ZSM5 seçiciliğini 58'den 

87'ye yükseltmiştir. Bütün modifikasyonlar arasında en yüksek seçicilik AHFS 

muamelesiyle elde edilmiştir. 



VI 

 

TABLE OF CONTENTS 

 
LIST OF FIGURES……………………………………………………………………viii 

 

LIST OF TABLES……………………………………………………………………….x 

 

CHAPTER 1. INTRODUCTION.................................................................................... 1 

 

CHAPTER 2. SKELETAL ISOMERIZATION OF N-BUTENE TO ISOBUTENE..... 3 

         2.1. Mechanism of the Reaction... ............................................................... 3 

            2.1.1. Monomolecular Mechanism.............................................................3 

            2.1.2. Biomolecular Mechanism.................................................................4 

            2.1.3. Pseudo-monomolecular Mechanism........................... .....................5 

 

CHAPTER 3. ZEOLITE CATALYSTS.........................................................................10 

         3.1 Industrial Applications over Zeolite Catalysts......................................10 

         3.2 Structure and Properties of Zeolite Catalysts.................... ...................11 

            3.2.1 Chemical Structure........................................ .................................11 

            3.2.2 Pore Structure............................................................... ..................11 

            3.2.3 Acidity................................... .........................................................12 

            3.2.4 Shape Selectivity.............................................................................13 

                   3.2.4.1. Reactant Shape Selectivity...................................................14 

                   3.2.4.2. Product Shape Selectivity.................................. ..................14 

                   3.2.4.3. Transition State Selectivity................................. .................15 

                    3.3 Synthesis of Zeolites..............................................................................15 

                  3.3.1. Synthesis of ZSM-5........................................... ............................16 

         3.4 Modification of Zeolites........................................................................12 

                    3.4.1. Silylation....................... .................................................................17 

            3.4.2. Acid Treatment............................................... ...............................18 

            3.4.3. Alkali Treatment...................................................... ......................18 

            3.4.4. AHFS Treatment....................................... .....................................19 

 

 



VII 

 

CHAPTER 4. LITERATURE SEARCH......................................................................20 

         4.1. n-Butene Isomerization over Zeolites and Other Catalysts................20 

 

CHAPTER 5. EXPERIMENTAL STUDY................................................................28 

         5.1. Preparation of H-ZSM5 and H-Ferrierite Catalysts.........................28 

         5.2. Modification of Catalysts.................................................................30 

            5.2.1. Silylation.....................................................................................30 

            5.2.2. Acid Treatment............................................................................31 

            5.2.3. Alkali Treatment..........................................................................31 

            5.2.4. AHFS Treatment..........................................................................32 

  5.3. Characterization of Catalysts.............................................................32 

            5.3.1. X-Ray Diffraction........................................................................32 

            5.3.2. Scanning Electron Microscopy.....................................................33 

            5.3.3. BET...............................................................................................33 

            5.3.4. Temperature Program Desorption.................................................33 

            5.3.5. Fourier Transform Infrared Spectroscopy.....................................33 

         5.4. Catalyst Testing....................................................................................34 

 

CHAPTER 6. RESULTS AND DISSCUSSION..........................................................36 

         6.1. Characterization of Catalysts....................... .......................................36 

            6.1.1. Synthesized HZSM5 and its modified forms.................................36 

                  6.1.1.1 Modification by Chemical Liquid Deposition.......................37 

                  6.1.1.2 Modification by Alkali Treatment.........................................42 

                  6.1.1.3. Modification by Acid Treatment...........................................46 

                  6.1.1.4. Modification by AHFS Treatment.........................................48                  

            6.1.2. Commercial HZSM5 and its modified forms............ ....................40 

                  6.1.2.1 Modification by Chemical Liquid Deposition........................53 

                  6.1.2.2 Modification by Alkali Treatment..........................................56 

                  6.1.2.3. Modification by Acid Treatment...........................................58 

                  6.1.2.4. Modification by AHFS Treatment.........................................60 

            6.1.3. Commercial Ferrierite and its modified forms...............................44 

                  6.1.3.1 Modification by Chemical Liquid Deposition........................63 

                  6.1.3.2 Modification by Alkali Treatment..........................................66 



VIII 

 

      6.1.3.3. Modification by Acid Treatment...........................................68 

                  6.1.3.4. Modification by AHFS Treatment.........................................70 

                    6.2. Catalyst Testing....................................................................................73 

                       6.2.1. Effect of Synthesized ZSM5  Si/Al ratio  on Catalytic Activity  

            and Selectivity...............................................................................70 

  6.2.2. Activity and Selectivity Results for Different Modification   

            Methods ........................................................................................75 

       6.2.2.1. Effect of Silylation Agent and Time....................................75 

                   6.2.2.2. Effect of Alkali Treatment Method.....................................81 

                   6.2.2.3. Effect of Acid Treatment Method.......................................86 

                   6.2.2.2. Effect of AHFS Treatment Method.....................................92 

             6.2.3. Effect of Bronsted/Lewis Acid Sites Ration on Conversion and  

            Selectivity......................................................................................98 

             6.2.4. Effect of Bronsted/Lewis Acid Sites Ration on Conversion and  

           Selectivity......................................................................................100 

 

CHAPTER 7. CONCLUSION......................................................................................100 

 

REFERENCES..............................................................................................................102 

 

 

 

 

 

 

 

 

 

 



IX 

 

LIST OF FIGURES 

 
Figure                                                                                                                          Page 

Figure 2.1. The monomolecular mechanism scheme for skeletal isomerization 

        of n- butene to isobutene reaction...................................................................4 

Figure 2.2. The bimolecular mechanism scheme for skeletal isomerization  

        of n-butene to isobutene reaction....................................................................6 

Figure 2.3. Pseudo-monomolecular reaction mechanism..................................................7 

Figure 2.4 TMP formation and cracking to isobutene scheme in bimolecular  

        mechanism......................................................................................................7 

Figure 3.1. Acid sites in zeolites......................................................................................12 

Figure 3.2. Different types of shape selectivities of zeolites...........................................14 

Figure 3.3. Chemical liquid deposition mechanism of Tetraethylorthosilicate...............17 

Figure 6.1. TGA plot of H-ZSM5 sample.......................................................................36 

Figure 6.2. XRD patterns of H-ZSM5 and its modified samples by chemical 

        liquid deposition...........................................................................................37 

Figure 6.3. SEM images of H-ZSM5 and its modified samples by chemical  

        liquid deposition...........................................................................................38 

Figure 6.4. TPD profiles of H-ZSM5 and its modified samples by chemical  

        liquid deposition by TEOS...........................................................................40 

Figure 6.5. TPD profiles of H-ZSM5 and its modified samples by chemical liquid                   

        deposition by SiCl4.......................................................................................41 

Figure 6.6. TPD profiles of H-ZSM5 and its modified samples by chemical  

        liquid deposition by 3-amino........................................................................41 

Figure 6.7. FTIR spectra of H-ZSM5 and its some modified samples after pyridine    

        adsorption......................................................................................................42 

Figure 6.8. XRD patterns of H-ZSM5 and its modified samples by alkali treatment.....43 

Figure 6.9. SEM images of H-ZSM5 and its modified samples by alkali treatment.......44 

Figure 6.10. TPD profiles of H-ZSM5 and its modified samples by alkali treatment....45 

Figure 6.11. XRD patterns of H-ZSM5 and its modified samples by alkali treatment...46 

Figure 6.12. SEM images of H-ZSM5 and its modified samples by alkali treatment.....47 

Figure 6.13. TPD profiles of H-ZSM5 and its modified samples by alkali treatment....48 



X 

 

Figure 6.14. XRD patterns of H-ZSM5 and its modified samples by AHFS       

          treatment.....................................................................................................49 

Figure 6.15. XRD patterns of H-ZSM5 and its modified samples by acid  

          treatment.....................................................................................................50 

Figure 6.16. Adsorption isotherms of H-ZSM5 and its some modified sample..............51 

Figure 6.17. TPD profiles of H-ZSM5 and its modified samples by AHFS  

         treatment......................................................................................................52 

Figure 6.18. FTIR profiles of H-ZSM5 and its some modified samples after pyridine     

         adsorption....................................................................................................53 

Figure 6.19. XRD patterns of H-ZSM5-C and its modified samples by chemical  

          liquid deposition.........................................................................................54 

Figure 6.20. SEM images of H-ZSM5-C and its modified samples by chemical liquid    

          deposition...................................................................................................55 

Figure 6.21. TPD profiles of H-ZSM5-C and its modified samples by chemical  

          liquid deposition.......................................................................................56 

Figure 6.22. XRD patterns of H-ZSM5-C and its modified samples by alkali      

          treatment....................................................................................................57 

Figure 6.23. NH3-TPD profiles of HZSM5-C and its modified samples by  

          alkali treatment.........................................................................................58 

Figure 6.24 XRD patterns of HZSM5-C and its modified samples by acid  

         treatment....................................................................................................59 

Figure 6.25. TPD profiles of HZSM5-C and its modified samples by acid  

         treatment....................................................................................................60 

Figure 6.26. XRD patterns of HZSM5-C and its modified samples by  

         AHFS treatment.........................................................................................61 

Figure 6.27. TPD profiles of H-ZSM5-C and its modified samples by AHFS       

          treatment...................................................................................................62 

Figure 6.28. FTIR profiles of HZSM5-C and its some modified samples after  

          pyridine adsorption....................................................................................63 

Figure 6.29. XRD patterns of H-FER and its modified samples by chemical 

          liquid deposition........................................................................................64 

Figure 6.30. TPD profiles of H-FER and its modified samples by chemical 

          liquid deposition.......................................................................................65 



XI 

 

Figure 6.31. XRD patterns of H-FER and its modified samples by alkali  

          treatment..................................................................................................66 

Figure 6.32. TPD profiles of H-FER and its modified samples by chemical 

          liquid deposition......................................................................................67 

Figure 6.33. XRD patterns of ferrierite and its modified samples by acid  

          treatment..................................................................................................68 

Figure 6.34. TPD profiles of Ferrierite and its modified samples by Acid 

          treatment..................................................................................................69 

Figure 6.35. XRD  profiles of Ferrierite and its modified samples by 

         AHFS Treatment.......................................................................................70 

Figure 6.36. TPD  profiles of Ferrierite and its modified samples by 

          AHFS treatment.......................................................................................71 

Figure 6.37. FTIR profiles of HZSM5-C and its some modified samples after 

          pyridine adsorption...................................................................................72 

Figure 6.38. Effect of Si/Al ratio on catalytic activity..................................................74 

Figure 6.39. Effect of Si/Al ratio on isobutene selectivity............................................74 

Figure 6.40. Product distribution of HZSM5................................................................76 

Figure 6.41. Product distribution of HZSM5-TEOS-1-1..............................................76 

Figure 6.42. Product distribution of H-ZSM5-C...........................................................77 

Figure 6.43. Product distribution of HZSM5-C-TEOS-1-1...........................................77 

Figure 6.44. Product distribution of H-FER..................................................................78 

Figure 6.45. Product distribution of H-FER-TEOS-1-1................................................78 

Figure 6.45. Product distribution of H-FER-TEOS-1-1................................................80 

Figure 6.47. Conversion of n-butene for different catalysts...........................................80 

Figure 6.48. Product distribution of HZSM5-0.05-2-NaOH..........................................81 

Figure 6.49. Product distribution of HZSM5-C-0.05-2-NaOH......................................81 

Figure 6.50. Product distribution of H-FER-0.05-2-NaOH...........................................82 

Figure 6.51. Effect of alkali treatment on ZSM5 catalytic activity................................83 

Figure 6.52. Effect of alkali treatment on ZSM5 isobutene selectivity..........................83 

Figure 6.53. Effect of alkali treatment on H-ZSM5-C catalytic activity........................84 

Figure 6.54. Effect of alkali treatment on H-ZSM5-C isobutene selectivity..................84 

Figure 6.55. Effect of alkali treatment on Ferrierite catalytic activity...........................85 

Figure 6.56. Effect of alkali treatment on Ferrierite isobutene selectivity.....................85 



XII 

 

Figure 6.57. Product distribution of HZSM5-0.1-8-NaOH-HCl....................................87 

Figure 6.58. Product distribution of HZSM5-C-0.1-8-NaOH-HCl................................87 

Figure 6.59. Product distribution of H-FER-0.1-8-NaOH-HCl.....................................88 

Figure 6.60. Effect of acid treatment on ZSM5 catalytic activity..................................89 

Figure 6.61. Effect of acid treatment on ZSM5 isobutene selectivity............................89 

Figure 6.62. Effect of acid treatment on H-ZSM5-C catalytic activity..........................90 

Figure 6.63. Effect of acid treatment on H-ZSM5-C isobutene selectivity....................90 

Figure 6.64. Effect of acid treatment on Ferrierite catalytic activity..............................91 

Figure 6.65. Effect of acid treatment on Ferrierite isobutene selectivity........................91 

Figure 6.66. Product distribution of HZSM5-AHFS-Drop.............................................92 

Figure 6.67. Product distribution of HZSM5-C-AHFS-Drop.........................................93 

Figure  6.68. Product distribution of H-FER-AHFS-Drop.............................................93 

Figure 6.69. Effect of AHFS treatment on ZSM5 catalytic activity...............................94 

Figure 6.70. Effect of AHFS treatment on ZSM5 isobutene selectivity.........................95 

Figure 6.71. Effect of AHFS treatment on commercial H-ZSM5-C  

         catalytic activity...........................................................................................95 

Figure 6.72. Effect of AHFS Treatment on commercial H-ZSM5-C  

          isobutene selectivity....................................................................................96 

Figure 6.73. Effect of AHFS Treatment on commercial Ferrierite catalytic 

          activity........................................................................................................96 

Figure 6.74. Effect of AHFS Treatment on commercial Ferrierite  

          isobutene selectivity...................................................................................97 

Figure 6.75. Effect of Bronsted/Lewis ratio on isobutene selectivity............................99 

Figure 6.76. Effect of Bronsted/Lewis ratio on n-butene conversion............................99 

Figure 6.77. Effect of n-butene conversion on isobutene selectivity............................100 

 

 

 

 

 

 

 

 



XIII 

 

LIST OF TABLES 

 
Table                                                                                                                           Page 

Table 4.1. Ferrierite and its modified samples with AHFS...........................................23 

Table 4.2. Characterization data of silylation of H-ZSM5............................................26 

Table 5.1. The chemicals used for the synthesis of H-ZSM5 zeolite samples...............28 

Table 5.2. The chemicals used for chemical liquid deposition......................................30 

Table 5.3. The chemicals used for ammoniumhexafluorosilicate treatment.................32 

Table 6. 1. Textural properties of H-ZSM5 modified by chemical liquid  

       deposition.....................................................................................................39 

Table 6.2. Textural properties of H-ZSM5 modified by alkali treatment......................45 

Table 6.3. Textural properties of H-ZSM5 and its modified sample by acid 

       treatment.......................................................................................................47 

Table 6.4. Textural properties of H-ZSM5 and its modified sample by AHFS      

      treatment........................................................................................................51 

Table 6.5. Textural properties of H-ZSM5-C and its modified samples by chemical   

      liquid deposition............................................................................................55 

Table 6.6. Textural properties of H-ZSM5-C and its modified samples by alkali       

      treatment.......................................................................................................57 

Table 6.7. Textural properties of H-ZSM5-C and its modified samples by acid      

       treatment......................................................................................................58 

Table 6.8. Textural properties of H-ZSM5-C and its modified sample by  

      ammonium hexafluorosilicate treatment......................................................61 

Table 6.9. Textural properties of H-FER and its modified catalyst by chemical 

       liquid deposition..........................................................................................62 

Table 6.10. Textural properties of ferrierite and its modified catalyst by 

        alkali treatment...........................................................................................67 

Table 6.11. Textural properties of ferrierite and its modified catalyst by  

        acid treatment.............................................................................................69 

Table 6.12. Textural properties of ferrierite and its modified catalyst by  

        acid treatment.............................................................................................71 

Table 6.13. ICP-AES results of HZSM5 and its some modified samples.....................72 

 



1 

CHAPTER 1 

 

INTRODUCTION 

 
 Over the past few decades the applications of isobutene has increased. 

Methyltertbutylether (MTBE), which is an octane booster and important additive of 

unleaded gasoline is produced from the reaction of methanol and isobutene. Isobutene is 

also used in ethyltertbutylether and polyisobutene manufacture and other various 

applications (Suh et al., 2004). Therefore isobutene demand has also increased 

(Houzvicka et al., 1997). However current isobutene supplies do not compensate this 

demand (Szabo et al., 1991). Thus, skeletal isomerization of n-butene to isobutene 

reaction has attracted much attention on all of the world. Much researchers have studied 

on this reaction and tried different catalysts to obtain high isobutene selectivity. 

 The maximum isobutene yield to be reached at high reaction temperatures is 

only about 40 % because of the thermodynamical limitations (Houzvicka et al., 1997). 

 The skeletal isomerization of n-butene reaction mechanism consists of two 

mechanism as monomolecular and bimolecular (Canizares et al., 2000). Various types 

of by-products can be formed from this reaction according to the catalyst type and 

properties. Thus selection of the catalyst is very important since the isobutene 

selectivity is affected by several factors for example pore structure, acidity of the 

catalyst. 

 The pore structure and the chemistry of the catalyst plays important role in 

isobutene selectivity. Large number of catalysts (Ferrierite, MCM-22, ZSM-5, 

aluminophosphates, fluorinated alumina, tungsten oxide supported on alumina) show a 

high selectivity to isobutene in the isomerization reaction, but among these catalysts 

medium pore zeolites, 10 membered ring zeolites and aluminaphosphates (ZSM-5, 

Ferrierite, SAPO-11) are most active, and stable catalysts (Suh et al., 2004). Because 

their pore sizes (between 4-5,5 Ao) are very suitable for isobutene formation (Houzvicka 

et al., 1997). 

 Acidity of the catalyst is other important factor for this reaction since strong 

acidic catalysts cause cracking and oligomerization, on the other hand weak acidic 
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catalysts cause double bond isomerization. So that catalyst must be at the optimum acid 

strength and its acidity must be suitable for isobutene formation (Canizares et al., 2000 ). 

Mobil Corp..s ZSM-5 (Zeolite Scony Mobil-5) catalyst or officially named MFI (Mobil-

Five) is very active and stable catalyst for skeletal isomerization of n-butene. But 

selectivity of ZSM-5 is not very high due to intersections of its channels having enough 

space for oligomerization. Modification of its acidity is an alternative way to increase 

its selectivity (Houzvicka et al., 1998). Since commercial ZSM-5 (MFI) and Ferrierite 

are strong acid catalysts their selectivity can be also increased by modification. 

 In this study, silylation, acid and base treatment methods were used to modify 

acidity and pore size of synthesized and commercial HZSM5, and commercial H-

Ferrierite zeolites to prepare active and selective catalyst for n-butene isomerization. 

Effect of different preparation methods on properties of the catalysts were characterized. 

How product distribution changed for different modification methods was determined. 
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CHAPTER 2 

 

SKELETAL ISOMERIZATION OF N-BUTENE TO 

ISOBUTENE 

 
 Fuels attracted much attention on all of the world. It is important to obtain the 

high octane number in fuels. Since methyl tert butyl ether (MTBE) is used as an octane 

booster in petroleum industry, the demand for it increased tremendously. It is made 

from isobutene and methanol easily. There is around 28 % 1-butene and 12 % 2-butene 

in spent C4. The conversion of 1-butene and 2-butene to isobutene is a convenient way 

of producing more isobutene. One of the reactions that has received considerable 

attention over the past 10 years is the skeletal isomerization of 1-butene to yield 

isobutene (Yang et al., 1999; Nicolaides et al., 1999). This reaction is reversible and 

exothermic reaction. 
 

2.1. Mechanism of the Reaction 

 
 There are two different mechanisms in skeletal isomerization of n-butene to 

isobutene. These are monomolecular and bimolecular mechanisms. 
 

2.1.1. Monomolecular Mechanism 

 
 Monomolecular mechanism involves various types of steps which are shown in 

Figure 2.1. Isomerization reaction took place on Bronsted acid sites in this mechanism. 

Proton is transferred from zeolite to the butene. Primary carbenium ion is formed as an 

intermediate, highly energetically and thermodynamically unfavourable ring opening is 

required for primary carbenium ion forming. This mechanism is assumed to be too slow 

to explain the high rate of isobutene formation in skeletal isomerization of n-butene. 

When the bimolecular mechanism was inhibited by shape selective properties, the 

monomolecular mechanism supply high isobutene selectivity. In literature, another type 

of mechanism aside from monomolecular and bimolecular mechanism, was defined, 
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"Pseudo-monomolecular mechanism". In this mechanism primary carbenium ion was 

not required since active sites would be the coke, instead of the Bronsted acid sites. 

(Byggningsbacka et al., 1998). 

 

 
Figure 2.1. The monomolecular mechanism scheme for skeletal isomerization of n-   
         butene to isobutene reaction (Source: Byggningsbacka et al., 1998) 
 
2.1.2. Biomolecular Mechanism 

 
 Bimolecular mechanism consists of dimerization, isomerization and cracking 

steps which are given in Figure 2.2. (Byggningsbacka et al., 1998; Guisnet et al., 1999). 

Byggningsbacka et al. (1998) stated that the rate of A isomerization (methyl shift) is 

faster than B isomerization (chain branching), while the rate of the dimerization/ 

cracking steps is decreasing as follows: A cracking (tertiary carbenium ions)>B 

cracking (secondary and tertiary carbenium ions)>C cracking (secondary carbenium 

ions). The main by-products of bimolecular mechanism are propenes and pentenes. 

 Byggningsbacka et al. (1998) showed that without carbenium ion, n-butenes 

could not be dimerized and 1-octene was not produced. Therefore it was seen on steps 

in Figure 2.2, A, B and C dimerization was faster than dimerization of n-butene. 

Primary carbenium ion was also required for 1-octene cracking. After cracking, octene 

isomers, pentenes, propenes, butenes and small amounts of ethenes and hexenes were 

detected. 1-octene cracking was not very selective to isobutene. Less than half products 

from cracking were butene isomers (Byggningsbacka et al., 1998). 

 Most of the products after cracking reactions are propenes and pentenes instead 

of butenes. The selective mechanism of skeletal isomerization of n-butene must be: n-
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butene+n-butene→octenes→isobutene+n-butene (Byggningsbacka et al., 1998; 

Domokos et al., 2001; Guisnet et al., 1999) 

 To see the differences between monomolecular and bimolecular mecanisms, 

2,4,4-trimethyl-2-pentene (TMP) cracking and octene reaction must be understood. 

 

2.1.3. Pseudo-monomolecular Mechanism 

 
Guisnet et al. (1997) proposed a mechanism other than two mechanisms in 

skeletal isomerization n-butene which is pseudo-monomolecular mechanism. This 

mechanism was shown in Figure 2.2. In this mechanism, as mentioned in Figure 2.2, the 

active site in this reaction pathway is formed by a carbenium ion that is fixed in the 

coke deposited on the catalyst with increasing time on stream. Butene reacts with this 

carbenium ion to give a secondary carbenium ion and after a methyl-and hydride shift a 

tertiary carbenium ion is obtained. Finally intermediate produces an isobutene and with 

that the active site is regenerated. 
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Figure 2.2. The bimolecular mechanism scheme for skeletal isomerization of n-butene     
         to isobutene reaction (Source: Byggningsbacka et al., 1998) 
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Figure 2.3. Pseudo-monomolecular reaction mechanism (Source: Guisnet et al., 1997) 

 

 Because A cracking was faster than both B2 cracking and B isomerization. 

Products after cracking of TMP contains mostly isobutene. If monomolecular and 

bimolecular mechanisms are compared, it was seen the equilibrium was approached 

from opposite side since A cracking (isobutene) was kinetically favored over butene 

isomers (B and C cracking). 

 TMP formed after the reaction of isobutene and trans-2-butene or cis-2-butene 

which was seen in Figure 2.4. Since isobutene was mainly produced from TMP, it is 

important to obtain high selective TMP. The B1 dimerization in Figure 2.2 must be 

faster than B2 dimerization, to obtain high selective TMP. If this was achieved, 

isobutene are produced mainly from the reaction of TMP on the other hand by-products 

are formed in dimerization and cracking of dimers steps. Although size of TMP is too 

large for 10-membered ring zeolites, it could reach active sites of zeolites because of the 

high cracking rate of TMP when compared to 1-octene (Byggningsbacka et al., 1998). 

 

 

Figure 2.4 TMP formation and cracking to isobutene scheme in bimolecular mechanism 
       (Source: Byggningsbacka et al., 1998) 



8 

 Houzvicka et al. (1997) demonstrated that the skeletal isomerisation of n-butene 

ran selectively via a monomolecular mechanism, while by-products were formed via  

bimolecular mechanism as a results of dimerisation of butenes and isobutene and by a 

subsequent cracking of octenes. Dimerisation can be suppressed in the following ways: 

 1- Using a higher reaction temperature: Since dimerisation is a reaction 

disfavoured at higher temperatures. While almost all isobutene dimerises to 

trimethylpentenes at room temperature, the extent of undesired reactions can be 

decreased by using high reaction temperatures. However, at higher temperatures the 

yield of isobutene is thermodynamically limited. 

  2- By applying a lower partial pressure of the reactant butene. 

  3- By using catalysts of moderate acidity and high shape selectivity: Skeletal 

isomerisation runs on Bronsted acid sites of moderate or high acidity. However, very 

strongly acidic OH groups induce too much dimerisation and oligomerization thus their 

presence leads to a high by-product formation. So, an ideal skeletal isomerization 

catalyst should have an acidity that is strong enough for skeletal isomerization but not 

strong for oligomerization, dimerization and cracking. (Canizares et al., 2000). The 

shape selectivity is also an important factor to reduce the formation of by-products. So 

10-membered-ring zeolites were commonly preferred. Because the pore diameter of the 

10-membered ring molecular sieves does not allow a formation of some branched 

dimers. For example, trimethylpentenes probably cannot be formed and the formation of 

dimethylhexenes is strongly restricted. However, not all the 10-membered ring sieves 

are suitable fo skeletal isomerization of n-butene. The 10-membered ring channels of 

heulandite have an oval shape and they are too narrow for isobutene. The low selectivity 

of ZSM-5 is due to large cavities formed in the place of intersections of the 10-

membered ring channels. Cavities offer enough space for extended dimerisation and the 

by-products formation. ZSM-5 is otherwise very resistant against coking. If its 

selectivity could be increased by the suppression of dimerisation, ZSM- 5 would be an 

attractive catalyst for skeletal isomerisation of n-butene, because of its high stability and 

its availability (Houzvicka et al., 1997).  

 Non-microporous catalysts activity decrease in several hours by intensive carbon 

deposits formation and a low catalytic stability. But zeolites survive longer on stream. 

However even the best one dimensional channel structure molecular sieve SAPO 11 lost 

its activity quickly. One dimensional show low stability. In this case, the high stability 

is probably due to the two dimensional channel structure. ZSM-5 has a similar, three-
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dimensional structure, so a high stability can be also expected (Houzvicka et al., 1997; 

Yang et al., 1999). 

 Canizares et al. (2003) demonstrated that, at short time on stream and high 

conversion values, isobutene is mainly produced via a bimolecular pathway. On the 

contrary, at lower conversion values and longer times on stream, thus, with coke 

deposited on the catalyst, isobutene could only be formed through a monomolecular or 

pseudo-monomolecular pathway.  

 Demirkan (2002) compares the conversion, selectivity to iso-butene and yield of 

isobutene for two different reaction temperatures (440 oC and 375 oC). It was found that 

at 375 oC, the conversion was decreased from 47% to 40%. On the other hand, the by 

product formation was suppressed and increased selectivity (from 60% to 79%) and 

increase in iso-butene yield (from 28% to 32%) was observed. 

 Therefore it can be concluded that, intermediate temperatures, low n-butene 

pressures and good shape selectivity are favoured resulting in high isobutene 

selectivities as well as high n-butene conversions. 
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CHAPTER 3 

 

ZEOLITE CATALYSTS 

 
3.1. Industrial Applications over Zeolite Catalysts 
 
 Zeolites are generally used as adsorbents, catalysts, ion exchange applications. 

In addition to these, natural zeolites because of their lower cost are used in bulk mineral 

applications (Payra et al., 2003). 

 Adsorbent applications focuses on removal of polar molecules by zeolites and 

based on molecular sieving processes. Some common adsorbent applications are 

removal of organic and inorganic iodide compounds from commercial acetic acid feed 

streams, sweetening of natural gas and liquified petroleum gas, sulfur compound 

removal (Fajula et al., 1994). 

 The most used applications of zeolites are catalytic applications of zeolites. 

Since they have strong acidity they are used in many applications in industry. Besides 

acidity, the other unique feature of zeolite relates to a concentration effect of reactants 

within the cages/channels and promotes bimolecular reactions, such as efficient 

intermolecular hydrogen transfer. For more siliceous zeolites, the organophilic nature 

promotes the conversion of polar oxygenated hydrocarbons to paraffins and aromatics. 

The most common catalytic applications are alkylation (aniline, benzene, biphenyl, 

ethylbenzene, naphthalene, polyaromatics, etc.), cracking, hydrogenation, isomerization, 

aromatization (Barthomeuf et al., 1996; Payra et al., 2003). 

 One of the other applications of zeolite is ion-exchange applications. The major 

use of zeolites as ion-exchange agents is for water softening applications in the 

detergent industry and substitute use of phosphates. The most common ion-exchange 

applications of zeolites are radioactive waste storage, Ion exchange fertilizers, 

regeneration of artificial kidney dialysate solution. 

 Other applications of zeolites include separation of oxygen and nitrogen from air, 

biomedical applications, external application. 
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3.2. Structure and Properties of Zeolite Catalysts 

 

3.2.1. Chemical Structure 

 
 Structure of zeolites consist of silicon cations (Si4) and aluminum cations (Al3) 

that are surrounded by four oxygen anions (O2). Each oxygen anion connects two 

cations and this yields a three-dimensional framework, with net neutral SiO2 and 

negatively charged AlO2 tetrahedral building blocks. The negative charge arises from 

the difference in formal valency between the silicon- and aluminum cations, and will be 

located on one of the oxygen anions connected to an aluminum cation. Commonly, the 

negative charge is compensated by additional non-framework cations like sodium (Na+), 

which is generally present after the synthesis of the zeolite. However for catalysis 

applications, sodium ions are mostly replaced by protons (H+) that form a bond with the 

negatively charged oxygen anions of the zeolite. This results in Brønsted OH acid sites 

that have proven to be highly active in catalyzing cracking and isomerization reactions 

(Haag et al., 1984). 
 

3.2.2. Pore Structure 

 
 Structure of zeolites consist of a pore system with two or three dimensional 

channels and inner cavities. The diameters of the pores and cavities range from 3 Å to 

12 Å, which coincides with the dimensions of many hydrocarbon molecules for which 

they are applied as adsorbents and catalysts. The exact diameter of the pore depends on 

the coordination and the amount of cations and anions present in the ring. Zeolite Y is a 

three-dimensional zeolite with large cavities present in the structure that are 

interconnected by 12 membered ring channels, which means that there are 12 cations 

and 12 anions present in the ring. Ferrierite (FER) is a two-dimensional zeolite with 10 

MR main channels, which are interconnected with smaller 8 MR side channels. Another 

zeolite containing 10 MR channels is ZSM-5 (MFI). For this zeolite the straight 10 MR 

channels are interconnected by 10 MR zig-zag channels, which makes this zeolite 

threedimensional. Mordenite (MOR) is a 12 MR zeolite with the channels is only one 

dimension (Baerlocher et al., 2001). 
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3.2.3. Acidity 

  
 Strength, concentration and type of the acidities are the most important 

parameters for zeolites, since these properties affect many reaction's activites and 

selectivities. 

 There are two types of acid sites in zeolites. These are Brønsted and Lewis acid 

sites. Brønsted acid sites are the protons bonded to the oxygen atoms of the network and 

related to aluminum located in the framework of the zeolites. Lewis acid sites are 

mainly due to charge-compensating cations, or the trigonal aluminum atoms deficient in 

oxygen, and they are related to the extra-framework aluminum or distorted aluminum in 

the framework. Extra-framework aluminum is usually generated during the synthesis, 

calcination or ion exchange process (Zheng et al., 2002)  

Samples exhibiting Lewis acidity have octahedrally coordinated Al centers, 

suggesting that extraframework Al species (EFAl), generated during steaming or 

calcination of hydrated zeolites, are responsible for the Lewis acidity: 

 

 
Figure 3.1. Acid sites in zeolites 

 

 The acid strength can be enhanced by the presence of extra-framework Al 

(EFAL), which is ascribed to the inductive effects relative to Lewis acid sites on the 

neighboring Brønsted acid sites. In addition, the synthesis methods also influence the 

acid strength (Zheng et al., 2002). 

The locations of Brønsted acid sites can markedly influence the activity and 

selectivity of zeolites. Reactions on the acid sites located in the pore mouth region have 

higher turn-over frequency (TOF) compared to these in the interior pores as the 

diffusion hindrance for reactants or products from the pores of zeolites can be avoided. 

Therefore, the influence of the acid sites located on the external surface and pore mouth 

region of zeolites cannot be ignored although the concentration of these acid sites is 

assumed to be minor (Zheng et al., 2002). 
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The concentration of the acid sites located on the external surface and in the pore 

mouth region of zeolites can be determined using probe molecules with larger kinetic 

diameters compared to the entrance of the zeolites and thus these molecules are believed 

to interact only with the acid sites located on the external surface and in the pore mouth 

region. Generally, the determination of the locations and concentration of the 

unselective acid sites is difficult due to the unknown geometry and ill definition of the 

external surface of zeolites. Therefore, the unambiguous description of the surface 

geometry and straightforward characterization methods to quantify the unselective acid 

sites is of great help to understand the selectivity of zeolites (Shukla et al., 1998). 
 

3.2.4. Shape Selectivity 

 
 The use of zeolites as shape selective catalyst has been under extensive study 

since the early 1960’s. The major progress in the field of shape selective catalysis was 

the discovery of medium pore zeolite ZSM-5. The importance of ZSM-5 is due to its 

unique channel structure with dimensions approaching those of many organic molecules 

resulting in diffusional differences between linear and branched hydrocarbons (Tynjala 

et al., 1997). 

 Zeolites usually show shape selectivity in some reactions due to their 

microporous properties. Based on different controlling steps, the shape selectivity of 

zeolites usually observed can be classified into three different types, including reactant 

shape selectivity, product shape selectivity and transition state selectivity. 
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Figure 3.2. Different types of shape selectivities of zeolites 

 

3.2.4.1. Reactant Shape Selectivity 

 
 Reactant shape selectivity occurs when the reactant is too big to permeate into 

the zeolite pores. Smaller diameter reactants can penetrate into the pores of zeolite and 

access the active sites located in the pores of the zeolite. Larger kinetic diameters 

reactants cannot diffuse into the pores of zeolite and the reaction with bulky reactant 

molecules involved can be encumbered (Zheng et al., 2002). 

  

3.2.4.2. Product Shape Selectivity 

 
 If reaction intermediates are too big to desorb intact from a zeolite, only their 

consecutive reaction products can end up in the product slate. This would be an extreme 

form of product shape selectivity. In general, product shape selectivity occurs when 

some reaction intermediates exhibit higher mass transfer limitations than others so that 

they remain in the adsorbed phase and continue to react for a longer period of time than 

other, less mass transfer limited reaction intermediates. Accordingly, the products that 

desorb with the smallest mass transfer limitation will be the most prevalent in the 

product slate (Berend et al., 2008). 
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3.2.4.3. Transition State Selectivity  

 
 Transition state shape selectivity occurs when a zeolite topology influences the 

reaction rates of the adsorbed molecules by modifying the relative Gibbs free energies 

of formation of the corresponding transition states. It is the only form of shape 

selectivity that occurs irrespective of the extent of mass transfer limitations between gas 

and adsorbed phases. 
 

3.3. Synthesis of Zeolites 

 
 Zeolite synthesis has been extensively reviewed in literature.

 
The synthesis of 

zeolites is carried out under hydrothermal conditions. In the synthesis of zeolites silica 

and alumina source are used since they are built from SiO -4 and A10-4 tetrahedra. In 

order to compensate the negative charge in zeolite structure, a cation is also used. The 

synthesis occurs at high pH because aluminate ions are only stable at high pH. As the Al 

content lowered (Si/Al ratio increased), more severe conditions are needed. Reaction 

mixture is prepared at low temperature (< 60 oC), silica and alumina sources and 

template (structure directing agent) are mixed in water. Cation source is also added into 

the mixture. Silicate and aluminate monomers and oligomers in solution are in 

equilibrium with condensed silicate and aluminate units in the gel phase. In some cases 

a digestion period is necessary to reach this equilibrium. The temperature of the 

synthesis mixture is raised to the crystallization temperature (generally between 100 and 

200 oC) . During this process continued dissociation of silicate and aluminate oligomers 

occurs, resulting in an increasing concentration of monomeric silicate and aluminate 

species in the solution. Once the crystallization temperature is reached, zeolite 

crystallization will start after an induction period. During this induction period the 

dissolution of the gel phase continues, leading to the formation of clusters of 

polysilicates or aluminosilicates that become stable above a certain critical dimension 

and crystallization commences. Depending on the type of zeolite, crystallization will be 

completed after several hours to several days. The crystals must then be separated from 

the mother liquor by filtration or centrifugation, followed by washing with water. The 

final step in zeolite preparation is the drying and calcination procedure, after which the 

zeolite void volume is free for the different applications (Santen et al., 1999). 
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 Water actually plays an important role in the structure direction encountered in 

zeolite synthesis. Water molecules act as void fillers in order to stabilize the porous 

oxide framework. Interactions of water molecules with cations are part of the template 

effect and therefore are of crucial importance (Zheng et al., 2002). 
 

3.3.1. Synthesis of ZSM-5 

 
 ZSM-5 is one the most important commercial zeolites and has been widely 

studied.
 
This is a very versatile zeolite since it can be made from various organic or 

inorganic agents over a wide range of synthesis conditions.  

 ZSM-5 synthesized using tetraalkylammonium template because it is the most 

efficient template in high-silica ZSM-5 synthesis, It indeed enhances nucleation rate, 

accelerates crystallization and increase pH. Crystallization is performed at 150-175 oC , 

under autogenous pressure and takes 2-5 days. After filtering and washing the zeolite, it 

is dried for 1 day at 110 oC. To remove the template it is necessary to decompose it, 

which can be done by calcination. It is performed at 500-600 °C for 8-12 h.  In obtained 

ZSM-5,  Na ion is still present. Because of the low alumina content the acid stability is 

so good that this can be exchanged in mineral acid solution to obtain H-ZSM-5 (Santen 

et al., 1999). 

 

3.4. Modification of Zeolites 

 
 Since skeletal isomerization of n-butene occurs on acid sites, the number, 

density and strength of these sites on the framework aluminium content of zeolites must 

be controlled. Various modifications methods are used to control the acidity, surface 

properties and increase the shape selectivity of zeolites. These modifications aim to 

prevent undesired reactions on the surface or in the pores of zeolites by passivating acid 

sites or narrowing pores in order to improve the shape selectivity. These methods 

include silylation by chemical liquid and vapor depositions, acid treatment, alkali 

treatment, ammonium hexafluorosilicate treatment, ion-exchange. 
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3.4.1. Silylation 

 
 Two types of silylation are used commonly in literature which are chemical 

liquid deposition and chemical vapor deposition. Chemical liquid deposition (CLD) can 

be used to modify the external surface of zeolites. The main advantage of the reaction in 

liquid phase (CLD) compared to the reaction in gas-phase (CVD) is that the liquid 

reaction can be more easily transferred to an industrial preparation in large scale 

quantities. 

 Mechanism of the chemical liquid deposition (CLD) process is shown in Figure 

3.3. In this mechanism silylation agent molecules react with accessible acid sites and 

attach to the surface of the zeolite. CLD mechanism contains two stages, the first one is 

liquid phase reaction and second one is calcination. During the first step, hydrolysis of 

deposition agent only occurs on Bronsted and Lewis sites, which caused formation of 

Si-Al-O bonds. In the second step the residual ethoxyl groups are oxidized into 

hydroxyl groups, which condense partially with vicinal groups in order to form Si-O-Si 

bands. Chemical liquid deposition of zeolites cause decrease in the concentration of 

Bronsted sites, Lewis sites and silanol groups (Zheng et al., 2002). 

 

 
Figure 3.3. Chemical liquid deposition mechanism of Tetraethylorthosilicate 

 

 For the deposition of silica onto the external surface of zeolite crystallites, bulky 

organosilicon compounds, such as tetraethoxysilane (TEOS) and hexamethyldisilazane, 

silicontetrachloride (SiCl4) are commonly used as silanizing agents (Bauer et al., 2007). 
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3.4.2. Acid Treatment  

  
 In literature acid treatment is well known method to change SiO2/Al2O3 ratio or 

for delumination process. Most of zeolites can be dealuminated by acid treatment 

without seriously affecting the crystal structure of the materials. The other most 

commonly used dealumination methods are steaming treatment at high temperature and 

treatment with gaseous SiCl4 also at elevated temperatures (Kooyman et al., 1997). 

Dealumination by steaming will produce many extra-framework Al species that have 

detrimental effects on the catalytic and transport properties of zeolites so subsequent 

acid leaching is usually applied (Fan et al., 2007). Zeolite may undergo significant 

dealumination after such additional acid treatment. Dealumination is not likely to take 

place, as the aluminum concentration in ZSM-5 zeolite is quite low. It should be noted 

that, if too many tetrahedral Al3
- ions were eliminated, many acid centers would be lost, 

preventing the desirable increase of acid-site density to occur. Hydrochloric acid (HCl) 

is commonly used in acid treatment. Long time treatments can cause an undesirable 

effect (high dealumination, structure breaking down). To prevent these defects, zeolites 

are realuminated by treatments with alkali solutions before acid treatment (Song et al., 

2009). 
  

3.4.3. Alkali Treatment 

 
 Alkali treatment has received more and more attention, especially in the material 

field. Alkali treatment of zeolites is different from acid-leaching, ammonium 

hexafluorosilicate treatment in that the former mainly led to desilication and the latter 

mainly led to dealumination (Song et al., 2009). This treatment of zeolites such as ZSM-

5 or silicalite showed that selective removal of the siliceous species from the zeolite 

framework occurs without changes in the zeolite structure (Ogura et al., 2001). The 

alkali treatment is a method to extract a siliceous species from the framework of ZSM-5. 

Alkali-treatment is another way of modifying zeolite, becoming an alternative for acid 

treatment. Alkali treatment increases mesopores and the external surface of zeolite, 

increases the number of adsorption sites located near the pore mouth on the external 

surface of zeolite, and as a result, promotes the diffusion of reactant through zeolite 

micropores (Ogura et al., 2001). 
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3.4.4. AHFS Treatment 

 
 Ammonium hexafluorosilicate treatment differs from many of the other methods 

in that it is carried out at a lower temperature and in the aqueous phase. One important 

aspect of the AHFS treatment is that the product formation is sensitive, to a high degree, 

too many of the experimental parameters such as reaction temperature, rate of AHFS 

addition, reaction time, pH, framework Si/Al ratio and also to the extent of washing of 

the final product. The mechanism of dealumination by the AHFS method is believed to 

proceed via the isomorphous substitution of aluminium for silicon within the framework. 

This kinetic process has to be carefully controlled to prevent the silicon being 

withdrawn from the framework too quickly as this will result in framework collapse and 

lead to poor crystallinity of the final product. Corma and Martinez (2005) stated that 

treatment with AHFS leads to a preferential dealumination of the crystalline outer 

surface. This treatment also decreased the amount of coke formed on the outer surface 

of the crystallites (Matharu et al., 1995). 
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CHAPTER 4 

 

LITERATURE SEARCH 

 
4.1. N-Butene Isomerization over Zeolites and Other Catalysts  

 
 For many years, skeletal isomerzation of n-butene has attracted much interest. 

Many research have been done scientifically and industrially to obtain highest isobutene 

selectivity. The studied catalysts varied from metal oxides to amorphous or crystalline 

aluminosilicates (Nikolaides et al., 1999). Improvements in isobutene selectivity could 

be obtained by the choice of catalyst type, suitable pore size and shape, or by varying 

parameters such as crystallite size and morphology, Si/Al ratio, or by modifications 

such as extra-framework cation exchange, isomorphous substitution, pore blockage and 

elimination of acid sites. 

 Domokos et al. (2000) investigated the importance of acid site locations for 

isobutene selectivity. They stated that only the acid sites in the main channels are 

involved in isomerization reaction. Acid sites in the side channels are concluded to 

contribute to by product formations, such as propenes and pentenes. They concluded 

that zeolites having 10-membered ring are most effective zeolites for skeletal 

isomerization of n-butene. 

 Cejka et al. (1999) investigated the monomolecular and bimolecular mechanisms 

in skeletal isomerization of n-butene to isobutene. They studied isomerization of n-

butene to isobutene over CoAlPO-11 and H-ferrierite catalysts. They confirmed that a 

high selectivity to isobutene can be reached exclusively via a monomolecular 

mechanism. The bimolecular mechanism is responsible not only for the formation of 

propylene, pentenes and other by products but also for a substantial amount of isobutene. 

 Houzvicka et al. (1997) studied the effect of shape selectivity of catalyst on 

skeletal isomerization of n-butene. They found that the 8-membered ring zeolites were 

not suitable because their pore diameter did not allow diffusion of isobutene. The 12-

membered ring zeolites did not suppress the formation of carbonaceous deposits and 

their pores are quickly blocked. The most suitable catalysts must have pore diameter 

between 4-5.5 oA. This is the range of 10-membered ring zeolites. 
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 Millini et al. (1997) studied shape selectivity properties of zeolites in skeletal 

isomerization of 1-butene to isobutene. They found that only 10-membered ring channel 

was not suitable for high isobutene yield. The highest yield achieved with Ferrierite, 

could be explained with the inhibition of the side reactions through a restricted 

transition state selectivity. Formation of dimers were limited due to the pore structure of 

ferrierite. 

 Yang et al. (1999) studied 1-butene isomerization over ZSM-22, large pore 

SAPO-5, medium pore SAPO-11, SAPO-34 and metal substituted aluminophosphate 

catalysts. It was aimed to obtain high isobutene selectivity by controlling pore size, 

acidic stength, site density and channel tortuosity. The conversion over SAPO-11 

approaches 55% and the selectivity for isobutene reached 64.5%. The selectivities of 

SAPO-5 and SAPO-34 were much lower as the smaller pore size of SAPO-34 (3.8 Å ) 

restricted the formation of isobutene. On the other hand the large pore size of SAPO-5 

(7.3 Å ) favored the polymerization reaction and leads to the blockage of the pore by the 

polymerization and aromatization. TPD results showed that the acid strength decreased 

in the following order: ZSM-22>ferrierite>SAPO-11>potassium ion-exchanged SAPO-

11, and the acid amount decreased in the following order: ferrierite>ZSM-22>SAPO-

11>potassium ion-exchanged SAPO-11 (K-SAPO-11). Conversion values of ferrierite, 

ZSM-22, SAPO-11, K-SAPO-11 were 60.7, 89.3, 55.5, 48.3, respectively. Selectivity 

values of ferrierite, ZSM-22, SAPO-11, K-SAPO-11 were 13.9, 37.7, 63.2, 55.5, 

respectively. The conversion increased with increasing acidity and site density, but the 

selectivity of isobutene decreased with increasing acidity and site density. More 

propene and C1±C3 products were formed over strongly acidic and high site density  

over ZSM-22 and ferrierite. Consequently, he found that acidic sites of higher acidity 

and site density yielded more cracking products and less isobutene; the acidic sites of 

medium strength was reposible for high selectivity. He also showed medium pore size 

was suitable for isobutene and the increase of tortuosity could improve isobutene 

selectivity (Yang et al., 1999). 

 Houzvicka et al. (1997) aimed to maximize the yield of isobutene and to 

preserve the catalytic stability of the ZSM-5. He stated that when the reaction 

conditions and composition of the ZSM-5 catalysts were optimized to suppress 

dimerisation (a higher reaction temperature, a lower partial pressure, a moderate catalyst 

acidity and a larger particle size), yield of isobutene increases from 13 to 30%. Product 

composition of butene reaction and the yield, selectivity and conversion curve did not 
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differ significantly over ZSM-5 with Si/Al=75 or higher. ZSM-5 catalyst is slightly less 

stable at temperatures higher than at 623 K. Reaction performed in pores is more 

selective than reaction on the outer surface of the same zeolite. Therefore, a use of 

crystals ten times larger than the standard ones used earlier (from 1 to 10µm) increases 

the maximum isobutene from 13% yield to 25%. 

 Canizares et al. (2000) studied isomerization of n-butene over ferrierite zeolite 

which was modified by chemical liquid deposition of silicon tetrachloride. They tried to 

control the acidity and pore opening of the catalyst. They synthesized ferrierite and 

added it into the cyclohexane and SiCl4 solution and mixed for 5 hours at ambient 

temperature. Different concentrations of SiCl4 were used ranging from 0.003 to 0.2 

(mmmol SiCl4/gcat). The reaction was performed at 400 oC and weight hourly space 

velocity (WHSV) 5 h-1. Unmodified ferrierite catalyst gave 41.1 % isobutene yield and 

69 % selectivity. XRD results showed that mild treatment of SiCl4 did not change the 

crystal structure. Deposition of SiCl4 showed a little framework dealumination with 

decreased unit cell volume without altering chemical composition. Highest selectivity 

(90 %) was achieved with ferrierite modified by 003 mmol SiCl4/gcat. It was found that 

the modification strongly decreased selectivity to by-products ( 51.2% for parent HFER 

and 37.9% for modifed by 0.003 mmol SiCl4/gcat). The fact that by-products yield was 

considerably reduced while isobutylene increased, suggests that isobutene should have 

been mainly formed on ferrierite via direct isomerization of n-butene. Based on these 

observations, monomolecular processes would be much less affected than bimolecular 

ones when changing the acid, structural and textural properties of the zeolite. They 

found that SiCl4 treatment caused pore-size narrowing and this treatment diminished the 

ratio of Bronsted/Lewis acid sites. It was concluded that, as the severity of the SiCl4 

treatment increased, the conversion of 1-butene decreased but the selectivity of 

isobutene first increased then decreased. The optimum SiCl4 concentration for this 

treatment was 0.03 mmol SiCl4/gcat. The reason for was given as the restriction of 

undesired reactions inside the pores, such as dimerization and cracking. 

 Huang et al. (1997) stated that ammonium hexafluorosilicate treatment had more 

advantages; it could be proceeded at low temperature without damaging zeolite 

structure and extraframework aluminium could be removed in the form of complex ions, 

so that the channel was unblocked and active sites could be open to the reactants. 

 Canizares et al. (2003) studied dealumination of ferrierite by AHFS (ammonium 

hexafluorosilicate) treatment and tested it in the skeletal isomerization of n-butene. 
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Ferierite was modified to reduce its acid site density and to increase the Si/Al ratio for 

high isobutene selectivity. They used dropwise method in which certain amount of 

AHFS at different molarities (varied between 0.2 and 1.8 mmol g−1 zeolite) was 

dropped into the solution of ammonium acetate and ferrierite. Table 4.1 shows the 

characterization of ferrierite and its modified samples. The numbers denotes to 

modification molarity of ferrierite ( 0.2 means 0.2 mmol g−1 modified ferrierite with 

AHFS). XRD results showed little drop in crystallinity except 1.8. For sample modified 

with highest AHFS molarity (1.8 mmol g−1) caused structure break down (high decrease 

on crystalinity). Treatment of zeolites leads to a little but progressive framework 

dealumination. BET results showed that surface area, micropore area and volume of the 

catalyst were reduced after the treatment but structure and pore size were maintained. It 

was found that selectivity to isobutene increased with treatment. The best selectivity 

was obtained with modification by 1.2 mmol g−1 catalyst which was 87 %. This was 

attributed to the slight decrease on acidity (from 0.95 to 0.89) and stated that medium 

strength acid sites present on AHFS treatment catalysts disfavored secondary reactions 

like dimerization, octenes cracking and hydrogen transfer, therefore alkenes/alkanes and 

(ethylene+propylene)/pentenes ratios decrease upon AHFS treatment . 

 

Table 4.1. Ferrierite and its modified samples with AHFS  
(Source: Canizares et al., 2003) 

Catalyst Crystallinity 
(%) 

Pore Size 
(oA)    

Acidity 
(mmol NH3/g)

Selectivity 
(%) 

(at 300 min.) 

Conversion 
(%) 

(at 300 min.) 
FER 100 5.40 0.95 82 41 
0.2 100 5.40 0.94 - - 
1 100 5.39 0.91 82 30 

1.2 99.6 5.37 0.89 87 27 
1.6 94.3 5.38 0.81 86 20 
1.8 65.6 5.38 0.78 85 9 

  

 Ding et al. (2002) studied the effects of silanation of external acid sites on the 

structure and catalytic behavior of Mo/H–ZSM5 catalyst. Mo/H–ZSM5 zeolite was 

modified with chemical liquid deposition of 3-aminopropylethoxysilane. The 

commercial H–ZSM5 (Zeolyst International; Si/Al = 15) catalyst was modified using 

following procedure: 9.6 g H–ZSM5 was immersed  into an ethanol solution (100 cm3) 

containing 1.46 g of 3-aminopropyl-triethoxylsilane (Aldrich, 99.9%) and subsequently 

evaporating the ethanol solvent at 333–393 K. The sample was then treated at 823 K for 
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16 h in dry air (100 ml/min) in order to decompose the organosilane precursors and to 

form the silica modified H–ZSM5 (nominally 4% wt SiO2/H–ZSM5). It was found that 

the density of acid sites at only external surface of H–ZSM5 decreased. This was 

attributed to presence of strongly basic amino groups in 3-aminopropyl-triethoxylsilane 

molecules which lead to strong adsorption on acid sites, but the large size of the 

organosilane molecules prevent the titration of acidic OH groups within zeolite channels. 

Thus, only acid sites at the external surfaces react with these bulky silica precursors. 

Silanation led also to a slight decrease in surface area (590 to 540 m2/g) and micropore 

volume (0.12 to 0.106 cm3/g). This small decrease in surface area and micropore 

volume suggests that the silanation processes block a small fraction of zeolite channels. 

 Song et al. (2009) tried to investigate the variations in the acidity and pore 

structure of ZSM-5 resulting from alkali treatment. They treated H-ZSM5 (Si/Al=55) 

with different concentration (0.05 M, 0.1 M and 0.3 M) of NaOH solutions and different 

time (2 and 8 h). They found thar the intrinsic crystalline structure of H-ZSM5 remained 

and no new phase emerged after the alkali treatment. The relative crystallinity of H-

ZSM 5 hardly changed when the alkali concentration was lower than 0.05 mol/l. The 

small particles existed in H-ZSM5, after the mild alkali treatment this particles 

disappeared. The surface area of parent H-ZSM5 was 331 m2/g. An increase in the 

external surface area was observed, 15m2/g of H-ZSM5 (0.05 M, 2h treated), 47m2/g of 

H-ZSM5 (0.1 M, 8h treated) and 62m2/g of H-ZSM5 (0.3 M, 8h treated), this indicated 

the creation of mesopores. The volume of the mesopores increased with the severity of 

alkali treatment. They attributed this mesopores to the decrement of particle size after 

treatment. However, the change in the micropores was not obvious after alkali treatment. 

It seemed that the more severe the alkali treatment conditions caused higher the degree 

of desilication. Besides the NaOH concentration, the treatment time would influence the 

SiO2/Al2O3 ratio. The severe alkali treatment led to a significant reduction in the molar 

ratio of Si/Al. It decreased from 55 (parent) to 48.6 (0.05 M, 2h treated), to 48 (0.1 M, 

8h treated), to 30 (0.3 M, 8h treated). It was stated that desilication of zeolite was 

accompanied by the occurrence of dealumination. Strong acid sites decreased obviously 

after the mild alkali treatment and that almost no change in the weak acid sites occurred. 

As the severity of the alkali treatment increased, the total acid sites, including both the 

strong and weak acid sites, distinctly increased. This was related to the desilication. 

Although H-ZSM5(0.05 M, 2h treated) had very few new mesopores, compared with H-

ZSM5 (Parent), the pore structure of the two samples was considered to be the same. 



25 

This mild treatment changed the amount of the strong acid sites and keeping the pore 

structure unaltered. 

 Weber et al. (1998) studied the chemical vapour and liquid deposition of 

tetraethoxysilane on the external surface of ZSM-5. They stated that the critical 

diameter of Si(OC2H5)4 is 10.3 Å,  it could not enter the channels of HZSM-5, so 

silylation reaction occurs on the external surface of the zeolite. Chemical vapour 

deposition (CVD) (using a static vacuum system, a vapour phase flow system) and 

chemical liquid deposition (CLD) of tetraethoxysilane [Si(OC2H5)4] were used. 

Deposition was performed for vacuum system (5x10-5 mbar) at temperatures ranged 

from 100 to 400 oC. The chemical vapour deposition for vapor flow system was 

achieved as: Si(OC2H5)4 was fed by saturator (30 or 150 ml/min He carrier gas) for 8–40 

h. The catalyst deposition temperature from 50 to 400°C. The chemical liquid 

deposition of Si(OC2H5)4 was achieved as follows. A total of 20 ml of Si(OC2H5)4 in 

H2O, ethanol or n-hexane, in varying concentrations (0.5-5 % vol Si(OC2H5)4 in 

solvent). It was found that the polar ethanol and  H2O molecules would be adsorbed 

preferentially onto the acid sites on the external surface. When ethanol or H2O covered 

the surface, Si(OC2H5)4 would have to compete with ethanol or H2O molecules for 

adsorption onto acid sites. Therefore, the presence of polar molecules inhibited the 

decomposition of Si(OC2H5)4 due to competitive adsorption on the external surface acid 

sites. So, non-polar n-hexane gave best results. It was also stated that deposition without 

diluent (solvent), was not uniform. Crystallinity of samples were approximately same 

with parent. Inertisation of acid sites using static vacuum system hardly affected the 

total number of acid sites. Table 4.2 shows the characterization results of Weber et al. 

(1998). Since MQ (methylquinnonne) shows the external acidity of zeolite, it was found 

that external acidity of catalyst decreased dramatically after vacuum treatment. On the 

other hand slight decrease on external acidity was shown after CLD and CVD. There 

were no significant differences between vapor flow system and chemical liquid 

deposition system. However, Yue et al. (1996) stated that CVD technique has its own 

drawbacks, e.g., scaling up the process was very difficult. 
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Table 4.2. Characterization data of silylation of H-ZSM5  
(Source: Weber et. al., 1998) 

 
 

 As a conclusion, different materials have been tested in literature as possible 

catalysts for the isomerization of n-butenes to isobutene. The best results in terms of 

isobutene selectivity together with high stability and activity were obtained with 10-MR 

zeolites (Houzvicka et al, 1997). Millini et al. (1997) stated that only 10-membered ring 

channel is not sufficient, so ferrierite showed higher isobutene selectivity with its 8-

membered ring channels. But their selectivity was not sufficient and could be improved 

by modification. Higher isobutene selectivity was achieved using catalysts with reduced 

acid site density, by dealumination, alkali treatment, acid treatment or silylation. Yang 

et al. (1999) found that conversion increased with acidity where selectivity decreased 

and it was concluded that the acidic sites of medium strength is reposible for high 

selectivity. Since shape selectivity plays important role on selectivity of isobutene, 

acidity must be reduced without narrowing pores (Houzvicka et al., 1999). Cejka et al. 

(1999) investigated that by-product formation occured via bimolecular mechanism, this 

mechanism must be inhibited. Song et al. (1999) showed acid sites decreased with mild 

alkali treatment, but as the severity of the alkali treatment increased, acidity of the 

zeolite increased and surface area of the catalyst also increased, because of the external 

framework aluminum. This may reduce the shape selectivity of the catalyst in n-butene 

isomerization. But mild alkali treatment changed the amount of the strong acid sites by 

keeping the pore structure unaltered (Song et al., 1999). Weber et al. (1999) showed that 
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CLD reduced unselective acid sites without changing pore structure, on the other hand 

pore mouth narrowing and pore blocking occured after deposition with vapor. Among 

these authors, Canizares et al. (2003) obtained the highest selectivity (87 %) with 

treatment AHFS by drop-wise method. This method decrease acid sites sligtly, preserve 

catalyst structure and improved shape selectivity. This may be related to the slight 

narrowing of channels and their cross-sections which might prevent formation of n-

butene dimers and particularly the isomerization of formed C8 olefins as a result of 

restricted transition state selectivity. 

 In the light of the literature it was decided to modify H-ZSM5 and H-Ferrierite 

zeolite acidity by silylation (TEOS, Silicontetrachloride, 3-aminopropyltriethoxysilane), 

acid treatment (HCl), alkali treatment (NaOH) and ammoniumhexafluorosilicate 

treatment (AHFS) to prepare selective and active catalyst for n-butene isomerization. 
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CHAPTER 5 

 

EXPERIMENTAL STUDY 

 
 In this study synthesized HZSM5 with Si/Al ratio77 and 150, commercial H-

ZSM5-C (MFI50, Süd Chemie) and commercial NH4-Ferrierite (Zeolyst, CP914C) were 

used as parent catalysts. Synthesized H-ZSM5 with Si/Al ratio77 and 150 were labelled 

as H-ZSM5 and H-ZSM5-150 respectively. Commercial H-ZSM5 and H-Ferrierite 

catalysts were labelled as H-ZSM5-C and H-FER respectively. These zeolites were 

modified by chemical liquid deposition method using tetraethylorthosilicate (TEOS), 

silicontetrachloride (SiCl4) and 3-aminopropyltriethoxysilane (3-amino) as a 

modification agent. They are also modified by acid, alkali and ammonium 

hexafluorosilicate (AHFS) treatment using HCl, NaOH and AHFS respectively. These 

catalysts were characterized and tested in n-butene isomerization reaction. 

 

5.1. Preparation of H-ZSM5 and H-Ferrierite Catalysts 

 
The chemicals used for the preparation of the synthesis gel is given in Table 5.1. 

 

Table 5.1. The chemicals used for the synthesis of H-ZSM5 zeolite samples. 
Chemicals  
Fumed Silica Sigma, 99.8 % 

Aluminium Hydroxide [Al(OH)3] Merck, pure powder 

Sodium Hydroxide [NaOH] Sigma, >98.4 % 

Tetra-Propyl-Ammonium Bromide [TPABr] Fluka, >98 % 

 

Firstly, Na-ZSM5 catalyst was synthesized with an SiO2/Al2O3 molar ratio of 

77. The following procedure was used which was given in literature (Nicolaides et al., 

1999). 

 Three different solutions named, A, B and C, were prepared; 

Solution A: 20.10 g fumed silica was added to 162.50 ml deionised water. 
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Solution B: 4.48 g NaOH and 1.48 g Al(OH)3 was dissolved in 18.75 ml deionised 

water. The solution B was added to the solution A and mixed for 15 minutes in order to 

obtain a homogeneous solution. 

Solution C: 7.43 g of tetra-propyl-ammonium bromide (TPABr) was dissolved in 75 ml 

of water. Solution C was added to the homogeneous solution of A and B. After the 

addition of 110 ml deionised water, the mixture was agitated for 15 minutes. Then, the 

gel was transferred into an autoclave. 

The initial composition of the gel prepared was: 

  12.84 Na2O : Al2O3 : 76.73 SiO2 : 6.4 TPABr : 3962.6 H2O 

This composition was determined on the basis of following postulated 

equations: 

2NaOH = Na2O + H2O 

2Al(OH)3= Al2O3 + 3H2O 

 The autoclave was then put into a oven at 150 °C and kept for 96 hours. The 

reaction was performed under static conditions. After that, the autoclave was taken out 

from the oven and cooled down by immersing into the cold water. The zeolite formed 

was filtered and continuously washed with excess amount of deionised water. The cake 

was allowed to dry at ambient conditions and then dried in an oven at 110 ºC for 24 

hours. An air-ventilated and temperature-programmable furnace was used for the 

calcination of the dried zeolite. The temperature of the furnace was increased from room 

temperature to 300ºC (in about 30 minutes) and allowed to stay at this temperature for 

30 minutes. After that, it was heated to 540 ºC with a heating rate of 3 ºC/min and kept 

at this temperature for 8 more hours. The temperature of the furnace was slowly cooled 

down to room temperature. Eventually, the organic template was removed and Na-

ZSM-5 zeolite was obtained. 

 The synthesized Na-ZSM-5 were ion-exchanged with 0.1 M NH4Cl (Sigma-

Aldrich, 99.5 %) solution for 6 hours at room temperature under continuos agitation in 

water bath to obtain HZSM5. This method was applied two times. After ion exchange, 

the zeolites were washed thoroughly with deionized water until they are free of chloride 

ions, this was checked using silvernitrate. Then, the samples were dried at 110 ºC for 24 

hours. The dried sample was calcined again. For this time the furnace was slowly heated 

to 540 ºC (3 ºC/min) and calcined for 4 hours to remove NH3. 

 Commercial HZSM5 (H-ZSM5-C) zeolites supplied Süd-Chemie were received 

in H form. They were calcined before using. 
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  Commercial ferrierite zeolites which were commercially supplied from Zeolyst 

were received in NH4 form. They were calcined before modifications. The calcination 

was the same as used to calcine ZSM-5 catalysts. The furnace was slowly heated to 540 

ºC (3 ºC/min) and kept for 4 hours to remove NH3 and to obtain H-FER. 

 Finally, the catalysts were pressed under 825 MPa pressure and then ground and 

sieved. In order to minimize internal diffusional limitations during the tests, the 

particles having sizes between 106-250 μm were taken and used in the reaction 

(Byggningsbacka et al., 1998). 

 

5.2. Modification of Catalysts 

  
 Four different modification methods were used to control the acidity of the 

zeolites. These are, by acid treatment using hydrochloric acid, by alkali treatment using 

sodium hydroxide and by ammoniumhexafluorosilicate treatment. 

 

5.2.1. Silylation 

  
 Silylation by chemical liquid deposition method was used using 

tetraethylorthosilicate, silicontetrachloride and triaminopropyltriethoxysilane as an 

modification agent. 

  
Table 5.2. The chemicals used for chemical liquid deposition 

Chemicals  
n-Hexane (C6H14) Merck, 99% 
Tetraethyl Orthosilicate (tetraethoxysilane) 
(Si(OC2H5)4) 

Aldrich, 98.0 % 

Silicon tetrachloride SiCl4 Aldrich, 99,99% 
3-aminopropyl-triethoxilane Fluka 

 
 Chemical liquid deposition of zeolites by TEOS was carried out as follows: 1.5 g 

zeolite was added to the 10 ml hexane. After they were mixed, 0.03 ml of TEOS/g cat. 

was added into the mixture and stirred for 0.5 and 1 h at room temperature. The slurry 

was washed thoroughly with deionized water to remove excess TEOS, centrifuged and 
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allowed to dry at ambient conditions left overnight. It was then dried 24 h at 110 oC and 

calcined at 550 oC for 6 h. This procedure was repeated for second cycle deposition. 

 The same procedure with TEOS deposition was used for SiCl4 deposition. 

 3-aminoprpyltriethoxysilane modified H–ZSM5 and H-Ferrierite catalyst was 

prepared by immersing 9.6 g catalyst into an 100 ml ethanol solution  containing 1.46 g 

of 3-aminopropyl-triethoxylsilane and subsequently evaporating the ethanol solvent at 

363 K (Ding et. al., 2002). The slurry was washed thoroughly with deionized water, 

centrifuged and allowed to dry at ambient conditions left overnight. The sample was 

then dried and calcined at 540 oC in order to decompose the organosilane precursors and 

to form the silica-modified H–ZSM5. 
 

5.2.2. Acid Treatment 

 
 The chemicals used in this treatment was tabulated below. 

 The following procedure was used for acid treatment of zeolites which was 

given in the literature (Song et al., 2009). 

 200 ml of 0.1M nitric acid (Merck, 65%) was heated to 70 ◦C in a flask and 5 g 

of the zeolite sample was put into the 0.1M nitric acid solution preheated to 70 ◦C and 

kept at this temperature for 24 h with stirring. After that, the slurry was cooled down 

immidiately in ice bath. Then they were washed thoroughly with deionized water, 

centrifuged and allowed to dry at ambient conditions overnight. Samples were dried at 

110 ºC for 24 hours. The dried sample were calcined  at 520 oC for 8 h. 

 

5.2.3. Alkali Treatment 

 
 The chemicals used in this treatmet was tabulated below 

 The following procedure was used for acid treatment of zeolites which was 

given in the literature (Song et al., 2009). 

 The treatment procedure was as follows. A 200 ml of 0.05 and 0.1 molar NaOH  

(Fluka, 98 %) solution was heated to 70 °C in a shot bottle. Then, 3.5 g of the calcined 

sample was added to the heated aqueous NaOH solution with the mixture stirred at the 

temperature for 2 and 8 h. The slurry was then cooled down immediately using an ice-
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water bath, filtered and washed thoroughly till the pH of the filtration solution 

decreased to 7, followed by drying at 120 °C for 10 h and calcined at 520 oC for 8h. 

 Part of the alkali treated sample was used for the further acid treatment. The 

same procedure in the acid treatment was used. 
 

5.2.4. AHFS Treatment 
 
 Two different methods were used in ammoniumhexafluorosilicate (AHFS) 

treatment. 

 The following procedure was used for first method which was given in the 

literature (Canizares et al., 2003). 

 

Table 5.3. The chemicals used for ammoniumhexafluorosilicate treatment 

Chemicals  

Ammomium Hexaflourosilicate (NH4)2SiF6 Aldrich, 99% 

Sodium Acetate (C2H3O2Na) Sigma, %99 (Anhydrous) 

 

 A suspension of 1 g of catalyst in 100 ml of 0.8M sodium acetate solution (pH = 

6.7) was heated under stirring at 80 °C, next 20 ml of an 1.2 mmol/g zeoltie AFHS 

solution were added dropwise under stirring. The suspension was then maintained 

stirred for 3 h at 80 °C. Then they were washed thoroughly with deionized water, 

centrifuged and allowed to dry at ambient conditions overnight. Samples were dried at 

110 ºC for 24 hours. The dried sample were calcined  at 550 oC for 4 h. 
 

5.3. Characterization of Catalysts 

  

5.3.1. X-Ray Diffraction 

 
 The crystalline structures of the samples were determined by Philips X’Pert 

diffractometer with CuKα radiation. The scattering angle 2θ was varied from 5 °C to   

40 °C, with a step length of 0.02. 
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5.3.2. Scanning Electron Microscopy 

 
The morphology of the samples were investigated by Philips SFEG 30S 

scanning electron microscopy (SEM). 
 

5.3.3. BET 

 
 Nitrogen physisorption studies were performed using Micromeritics ASAP 2010 

model static volumetric adsorption instrument. The samples were dried in oven at 

100°C over night prior to degassing. Prior to adsorption experiments, the zeolites were 

outgased at 300 °C for 24 hours under 5 µmHg vacuum. 

 

5.3.4. Temperature Program Desorption 

 
 The acidity of the samples was determined by Temperature-Programmed 

Desorption of Ammonia (NH3-TPD) method using Micromeritics AutoChem II 

Chemisorption Analyzer instrument. The sample was heated up to 500 °C by increasing 

the temperature at a rate of 5 °C/min and kept at this temperature for 1 h under He gas 

flow of 70 ml/min. Then the sample was cooled under He flow of 30 ml/min to 90 °C at 

a rate of 5 °C/min. This was followed by switching the flow to NH3-He gas mixture at 

the rate of 30 ml/min for 30 min. Physically adsorbed NH3 was removed by degassing 

the sample at 90 °C under He flow of 70 ml/min for 120 min and then at the rate of 30 

ml/min for 150 min. NH3 desorption of the sample was analyzed by heating the sample 

at the rate of 10 °C/min from 90 °C to 600 °C. TCD signal was recorded during the 

NH3-TPD. 
 

5.3.5. Fourier Transform Infrared Spectroscopy 

 
The acidity measurements of the catalysts were also made by IR spectroscopy 

with pyridine adsorption/desorption method. The samples were activated at 400 °C and 

under vacuum (2 × 10-2 mmHg) for 2 h.  Adsorption of pyridine was carried out at 150 
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ºC for 30 minutes. Before FTIR analysis the samples were kept 150 °C vacuum (2 × 10-

2 mmHg) for 0.5 hour in order to desorb the physisorbed pyridine. 

IR characterizations were carried out between 400 and 4000 cm-1 with Shimadzu 

FTIR-8201 model Fourier Transformed Infrared Spectrometer using KBr pellet 

technique. KBr pellets were prepared by pressing a mixture of 4.5 mg catalyst sample 

and 150 mg KBr. 

 

5.4. Catalyst Testing 

  
A fixed bed reactor system was used for the testing of catalysts for 1-butene 

skeletal isomerization reaction. The reaction system was composed of a quartz fixed bed 

tubular reactor (10 mm in diameter and 65 cm in length) heated with a tubular furnace. 

The reactant 1-butene and the dilutant nitrogen were mixed and then fed to the reactor. 

Their flow was set and controlled by mass flow controllers. 

The loading of the catalyst to the reactor was done as follows: initially a proper 

amount of quartz wool was placed inside the quartz reactor. On top of it, successively, 

0.2 g of quartz sand, 0.05 g catalysts and another 0.2 g of quartz sand was loaded. Thus, 

the catalyst was placed between two layers of quartz sands. After loading, the reactor 

was inserted inside the tubular furnace. Swagelock ultra torr fittings and bored through 

connectors were used for the leak free connection of the quartz reactor and the 

thermocouple. 

Before the reaction test started, the catalyst was heated to 440 ºC in 60 minutes 

under 100 ml/min flow of nitrogen (99.99 %) and maintained for additional 45 minutes 

at this temperature for activation and then cooled down to 375 ºC, which was the 

reaction temperature. The reaction was started by flowing 1-butene (98 %, 8 ml/min) 

and nitrogen (100 ml/min) mixture to the reactor. This gives 7.27 % 1-butene in the 

reactor feed gas. 

The reactor effluent was connected to the sampling loop system of Gas 

Chromatography (Agilent Technologies 6890N Network GC System) for online gas 

analysis. The line from the reactor outlet to the GC was externally heated and isolated in 

order to prevent condensation. At time intervals product sample was analyzed. The 

online gas chromatograph was equipped with a Flame Ionization Detector (FID) and a 

fumed silica KCl column (GSAlumina KCl, 50 m × 0.53 mm). Helium was used as 

carrier gas with a flow of 6.1 ml/min and 47.4 kPa. A stepped heating and flow program 
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was applied to the GC column for fine separation of all the reaction products. The 

following temperature program was used. Heating from 50 °C to 100 °C at 5 °C/min, 

again heating from 100 °C  to 180 °C at 40 °C/min and holding at 180 °C for 15 min. 
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CHAPTER 6 

 

RESULTS AND DISCUSSION 

 
6.1. Characterization of the Catalysts 

 

6.1.1. Synthesized H-ZSM5 and its modified forms 

 
 Thermal gravimetric analyses (TGA) were performed to investigate the mass 

loss of the sample as the temperature increased. TGA plot of synthesized H-ZSM5 

sample is presented in Figure 6.1. 

 

 
Figure 6.1. TGA plot of H-ZSM5 sample 

 

 The weight of H-ZSM5 remained constant after the initial water evaporation 

from the samples. So, these analyses confirmed the validity of the temperature program 

used for calcining the ZSM5 samples prepared. 
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6.1.1.1 Modification by Chemical Liquid Deposition 

 
The modified samples were labeled as C-M-X-Y where C indicates the type of 

the catalyst, M indicates the modification agent (TEOS=Tetraethylorthosilicate, 

SiCl4=Silicon tetrachloride, 3-amino=3-aminopropyltriethoxysilane), X indicates the 

deposition time (hour), Y indicates the number of the cycle.  

The XRD patterns of the synthesized H-ZSM5 and its modified forms were 

given in Figure.6.2. The XRD patterns of the TEOS modified samples were similar to 

the parent H-ZSM5 catalyst. All the modified samples show ZSM5 structure and 

positions of the peaks were same with literature (Nicolaides et al., 1999). The intensity 

of the characteristic peaks after 2-cycle TEOS modification decrease slightly,  but the 

relative crystallinity values of all TEOS modified H-ZSM5 samples showed no 

significant changes indicating that smaller amounts of silica were deposited on the H-

ZSM5 sample (Weber et al., 2000). In the SiCl4 and 3-amino modifications peak at 

2θ=23o decreased. This could be due to dealumination during modification. And the 

decrease in the peaks at 2θ = 7.9° and 8.5° showed the presence of inorganic material in 

the intracrystalline voids as discussed by Kumar et al. (1996). 

 

 
Figure 6.2. XRD patterns of H-ZSM5 and its modified samples by chemical liquid        
        deposition 
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 SEM images of the parent and some of modified samples were presented on 

Figure 6.3. Spherical crystals were observed having mean diameter of 700 nm which 

was average of 30 particles. Comparing SEM photographs, one could see that the 

morphology of the TEOS modified catalysts in Figure 6.3 (a) showed approximately 

similar appearance with parent sample. This also confirmed the XRD findings that the 

crystal structure of the catalysts were not affected by TEOS modification. Slight 

changes were seen in SiCl4 and 3-amino modification. There were some small particles 

distributed over the zeolite surface of the SiCl4 and 3-amino modified catalysts. This 

probably attributed to formation of some fragments after modifications. 

 

            
a) H-ZSM5 (Parent)                        b) H-ZSM5-TEOS-1-1 

          
c) H-ZSM5-SiCl4-1-1             d) H-ZSM5-3-amino-1-1 

  Figure 6.3. SEM images of H-ZSM5 and its modified samples by chemical liquid   
         deposition 
   
  Textural properties of the catalysts were also shown in Table 6.1. Surface area 

results showed that silylation reduced the surface area of the catalysts relative to the 

parent catalyst. The most siginficant decreases were seen in SiCl4 and 3-amino 

deposition. It was related to the pore blockage by SiCl4 and 3-amino. This could be 

related to the high reactivity of SiCl4 and 3-amino, so effective deposition occured by 
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this agents and pores were blocked easily which were confirmed by Yue et al. (1997) 

and Ding et al. (2002). Yue et al. (1997) stated that the deposition reactions of SiCI4 

probably also proceed via the hydrolysis of SiCI4 and the subsequent condensation of 

the hydroxides on the external surface of the zeolites and it was also implied that SiO2 

film is easier to form on the zeolite external surface while using SiC14 as the deposition 

agent owing to its higher reactivity in the deposition reactions. 

 Surface area of the modified samples reduced dramatically after second cycle, 

this might be caused by the following reason. During the first silylation cycle, TEOS 

molecules preferentially interact with acid sites which are easily accessible, so high 

passivation effects are achieved. In the second cycle the concentration of accessible 

sites is strongly reduced. Since TEOS molecules couldn't penetrate into the zeolite pores 

after the first cycle, pore openings were narrowed. Surface area did not change 

significantly by TEOS deposition. This could be attributed to that there was not 

significant TEOS deposition and pore narrowing. 

 
Table 6. 1. Textural properties of H-ZSM5 modified by chemical liquid deposition 

  

BET 
Surface 

Area 
(m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area 

(m2/g)  

Total Acidity 
(mmol NH3/ 

gcat)  

H-ZSM5  421.3 0.216  9.3 0.166  391.2 0.376  
H-ZSM5-TEOS-0.5-1 412.2 0.203 8.8 0.157 363.2 0.336 
H-ZSM5 -TEOS-1-1  405.3 0.197  8.7 0.155  348.7 0.354  
H-ZSM5 -TEOS-1-2 359.4 0.179 8.3 0.142 294.1 0.298 
H-ZSM5 -SiCl4-1-1  254.6 0.164  7.3 0.144  243.5 0.154  
H-ZSM5 -SiCl4-1-2 217.3 0.136 7.1 0.128 196.3 0.078 

H-ZSM5-3amino-0.5-1 366.0 0.189 7.0 0.138 305.3 0.206 
H-ZSM5-3amino-1-1  319.4  0.175  6.8 0.134  259.0 0.227  
H-ZSM5-3amino-1-2 239.7 0.168 6.6 0.119 205.1 0.054 

 
 The acidity of H-ZSM5 and its modified forms by chemical liquid deposition 

was studied by NH3-TPD. The results are shown in Figure 6.4, Figure 6.5 and Figure 

6.6. The desorption peaks centered at low temperature (240 oC) and high temperature  

(450 oC)  are referred to as weak and strong acid sites (Bronsted and Lewis), 

respectively (Baerlocher et. al., 2001). After the TEOS deposition, strong acid sites 

decreased slightly, but there were no significant change in the weak acid sites. For SiCl4 

and 3-amino modification, it can be said that modification strongly affected the acidity. 

As the severity of the modification increased in SiCl4 and 3-amino modification, total 

acid sites, both strong and weak acid sites decreased. However the strong acid sites 
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were dramatically decreased, where weak sites slightly. Temperature-programmed 

desorption of ammonia allows quantitative determination of the total amount of the acid 

sites. Total acidity amount for each catalyst were calculated and tabulated in Table 6.1. 

 The least decrease in the acidity was obtained by TEOS deposition between 

modification agents. Number of acid sites decreased with treatments, but the most 

decrease was observed with SiCl4 and 3-amino. 

 

 
Figure 6.4. TPD profiles of H-ZSM5 and its modified samples by chemical Liquid    
        deposition by TEOS 
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Figure 6.5. TPD profiles of H-ZSM5 and its modified samples by chemical liquid                   
        deposition by SiCl4 

 

Figure 6.6. TPD profiles of H-ZSM5 and its modified samples by chemical liquid                                                                   
          deposition by 3-amino 
 

 The acidity of the catalysts were also determined by pyridine adsorption and 

results are given in Figure 6.7. It was observed from each spectrum that the all the 

catalyst had Brønsted and Lewis acid sites. There is a broad band at 1548 cm-1 which is 

assigned to Brønsted acid sites. The intense band at 1490 cm-1 assigned to Brønsted and 
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Lewis acid sites. And small band at 1455 cm-1 is related to Lewis acidity. Acidity of the 

catalyst decreased with modification. As the severity of modification increased amount 

of acid sites decreased. They reduced both Bronsted and Lewis acid sites. With 3-amino 

acidity decrease was the largest and then followed by SiCl4 and TEOS as determined by 

NH3-TPD. 

 Ding et al. (2002) reported that 3-amino has strongly basic amino groups and 

this lead to strong adsorption on acid sites. But large size of the organosilane molecules 

prevent titration of acidic OH groups within zeolite channels. Thus, only acid sites at 

the external surfaces act with this silica precursors. This could be the case with our 

catalysts' surface area decreased the most which meant that some pores were blocked. 

 

 
Figure 6.7. FTIR spectra of H-ZSM5 and its some modified samples after pyridine    
       adsorption 
 

6.1.1.2 Modification by Alkali Treatment 

 
 The modified samples were labeled as X-Y-Z-T where X indicates the catalyst 

type, Y indicates the molarity of the solution, Z indicates the modification time, T 

indicates the modification agent (NaOH). The XRD patterns of the synthesized H-

ZSM5 and its alkali modified samples are given in Figure 6.8. 
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 It could be seen that the intrinsic crystalline structure of H-ZSM5 remained and 

no new phase emerged after the alkali treatment. The concentration of alkali influenced 

significantly the relative crystallinity of H-ZSM5. The relative crystallinity of H-ZSM5 

hardly changed when the alkali concentration was 0.05 mol/l. Song et al. (2009) 

attributed this to the destruction of microstructures. It decreased slightly when the alkali 

concentration was beyond 0.05mol/l. 

 

 
Figure 6.8. XRD patterns of H-ZSM5 and its modified samples by alkali treatment 

 

 The SEM images of the parent and alkali treated samples are presented on Fig. 

6.9. H-ZSM5 and its alkali modified samples have spherical shape with little amount of 

fragments. The morphology of H-ZSM5 was changed after the alkali treatment to some 

extent. After the severe alkali treatment, the small particles disappeared which were 

dissolved during treatment. These particles might be amorphous (Song et al., 2009). 
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  a) H-ZSM5 (Parent)      b) H-ZSM5-0.1-8-NaOH  

 
      c) H-ZSM5-0.05-2-NaOH 

Figure 6.9. SEM images of H-ZSM5 and its modified samples by alkali treatment 
 

 The influence of the alkali treatment on the textural properties of ZSM-5 was 

studied by N2 adsorption–desorption measurement and the results are listed in Table 6.2. 

An increase in surface area was only 5 m2/g after the mild treatment, whilst this value 

increased significantly from5m2/g of 0.05-2-NaOH-HZSM5 to 42 m2/g of 0.1-8-NaOH-

HZSM5. Song et al. (2009) stated that this small increase in surface area after alkali 

treatment was the indicative of formation of extraframework aluminum. 

 Textural properties of the catalysts were also shown in Table 6.2. 
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Table 6.2. Textural properties of H-ZSM5 modified by alkali treatment 

  
BET 

Surface 
Area (m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area 

(m2/g)  

Total 
Acidity 
(mmol 

NH3/ gcat)  
H-ZSM5  421.3 0.216  9.3 0.166  391.2 0.376  

H-ZSM5-0.1-8-NaOH 463.6 0.237   9.0   0.189  410.0 0.398  
H-ZSM5-0.05-2-NaOH 427.0 0.208   9.1 0.175  417.0 0.365  

 

 The acidity of synthesized HZSM5 and its modified forms by alkali treatment 

was studied by NH3-TPD. The results are shown in Figure 6.10. It was noticed that the 

strong acid sites decreased obviously after the mild alkali treatment and that almost no 

change in the weak acid sites occurred. Song et al. (2009) stated that the reduction in the 

strong acid sites could be related to the removal of  extraframework structures from 

parent sample. As the severity of the alkali treatment condition increased, the total acid 

sites, including both the strong and weak acid sites, distinctly increased. Hence, the 

increase in the total acid sites was closely related to the desilication and formation of 

extraframework structures (Song et al., 2009). Surface area results also confirmed this 

result. 

 

 
Figure 6.10. TPD profiles of H-ZSM5 and its modified samples by alkali treatment 
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6.1.1.3. Modification by Acid Treatment 

 
 The modified samples were labeled as H-ZSM5-0.1-8-NaOH-HCl and H-ZSM5-

HCl. H-ZSM5-0.1-8-NaOH-HCl means parent catalyst firstly modified by NaOH and 

then modified by HCl. H-ZSM5-HCl modified means parent catalyst modified by HCl 

as explained in experimental part. 

 The XRD patterns of the synthesized H-ZSM5 and its modified samples by acid 

treatment are given in Figure 6.11. 

 All the modified samples showed ZSM5 structure and positions of the peaks 

were same with parent HZSM5 and they were highly crystalline so they are almost free 

of amorphous phases. Very little decrease was shown in XRD intensity of the modified 

samples, it could be related to the dealumination of the catalyst during modification 

(Kooyman et al., 1997). 

 

 
Figure 6.11. XRD patterns of H-ZSM5 and its modified samples by acid treatment 

 

  Comparing SEM photographs of the parent and modified samples, it could be 

noticed that the morphology of the all catalysts in Figure 6.12 showed approximately 

similar appearance with parent sample. Thus, this result show that acid treatment did not 

affect the morphology of the parent catalyst significantly. 
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  a) H-ZSM5 (Parent)       b) H-ZSM5-0.1-8-NaOH-HCl 

 
c) H-ZSM5-HCl 

Figure 6.12. SEM images of H-ZSM5 and its modified samples by alkali treatment 
 

 Textural properties of the catalysts are given in Table 6.3. In the HCl Modified 

sample, surface area decreased by 10 % which can be caused by dealumination 

(Triantafillidis et al., 2001). But in H-ZSM5-0.1-8-NaOH-HCl sample, surface area  

first increased (which was shown before in alkali treatment part) then decreased. Pre-

alkali treatment reduced the effect of HCl. Probably pores were less blocked in this 

treatment which could be seen in Table 6.3 from the slight decrease on the surface area. 

 

Table 6.3. Textural properties of H-ZSM5 and its modified sample by acid treatment 

  

BET 
Surface 

Area 
(m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area (m2/g)  

Total 
Acidity 
(mmol 

NH3/ gcat)  
H-ZSM5  421.3 0.216  9.3 0.166  391.2 0.376  

H-ZSM5-0.1-8-NaOH-HCl 406.1 0.225 9.0 0.185  361.3 0.368  
HZSM5-HCl 384.0 0.203 8.6 0.140  321.1 0.345  
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 The acidity of H-ZSM5 and its modified forms by acid treatment was studied by 

NH3-TPD. The results are shown in Figure 6.13. It was seen that the strong acid sites 

were almost all removed after the HCl modification and that almost no change in the 

weak acid sites occurred. The reduction of the strong acid sites was due to the 

dealumination (Triantafillidis et al., 2001). Since the acid sites directly depend on the 

aluminas in the structure, acidity decreased as the aluminas leached away from the 

structure. 0.1-8-NaOH-HCl treatment first increased the acidity due to the formation of 

extraframework alumina, then after HCl treatment these extraframework structures were 

removed. (which was shown before, in alkali treatment part) then decreased the 

Bronsted sites slightly. However no change was also noted in the weak acid sites. This 

slight decrease could be related to the pre-alkali treatment which reduced the effect of 

HCl.  

 

 
Figure 6.13. TPD profiles of H-ZSM5 and its modified samples by acid treatment 

 

6.1.1.4. Modification by AHFS Treatment 

 
 The modified samples were labeled as H-ZSM5-AHFS-Drop and H-ZSM5-

AHFS-Sol. H-ZSM5-AHFS-Drop catalyst modified by dropwise method and H-ZSM5-

AHFS-Sol catalyst was modified by ammoniumhexafluorosilicate solution method 

which were described in experimental part. 
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  The XRD patterns of the H-ZSM5 and its modified samples by AHFS treatment 

are given in Figure 6.14. 

 All the modified samples show ZSM5 structure and positions of the peaks were 

same with the parent and they were highly crystalline so they were almost free of 

amorphous phases. Slight decrease of crystallinity was observed in the modified 

samples. 

 

 
Figure 6.14. XRD patterns of H-ZSM5 and its modified samples by AHFS treatment 

 

 The possible damage on zeolite structure at higher AHFS amounts was checked 

by scanning electron microscopy which was shown in Figure 6.15. Comparing SEM 

micrographs, similar appearance with parent sample was observed. Thus, this result 

show that AHFS treatment did not affect the morphology of the parent catalyst 

significantly. 
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 a) H-ZSM5      b) H-ZSM5-AHFS-DROP 

 
c) H-ZSM5-AHFS-SOL 

Figure 6.15. XRD patterns of H-ZSM5 and its modified samples by acid treatment 
 

 Textural properties of the catalysts are given in Table 6.4. Results showed that 

AHFS treatment reduced H-ZSM5 surface area. Surface area loss is not significant for 

both treatment meaning that less pore blockage was occured. The percent loss of surface 

area is higher in AHFS solution modification than AHFS drop modification. This 

difference related to the slow and selective modification in dropwise method. It was 

also attributed to blockage of the access of nitrogen molecules to the micropores caused 

by aluminum atoms extracted from zeolite framework or by silica deposits formed from 

Si(OH)4  (Canizares et al., 2003). 
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Table 6.4. Textural properties of H-ZSM5 and its modified sample by AHFS treatment 

  
BET 

Surface 
Area (m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area (m2/g)  

Total 
Acidity 
(mmol 

NH3/ gcat)  
H-ZSM5  421.3 0.216  9.3 0.166  391.2 0.376  

H-ZSM5-AHFS-Drop  411.4 0.203 9.3 0.155  374.6 0.364  
H-ZSM5-AHFS-Sol 404.2 0.202 9.2 0.143  356.8 0.356  

 

 Figure 6.16 showed modifications decreased the adsorption capacity of parent 

H-ZSM5. All of the isotherms showed type 1 isotherm since they are micropore. 

 

 
Figure 6.16. Adsorption isotherms of H-ZSM5 and its some modified sample 

 

 It was observed in Figure 6.17 that, the strong acid sites and weak acid sites 

decreased slightly after both modification. The slight reduction of the acid sites may be 

related selective modification by passivating the external acid sites without narrowing 

pore mouths. 
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Figure 6.17. TPD profiles of H-ZSM5 and its modified samples by AHFS treatment 

 

 Pyridine adsorption results of alkali, acid and AHFS treated H-ZSM5 are given 

Figure 6.18. It was observed from each spectrum that the all the catalyst had Brønsted 

and Lewis acid sites. And small band at 1455 cm-1 is related to Lewis acidity. Acidity of 

the catalyst decreased with modification except 0.1-8-NaOH modified sample, its 

acidity increased. Decrease in acidity was the largest in HCl modification. Slight 

decrease was observed with AHFS treatment. 
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Figure 6.18. FTIR profiles of H-ZSM5 and its some modified samples after pyridine    
          adsorption 
 

6.1.2. Commercial H-ZSM5 and its modified forms 

 

6.1.2.1 Modification by Chemical Liquid Deposition 

 
The modified samples were labeled as C-M-X-Y where C indicates the catalyst 

type, M indicates the modification agent (TEOS=Tetraethylorthosilicate, SiCl4=Silicon 

tetrachloride, 3-amino=3-aminopropyltriethoxysilane), X indicates the deposition time 

(hour), Y indicates the number of the cycle.  

The XRD patterns of the commercial H-ZSM5 (H-ZSM5-C) and its modified 

samples are given in Figure 6.19. The peak positions and structure were same in all 

three samples. The crystal structure and intensity values of parent catalyst were same 

with TEOS modified sample. Decrease in the crystallinity was observed in the 3-amino 

modified sample. This was attributed to the loss in surface area which occured due to 

the silica deposition on the surface. Crystallinity slightly decreased by TEOS 

modification. 
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Figure 6.19. XRD patterns of H-ZSM5-C and its modified samples by chemical liquid   
          deposition 
 

In Figure 6.20, SEM images of H-ZSM5-C and its modified form by chemical 

liquid deposition are given. The morphologies of this commercial zeolite is very 

different that of synthesized H-ZSM5 zeolite. It had a sponge like morphology with 

crystals smaller than 100 nm, where synthesized ZSM5 have crystals, 700 nm. It was 

found  that particle morphology was slightly affected after  both modifications. 
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      a) H-ZSM5-C (Parent)         b) H-ZSM5-C-TEOS-1-1 

 
C) H-ZSM5-C-3amino-1-1 

Figure 6.20. SEM images of H-ZSM5-C and its modified samples by chemical liquid    
          deposition 

 

 The textural properties of the H-ZSM5-C was seen in Table 6.5. The catalysts 

were found to have different surface areas. The surface area decreased with both 

modifications. But significant decrease was seen by 3amino modification. This was 

attributed to the pore blockage. 

 

Table 6.5. Textural properties of H-ZSM5-C and its modified samples by chemical   
       liquid deposition 

  

BET 
Surface 

Area 
(m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area (m2/g)  

Total 
Acidity 
(mmol 

NH3/ gcat)  
H-ZSM5-C 441.2 0.213 5.9 0.173 423.1 0.432  

H-ZSM5-C-TEOS-1-1 401.6 0.194 5.9 0.163 375.2 0.382  
H-ZSM5-C-3amino-1-1  286.3 0.168 5.8 0.146 258.2 0.368  

   

 Acidity of H-ZSM5-C and its modified forms are given in Figure 6.21. Parent H-

ZSM5-C had both weak and high strength acid sites. TEOS and 3-amino modifications 
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decreased strong and weak acid sites similarly. Total number of acid sites did not 

change significantly (Table 6.5). H-ZSM5-C had a higher acidity than H-ZSM5. 

 The least decrease in the acidity was obtained by TEOS deposition among the 

modification agents.  This could be due to less reactivity of TEOS than  SiCl4 and 3-

amino. It passivated only some unselective acid sites on the external surface of zeolite 

without narrowing pore mouths. 

 
Figure 6.21. TPD profiles of H-ZSM5-C and its modified samples by chemical liquid    
          deposition 
 

6.1.2.1 Modification by Alkali Treatment 

 
 The modified samples were labeled as X-Y-Z-T where X indicates the catalyst 

type, Y indicates the molarity of the solution, Z indicates the modification time, T 

indicates the modification agent (NaOH).  

 The XRD patterns of the H-ZSM5-C and its modified samples are given in Fig. 

6.22. The peak positions and structure were same in all three samples. The crystal 

structure and intensity values of parent catalyst are approximately same in 0.1-8-NaOH 

sample but significantly decreased in mild treatment. Decrease in the crystallinity might 

be related to the desilication of the catalyst (Song et al., 2009). 
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Figure 6.22. XRD patterns of H-ZSM5-C and its modified samples by alkali treatment 

  
 Textural properties of H-ZSM5-C and its modified samples by alkali treatment 

were seen in Table 6.6. After the mild alkali treatment, an increase was seen in the 

surface area. This increase was attributed to the formation of extraframework aluminum 

(Song et al., 2009). The most increase (12%) was seen in severe alkali treatment (0.1-8-

NaOH). 

 

Table 6.6. Textural properties of H-ZSM5-C and its modified samples by alkali 
treatment 

  

BET 
Surface 

Area 
(m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area 

(m2/g)  

Total 
Acidity 
(mmol 

NH3/ gcat)  
H-ZSM5-C 441.2 0.213 5.9 0.173 423.1 0.432  

H-ZSM5-C-0.1-8-NaOH 494.2 0.225 5.8 0.199 428.6 0.467  
H-ZSM5-C-0.05-2-NaOH 463.1 0.201 5.8 0.178 416.2 0.416  

 

 NH3-TPD profiles of H-ZSM5-C and its modified samples by Alkali Treatment 

are shown in Figure 6.23. It was seen that the strong and weak acid sites decreased 

obviously in 0.1-8-NaOH treatment. It might be caused by the desilication. But after the 

mild alkali treatment and that almost no change in the weak acid sites, but strong acid 

sites increased because of the extra-framework structures occuring during modification 
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(Song et al., 2009). This observation is same with H-ZSM5 which was mentioned 

before. 

 

 
Figure 6.23. NH3-TPD profiles of HZSM5-C and its modified samples by alkali              
          treatment 
 

6.1.2.1 Modification by Acid Treatment 

 
 The modified samples were labeled as H-ZSM5-C-0.1-8-NaOH-HCl and H-

ZSM5-C-HCl modified. H-ZSM5-C-0.1-8-NaOH-HCl means, parent catalyst firstly 

modified by NaOH and then modified by HCl. H-ZSM5-C-HCl means, parent catalyst 

modified by only HCl as explained detailly in experimental part. 

 The XRD patterns of the synthesized HZSM5-C and its modified samples by 

acid treatment are given in Figure 6.24. The peak positions and structure were same in 

all three samples. The crystal structure are approximately same for all the catalysts, 

decrease in crystallinity could be caused by the dealumination of the samples. 
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Figure 6.24. XRD patterns of HZSM5-C and its modified samples by acid treatment 

  

 Textural properties of the catalysts are given in Table 6.7. In the HCl Modified 

sample, surface area decreased by 8 % by HCl modification, it can be caused by 

dealumination. But in H-ZSM5-0.1-8-NaOH-HCl sample, surface area  first increased 

(which was shown before in alkali treatment part) then decreased. Pre-alkali treatment 

reduced the effect of HCl. Probably, pores were less blocked in this treatment which 

could be seen in Table 6.7 from the slight decrease on the surface area. 

 

Table 6.7. Textural properties of H-ZSM5-C and its modified samples by acid      
       treatment 

  

BET 
Surface 

Area 
(m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area (m2/g)  

Total 
Acidity 
(mmol 
NH3/ 
gcat)  

H-ZSM5-C 441.2 0.213 5.9 0.173 423.1 0.432  
H-ZSM5-C-0.1-8-NaOH-HCl  420.2 0.195 5.5 0.152 386.1 0.421  

HZSM5-C-HCl 405.9 0.174 5.6 0.143 352.5 0.396  
 

 TPD profiles of HZSM5-C and its modified samples by acid treatment was seen 

in Figure 6.25. It was seen that, the strong acid sites and weak acid sites decreased 

slightly after 0.1-8-NaOH-HCl treatment, but Bronsted acid sites decreased strongly in 

HCl modified sample. It may be also related to the dealumination of the catalyst. 
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Dealumination was also seen (decrease in XRD peak at 2θ=23o) in 0.1-8-NaOH 

modified sample. But pre-alkali treatment reduced the effect of acid treatment. 

 

 
Figure 6.25. TPD profiles of HZSM5-C and its modified samples by acid treatment 

 

6.1.1.3 Modification by AHFS Treatment 

 
 The modified samples were labeled as HZSM5-C-AHFS-Drop and HZSM5-C-

AHFS-Sol. AHFS-Drop catalyst was modified by dropwise method and AHFS-Sol 

catalyst was modified by ammonium hexafluorosilicate solution method which were 

described in experimental part. 

 The XRD patterns of the H-ZSM5-C and its modified samples by AHFS 

treatment were given in Figure 6.26. All the modified samples showed ZSM5 structure 

and positions of the peaks were same with literature and AHFS drop modified catalyst 

was highly crystalline so they were almost free of amorphous phases. But crystallinity 

decreased in AHFS solution sample. This could be related to the higher degree of 

dealumination which was understood from the decrease in the peak of 2θ=23o. 
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Figure 6.26. XRD patterns of HZSM5-C and its modified samples by AHFS treatment 

 

 Textural properties of the catalysts aregiven in Table 6.8. It was observed that 

surface area and total acidity values of parent catalyst were reduced by AHFS treatment. 

The percent loss of surface area and total acidity are higher in AHFS solution 

modification than AHFS drop modification. This could be occured as a result of the 

following situation. The treatment was faster in AHFS solution method than AHFS drop 

method. Because, AHFS molecules diffuse to the surface quickly and silica layer was 

formed immediately in AHFS solution method. Pore blockage was also formed after 

AHFS solution method (Canizares et al., 2003). 

 

Table 6.8. Textural Properties of H-ZSM5-C and its modified sample by ammonium   
       hexafluorosilicate treatment 

  

BET 
Surface 

Area 
(m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area 

(m2/g)  

Total 
Acidity 
(mmol 

NH3/ gcat)  
H-ZSM5-C 441.2 0.213 5.9 0.173 423.1 0.432  

H-ZSM5-C-AHFS-Drop 411.4 0.197 5.7 0.167 396.9 0.400  
H-ZSM5-C-AHFS-Sol 404.2 0.184 5.5 0.149 375.5 0.397  

  

 NH3TPD profiles of HZSM5-C and its modified samples by Alkali Treatment 

was seen in Figure 6.27. It was seen that, both strong acid sites and weak acid sites 

decreased slightly after AHFS drop modification. The slight reduction of the acid sites 
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may be related selective modification by passivating the external acid sites without 

narrowing pore mouths. But AHFS Solution method decreased the Bronsted acid sites 

dramatically since higher degree of dealumination occured in AHFS solution method. 

Percent decrease in total acidity is more in H-ZSM5-C than synthesized H-ZSM5. 

Because particle size is smaller in H-ZSM5-C than H-ZSM5, AHFS molecules 

passivated acid sites easily. 

 

 
Figure 6.27. TPD profiles of H-ZSM5-C and its modified samples by AHFS Treatment 

 

  The acidity of the H-ZSM5-C catalysts were also determined by pyridine 

adsorption and were given in Figure 6.28. It was observed from each spectrum that all 

the catalyst had Brønsted and Lewis acid sites. There is a broad band at 1548 cm-1 

which is assigned to Brønsted acid sites. The intense band at 1490 cm-1 assigned to 

Brønsted and Lewis acid sites. And small band at 1455 cm-1 is related to Lewis acidity. 

Acidity of the catalyst decreased with modification except 0.1-8-NaOH modified 

sample, it increased acidity. With HCl modification acidity decrease was the largest. 
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Figure 6.28. FTIR profiles of HZSM5-C and its some modified samples after pyridine   
          adsorption 

 

6.1.3. Commercial Ferrierite and its modified forms 

 

6.1.2.1 Modification by Chemical Liquid Deposition 

 
 The modified samples were labeled as C-M-X-Y where C indicates the catalyst 

type, M indicates the modification agent (TEOS=Tetraethylorthosilicate, SiCl4=Silicon 

tetrachloride, 3-amino=3-aminopropyltriethoxysilane), X indicates the deposition time 

(hour), Y indicates the number of the cycle. 

 The XRD patterns of the commercial Ferrierite and its modified samples are 

given in Fig. 6.29. All of the three samples show H-FER structure and positions of the 

peaks were same with literature. There was not a major difference in the peak positions.  

However, peak intensities decreased to some extent by 3-amino modification. This was 

related to the decrease in surface area (Yue et al., 1996). Probably caused by deposition 

of silica on the surface. Also slightly less drop in peak intensities was observed by 

TEOS modification indicating smaller amounts of silica deposition on H-FER  (Kumar 

et al., 1996). 
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Figure 6.29. XRD patterns of H-FER and its modified samples by chemical liquid  
         deposition 
 

 Textural properties of the catalysts were also shown in Table 6.9. Nitrogen 

adsorption results show that silylation decreased the surface area of the parent material. 

The most significant decrease were observed  in SiCl4, 3-amino and TEOS 1 hour 2 

cycle deposition. Surface area of the modified samples were reduced dramatically after 

second cycle. The reason for this  was mentioned before which would be as follows. 

During the first silylation cycle, TEOS molecules preferentially interacted with acid 

sites which were easily accessible, so high passivation effects were achieved. In the 

second cycle the concentration of accessible sites is strongly reduced.  Since TEOS 

molecules couldn't penetrate into the zeolite pores after the first cycle, pore openings 

were narrowed . This caused a decrease in surface area. 

 

Table 6.9. Textural Properties of H-FER and its modified catalyst by chemical liquid   
      deposition 

  
BET 

Surface 
Area (m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area 

(m2/g)  

Total Acidity 
(mmol NH3/ 

gcat)  

H-FER  336.3 0.172  6.2 0.132 296.2 1.17 
H-FER -TEOS-1-1  295.4 0.158 6.0 0.119 234.2 0.99  
H-FER-3amino-1-1  232.5 0.121 5.5 0.102 151.6 0.43  
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 TPD profiles of H-FER and its modified forms are given in Fig.6.30. There were 

weak (200 oC) and medium acid sites (centered around 350 oC). TEOS modification 

reduced both the weak and medium strength acid sites slightly. However, significant 

decrease in acidity was observed with 3-amino modification. It removed almost all 

medium strength acid sites and some weak acid sites. Total number of acid sites 

decreased dramatically after 3-amino modification which could be seen in Table 6.9. In 

2 cycle modifications, total acidity decreased significantly. Weber et al. (2000) 

attributed this result to the following reason. Regardless of the method of deposition, 

physisorbed species such as ethanol, ethene, water and unreacted TEOS had to be 

removed by calcination so as to re-expose active sites. Using several deposition–

calcination cycles, complete inertisation of the external surface acidity could be 

achieved. H-FER had the highest number of total acid sites. But it did not have high 

strength acid sites. 

 

 
Figure 6.30. TPD profiles of H-FER and its modified samples by chemical liquid   
          deposition 
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6.1.2.1 Modification by Alkali Treatment 

 
 The modified samples were labeled as X-Y-Z-T where X indicates the catalyst 

type, Y indicates the molarity of the solution, Z indicates the modification time, T 

indicates the modification agent (NaOH). 
 Figure 6.31 gives the XRD patterns of H-FER and its modified samples by alkali 

treatment. The peak positions and crystal structure and intensity values of parent 

catalyst are approximately same with both modifications. Slight decrease in the 

crystallinity may be related to the desilication of the catalyst (Canizares et al., 2003). 

Since this decrease is not significant, it could be said that the intrinsic crystalline 

structure of ZSM-5 remained and no new phase emerged after the alkali treatment. 

  

 
Figure 6.31. XRD patterns of H-FER and its modified samples by alkali treatment 

 

 BET results of ferrierite and its modified samples by alkali treatment were seen 

in Table 6.10. Surface area increased after treatment with NaOH. Song et al. (2009) 

stated that extraframework aluminas was formed after the alkali treatment. The increase 

on acidity for severe treatment could be attributed to the same reason. In mild treatment 

extraframework aluminas were formed but external acid sites passivated 

simultaneously. Therefore total acidity did not change simultaneously. 
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Table 6.10. Textural Properties of ferrierite and its modified catalyst by alkali treatment 

  
BET 

Surface 
Area (m2/g)  

H.K. 
Pore 

Volume 
(cm3/g)  

H.K. 
Pore 

Diameter 
(Å)  

Micropore 
Volume 
(cm3/g)  

Micropore 
Area (m2/g)  

Total 
Acidity 
(mmol 
NH3/ 
gcat)  

H-FER  336.3 0.172  6.2 0.132 296.2 1.17 
H-FER-0.1-8-NaOH 376.1 0.196 6.0 0.154 311.2 1.29 

H-FER-0.05-2-NaOH 349.1 0.169 5.8 0.144 286.3 1.18 
 

 TPD profiles of H-FER and its modified forms are given in Fig.6.32. It was seen 

that the strong acid sites decreased obviously in 0.1-8-NaOH-H-ZSM5-C. It may be 

caused by the desilication. But after the mild alkali treatment and that almost no 

significant change in the weak acid sites. Although total acidity did not changed, strong 

acid sites increased because of the extraframework structures occuring during 

modification. 
 

 
Figure 6.32. TPD profiles of H-FER and its modified samples by chemical liquid    
          deposition 
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6.1.2.1 Modification by Acid Treatment 

 
 The modified samples were labeled as H-FER-0.1-8-NaOH-HCl and H-FER-

HC. H-FER-0.1-8-NaOH-HCl means: parent catalyst firstly modified by NaOH and 

then modified by HCl. H-FER-HCl means: parent catalyst modified by only HCl as 

explained detailly in experimental part. 

 The XRD patterns of the synthesized Ferrierite and its modified samples by acid 

treatment are given in Figure 6.33. 
 The peak positions and crystal structure are same in parent and 0.1-8-NaOH-HCl 

samples. The crystal structure are approximately same for both catalyst, but crystallinity 

significantly decreased in H-FER-HCl catalyst. Decrease in the peak at 2θ=23o showed 

dealumination occured during this modification. 

 

 
Figure 6.33. XRD patterns of ferrierite and its modified samples by acid treatment 

 

 BET results of modified and parent ferrierites were seen in Table 6.11. Surface 

area were decreased after both modifications. This was attributed to dealumination 

which could be seen from XRD results. Decrease in HCl modified sample is higher  

than decrease in 0.1-8-NaOH-HCl sample. The reason is that pre-alkali treatment before 



69 
 

acid treatment, reduced the severity of HCl treatment as well as dealumination. This 

provided selective reduction in acid sites and surface area. 

 

Table 6.11. Textural properties of ferrierite and its modified catalyst by acid treatment 

 

BET 
Surface 

Area 
(m2/g) 

H.K. 
Pore 

Volume 
(cm3/g) 

H.K. 
Pore 

Diameter 
(Å) 

Micropore 
Volume 
(cm3/g) 

Micropore 
Area 

(m2/g) 

Total 
Acidity 
(mmol 

NH3/ gcat) 
H-FER 336.3 0.172 6.2 0.132 296.2 1.17 

H-FER-0.1-8-NaOH-HCl 323.5 0.162 6.1 0.120 278.1 1.08 
H-FER-HCl 311.9 0.159 6.2 0.109 223.5 0.91 

 
 
 TPD profiles of H-FER and its modified forms were given in Figure 6.34. From 

Table 6.11 and Figure 6.34, it could be seen that total acidity decreased after both 

treatment. Highest decrease was seen in H-FER-HCl modified sample because of the 

dealumination. Weak acid sites are approximately same with parent sample, but strong 

acid sites decreased dramatically. 

 

 
Figure 6.34. TPD profiles of Ferrierite and its modified samples by acid treatment 
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6.1.2.1 Modification by AHFS Treatment 

 
 The modified samples were labeled as H-FER-AHFS-Drop and H-FER-AHFS-

Sol. H-FER-AHFS-Drop catalyst modified by dropwise method and H-FER-AHFS-Sol 

catalyst was modified by ammonium hexafluorosilicate solution method which were 

described in experimental part.  

 The XRD patterns of the H-FER and its modified samples by AHFS treatment 

were given in Figure 6.35. 

 All the modified samples show Ferrierite structure and positions of the peaks 

were same with literature. AHFS drop modified catalyst is crystalline so they are almost 

free of amorphous phases. But crystallinity sharply decreased after AHFS solution 

sample. 

 

 
Figure 6.35. XRD  profiles of Ferrierite and its modified samples by AHFS Treatment 

 

 BET surface area and acidity results were shown in Table 6.12. Fast and severe 

treatment (AHFS solution) caused a sharp decrease in surface area which could be 

understood from the surface area results. Higher decrease in AHFS solution method was 

attributed to the pore blockage. Canizares et al. (2003) stated that dropwise method 

prevented the occuring pore blockage. 
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Table 6.12. Textural properties of ferrierite and its modified catalyst by acid treatment 

 

BET 
Surface 

Area 
(m2/g) 

H.K. 
Pore 

Volume 
(cm3/g) 

H.K. 
Pore 

Diameter 
(Å) 

Micropore 
Volume 
(cm3/g) 

Micropore 
Area 

(m2/g) 

Total Acidity 
(mmol NH3/ 

gcat) 

H-FER 336.3 0.172 6.2 0.132 296.2 1.17 
H-FER-AHFS-Drop 320.1 0.168 6.2 0.127 285.1 1.11 
H-FER-AHFS-Sol 298.6 0.153 6.1 0.117 278.2 1.02 

 

 TPD profiles of H-FER and its modified forms were given in Figure 6.36. From 

Table 6.12 and Figure 6.36, it could be seen that total acidity decreased after both 

treatment. It was also seen that, weak acid sites decreased slightly after both AHFS drop 

and solution modification. The slight reduction of the acid sites may be related selective 

modification by passivating the external acid sites without narrowing pore mouths. But 

significant reduction was seen in strong sites for AHFS solution modification. These 

reason was explained before and are same with the reduction in total acidity. 

 

 
Figure 6.36. TPD  profiles of Ferrierite and its modified samples by AHFS treatment 

 

 The acidity of the H-FER catalysts were also determined by pyridine adsorption 

and were given in Figure 6.37. It was observed from each spectrum that the all the 

catalyst had Brønsted and Lewis acid sites. There is a broad band at 1548 cm-1 which is 

assigned to Brønsted acid sites. The intense band at 1490 cm-1 assigned to Brønsted and 

Lewis acid sites. And small band at 1455 cm-1 is related to Lewis acidity. Acidity of the 
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catalyst decreased with modification except 0.1-8-NaOH modified sample, it increased 

acidity. With HCl modification acidity decrease was the largest. 

 
Figure 6.37. FTIR profiles of HZSM5-C and its some modified samples after pyridine   
          adsorption 
 

5.2.1. Influence of SiO2/Al2O3 Ratio 

 
 SiO2/Al2O3 ratio of H-ZSM5 and its some modified samples was determined by 

ICP-AES. The results was shown in Table 6.13. As expected, Al content was decreased 

with HCl treatment. Since dealumination and desilication was occured simultaneously 

in AHFS Drop method, SiO2/Al2O3 ratio increased. 

 

Table 6.13. ICP-AES results of HZSM5 and its some modified samples 

Sample Bulk SiO2/Al2O3 
H-ZSM5 76.3 

H-ZSM5-TEOS-1-1 79.4 
H-ZSM5-0.05-2-NaOH 71.4 

H-ZSM5-HCl 154.2 
H-ZSM5-AHFS-Drop 85.1 
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6.2. Catalyst Testing 

 
Skeletal isomerization of n-butene reactions were performed over different 

catalysts modified by chemical liquid deposition method, acid treatment, alkali 

treatment, ammoniumhexafluorosilicate treatment methods. The reaction temperature 

and the weight hourly space velocity (WHSV) were taken from a previous study 

(Demirkan et al., 2002) as 375 °C and 22 h-1 respectively.  

The conversion of 1-butene is defined as the mass percent of reactant consumed. 

In addition, the selectivity to isobutene is defined as the mass percent fraction of 

isobutene to the consumed reactant and calculations were done as follows: 
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The following equation shows the relationship between conversion, yield and 

selectivity; 

isobutenetoySelectivitConversionisobuteneofYield   

 

6.2.1. Effect of Synthesized ZSM5  Si/Al ratio  on Catalytic Activity   

 and Selectivity 

 
 H-ZSM-5 catalysts were synthesized for SiO2/Al2O3 ratios 77 and 150, 

conversion and selectivity results of these catalysts were given in Figure 6.38 and 6.39. 

The catalytic activity of H-ZSM5 zeolite catalysts  were strongly depended on Al 

content (Hardenberg et al., 1992). Although the conversion of these catalysts were 

similar, but selectivity to iso-butene was greatly influenced by Si/Al ratio. Si/Al=77 

catalyst, which has the highest alumina content, showed very high activity and showed 

high selectivity to iso-butene. 
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Figure 6.38. Effect of Si/Al ratio on catalytic activity 

 

 
  Figure 6.39. Effect of Si/Al ratio on isobutene selectivity 
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6.2.2. Activity and Selectivity Results for Different Modification     

  Methods  

  
 The main products of the butene reaction over H-ZSM5 zeolites are isobutene, 

pentene and propene. Modified catalysts had a lower tendency to form alkanes; 

therefore a subsequent enhancement of isobutene/isobutane ratios was observed. 
 H-ZSM5-C catalysts showed similar product distribution patterns with H-ZSM5 

catalyst. Higher yields of propylene was observed for the parent and modified catalysts. 

C5+ by-products were not observed. 

H-FER catalysts showed lower conversions when compared with H-ZSM5-C 

and H-ZSM5. However, higher yield of isobutene were obtained. H-FER catalysts 

showed different product distribution behavior when compared with H-ZSM5 catalysts. 

Unlike, H-ZSM5-C and H-ZSM5 catalysts, H-FER showed low yields to propylene. 

Since bimolecular mechanism was prevented, so by-products were minimized. 
 

6.2.2.1. Effect of Silylation Agent and Time 

 
 In figures 6.40-6.45, by-product distribution of skeletal isomerization of n-

butenes to isobutene over catalysts which were modified by silylation are shown. 
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Figure 6.40. Product distribution of HZSM5 

 

 
Figure 6.41. Product distribution of HZSM5-TEOS-1-1 
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Figure 6.42. Product distribution of H-ZSM5-C 

 

 
Figure 6.43. Product distribution of HZSM5-C-TEOS-1-1 
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Figure 6.44. Product distribution of H-FER 

 

 
Figure 6.45. Product distribution of H-FER-TEOS-1-1 

 

 The selectivity to isobutene and conversion of n-butene data for each catalysts 

are shown in Fig. 6.46 and Fig. 6.47. 

 Selectivity was defined as the ratio of moles of isobutene to total number of 

moles of product. 
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 The ferrierite and synthesized HZSM5 catalyst's pores are very suitable for this 

reaction. So highest selectivity were obtained in these catalyst between parent catalysts. 

The crystallite size of  H-ZSM5-C was much smaller than HZSM-5. As a result, most of 

the isomerization took place without the influence of the shape selectivity. This lead to 

low selectivity. 

 The reduction in the acid site concentration and micropore area, decreases the 

accessibility of acid sites to reactant and probe molecules reducing the contact time of 

n-butene molecules inside the zeolite channels. This fact prevent the some side reactions 

like dimerization to octenes and cracking , improving isobutene selectivity. 

 Selectivity of the parent catalysts were reduced dramatically after the SiCl4 and 

3-amino deposition. This may be related with the pore blockage, agglomerates at the 

external surface of the catalyst and mainly having lowest acid amount in these 

depositions. Among the modification agents, only TEOS improved the selectivity of the 

parent catalysts. The highest selectivity values were obtained at TEOS 1 hour 1 cycle 

deposition since the surface area, micropore area and total acid amount of the catalysts 

decreased slightly with this deposition agent. In this deposition the, crystallinity values 

and morphology of the catalysts were well. But significant change was observed with 

H-FER. TEOS 1 hour 1 cycle deposition increased the Ferrierite selectivity from 63 to 

81, and H-ZSM5 selectivity from 57 to 63. This results were attributed to the slight 

decrease in surface area and total acid amount of the catalysts. 

 Selectivity of the parent catalysts were reduced after the SiCl4 and 3-amino 

deposition. This might be related to the pore blockage so less shape selectivity, and to 

the distribution of acid sites. 

 Comparing the conversion values of the parent and modified samples, one can 

see that all of the modifications decreased the conversion of n-butene, as expected. 

Because skeletal isomerization of n-butene reaction occurs on acid sites, reduction in 

acid sites caused a decrease in n-butene conversion. The significant decrease in SiCl4 

and 3-amino modified samples were due to decrease in number of acid sites as 

determined in characterization part. The highest conversion (62.2 %) was obtained with 

H-ZSM5-C while it was 51.48  and 54.16 % for H-ZSM5 and H-FER, respectively. 

 The reduction in the acid site concentration and surface area, decreased the 

accessibility of acid sites to reactant and probe molecules. This reduced the contact time 

of n-butene molecules inside the zeolite channels. This fact prevent the some side 
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reactions like dimerization to octenes and cracking , improving isobutene selectivity 

(Zheng et al., 2002). 

 

 
Figure 6.46. Selectivity to isobutene for different catalysts 

  

 
Figure 6.47. Conversion of n-butene for different catalysts 
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6.2.2.2. Effect of Alkali Treatment Method 

 
 In figures 6.48-6.50 by-product distribution of skeletal isomerization of n-

butenes to isobutene over catalysts which were modified by alkali treatment are shown. 

 

 
Figure 6.48. Product distribution of HZSM5-0.05-2-NaOH 

 

 
Figure 6.49. Product distribution of HZSM5-C-0.05-2-NaOH 
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Figure 6.50. Product distribution of H-FER-0.05-2-NaOH 

 

 The activity and selectivity results of alkali treated H-ZSM5 catalysts were 

shown in Figure 6.51 and Figure 6.52. The significant changes in the acidity and the 

pore structure of H-ZSM5 resulting from the alkali treatment influenced the catalytic 

activity and isobutene selectivity. Obviously, activity of the severe alkali treated (0.1-8-

NaOH) catalyst showed great difference from H-ZSM5. This treatment increased the 

activity but unfortunately selectivity decreased. New acid sites were formed after this 

treatment (it could be understood from the increase in acidity and surface area). This 

situation led to favored the dimerization reaction and by-product formation were 

occured during this reaction. After the mild alkali treatment (0.05-2-NaOH), activity of 

the H-ZSM5 approximately same with the parent sample. However selectivity slightly 

increased after this treatment. 
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Figure 6.51. Effect of alkali treatment on ZSM5 catalytic activity 

 

 
Figure 6.52. Effect of alkali treatment on ZSM5 isobutene electivity 

 

 The activity and selectivity results of alkali treated H-ZSM5-C catalysts were 

shown in Figure 6.43 and Figure 6.44. After the effective alkali treatment (0.1-8-

NaOH), H-ZSM5-C activity increased but decrease in selectivity after this treatment is 

not so much, since some acid sites increased after this treatment. After the mild alkali 
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treatment (0.05-2-NaOH), activity of the H-ZSM5-C decreased but selectivity is nearly 

same with parent. 

 

 
Figure 6.53. Effect of alkali treatment on H-ZSM5-C catalytic activity 

 

 
Figure 6.54. Effect of alkali treatment on H-ZSM5-C isobutene selectivity 

 

 The activity and selectivity results of alkali treated H-FER catalysts were shown 

in Figure 6.55 and Figure. 6.56. After the severe alkali treatment (0.1-8-NaOH), H-FER 

activity increased since some new acid sites formed after this treatment. On the other 
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hand, selectivity decreased. After the mild alkali treatment (0.05-2-NaOH), activity of 

the ferrierite slightly decreased but selectivity increased due to slight and selective 

modification of acid sites. 

 

 
Figure 6.55. Effect of alkali treatment on Ferrierite catalytic activity 

 

 
Figure 6.56. Effect of alkali treatment on Ferrierite isobutene selectivity 

 

 Alkali treatment technique was used to control the pores and acidity by 

passivating unselective sites in order to obtain high catalytic activity and high isobutene 
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selectivity. It was seen that the mild alkali treatment led to the removal of extra 

framework Al of parent catalysts and then a reduction of the strong acid sites. The 

severe treatment led to the creation of the stronger acid sites and new mesopores, 

attributed to framework dealumination and desilication, respectively. The changes in the 

acidity and pore structure of catalysts had great influences on the selectivity to 

isobutene. N-butene conversion was dependent on the amount of strong acid sites on 

parent catalysts and irrelevant to the pore structure, while the selectivity for isobutene 

was related to acidity, pore structure and conversion. Therefore, the high catalytic 

activity and more isobutene could be obtained by the mild alkali treatment of parent 

catalysts under the suitable conditions. 

 Among the all modified and parent catalysts, the highest selectivity was obtained 

in 0.05-2-NaOH-FER (67 %). Since the pore structure of the ferrierite catalysts are very 

suitable for this reaction and mild alkali treatment increased the selectivity of all 

catalysts, this result was achieved. Among parent catalysts, highest activity was 

obtained in H-ZSM5-C catalyst because of the small particle size and more acid sites. 

Severe alkali treatment (0.1-8-NaOH) increase the number of the acid sites. Thus, 

highest conversion was achieved in 0.1-8-NaOH-H-ZSM5-C sample. 
 

6.2.2.3 Effect of Acid Treatment Method 

 
 In figures 6.57-6.59, by-product distribution of skeletal isomerization of n-

butenes to isobutene over catalysts which were modified by acid treatment are shown. 
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Figure 6.57. Product distribution of HZSM5-0.1-8-NaOH-HCl 

 

 
Figure 6.58. Product distribution of HZSM5-C-0.1-8-NaOH-HCl 
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Figure 6.59. Product distribution of H-FER-0.1-8-NaOH-HCl 

 

 The activity and selectivity results of acid treated synthesized ZSM5 catalysts 

were shown in Figure 6.60 and Fig. 6.61. After the HCl modification, activity of the H-

ZSM5 decreased but selectivity slightly increased. The increase in selectivity of HCl 

modified sample is not significant. In Pre-alkali-treatment, surface area  first increased 

then decreased. So, this prevented the undesired effects of acid treatment. Pre-alkali-

acid treatment reduced acid sites slightly, this made both selectivity and yield increased, 

although activity decreased. In HCl modified samples, strong dealumination occured. 

Since the n-butene isomerizaton reaction occurs on the acid sites and aluminum 

concentration is directly propertional to the acid sites, HCl modified catalysts showed 

lower catalytic activity. 
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Figure 6.60. Effect of acid treatment on ZSM5 catalytic activity 

 

 
Figure 6.61. Effect of acid treatment on ZSM5 isobutene selectivity 

 

 The activity and selectivity results of acid treated H-ZSM5-C catalysts were 

shown in Figure 6.62 and Figure 6.63. After both HCl modification and pre-alkali-

treated HCl modification, activity of the H-ZSM5-C decreased. Increase in selectivity 

was shown only in pre-alkali-treated HCl modified catalysts. In HCl modified catalyst, 

selectivity did not change. 
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Figure 6.62. Effect of acid treatment on H-ZSM5-C catalytic activity 

 

 
Figure 6.63. Effect of acid treatment on H-ZSM5-C isobutene selectivity 

 

 The activity and selectivity results of acid treated H-FER catalysts were shown 

in Figure 6.64 and Figure 6.65. After the HCl modification, activity of the Ferrierite 

decreased since pre-alkali-treated HCl modified increased. Selectivity and conversion of 

the  pre-alkali-treated HCl modified catalyst increased, so yield increased after this 

treatment. 
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Figure 6.64. Effect of acid treatment on Ferrierite catalytic activity 

 

 
Figure 6.65. Effect of acid treatment on Ferrierite isobutene selectivity 

 

 In 0.1-8-NaOH-HCl modified sample, new acid sites were formed after alkali 

treatment which increased the ferrierite activity, but unselective acid sites were reduced 

after acid treatment. Consequently total acidity of the catalysts were nearly same with 

parent. This treatment increased Ferrierite selectivity from 63 to 73, H-ZSM5-C 

selectivity from 26 to 24 and increased H-ZSM5 selectivity from 58 to 67. 0.1-8-NaOH-

HCl treatment decreased the H-ZSM5 and H-ZSM5-C activity, but increased the 
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Ferrierite activity. It could be attributed to the differences in pore size (H-ZSM5-C and 

H-ZSM5 have 10 MR only but H-FER has 8 MR in addition to 10 MR). 

Extraframework formation in alkali treatment may be higher in ferrierite than in H-

ZSM5 and H-ZSM5-C. 
 

6.2.3.3 Effect of AHFS Treatment Method 

 
 In figures 6.66-6.68, by-product distribution of skeletal isomerization of n-

butenes to isobutene over catalysts which were modified by AHFS treatment. 

 

 
Figure 6.66. Product distribution of HZSM5-AHFS-Drop 
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Figure 6.67. Product distribution of HZSM5-C-AHFS-Drop 

 

 
Figure 6.68. Product distribution of H-FER-AHFS-Drop 

 
 The activity and selectivity results of AHFS treated synthesized ZSM5 catalysts 

were shown in Figure 6.69 and Figure 6.70. 

 AHFS treatment increased the selectivity of all catalysts although activity of the 

catalysts decreased. In this treatment, a layer was formed on the surface of zeolites and 
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unselective sites were passivated. AHFS treatment also blocked the pores slightly. All 

of these make the isobutene selectivity higher.  

 After the both AHFS treatment, activity of the H-ZSM5 decreased. On the other 

hand, significant increase was seen in the selectivity of the catalyst. The highest 

selectivity in this treatment was seen in AHFS-Drop method. 

 

 
Figure 6.69. Effect of AHFS Treatment on H-ZSM5 catalytic activity 

 

 
Figure 6.70. Effect of AHFS treatment on H-ZSM5 isobutene selectivity 
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 The activity and selectivity results of AHFS treated H-ZSM5-C catalysts were 

shown in Figure 6.71 and Figure 6.72. After the both AHFS treatment, activity of the H-

ZSM5-C decreased. Selectivity of the catalyst increased but yields were same on the 

AHFS-Solution method with parent, and increase is not significant on yield between 

parent and AHFS-Drop method. 

 

 
Figure 6.71. Effect of AHFS treatment on H-ZSM5-C catalytic activity 

 

 
Figure 6.72. Effect of AHFS treatment on H-ZSM5-C isobutene selectivity 
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CHAPTER 7 

 

CONCLUSIONS 

 
 It has been demonstrated that the acidity of the synthesized H-ZSM5, commercial H-

ZSM5 (HZSM5-C) and commercial H-Ferrierite (H-FER) can be controlled by mild chemical 

liquid deposition, alkali treatment, acid treatment and dropwise and solution 

ammoniumhexafluorosilicate treatment methods.  

 Crystal structure parent zeolites were preserved after modification. Modification 

affected acidity of the zeolites differently. The acidity and surface area was reduced slightly 

after TEOS deposition. But dramatically reduced after SiCl4 and 3-amino modification since 

they were highly reactive, more deposition might have occurred which narrowed and closed 

pore openings. So TEOS modification decreased the activity but increased the selectivity of 

the catalysts. Since the SiCl4 deposition strongly decreased the total acidity, both conversion 

and selectivity of the HZSM-5 catalyst were very low after the deposition of SiCl4. 

Modification with 3-amino also decreased acidity significantly. Both conversion and 

selectivity of the catalysts were dropped. The highest selectivity (81)  was obtained by 

chemical liquid deposition method using TEOS 1 hour 1 cycle modification over H-FER. 

 Alkali treatment affected acidity differently depending on the severity of the process. 

This was discussed to be due to desilication.  Mild alkali treatment made slight decrease on 

the acid sites where severe alkali treatment increased the acid sites because of the formation 

of extraframework structures. Selectivity to isobutene increased with mild treatment. On the 

other hand it decreased for severe treatment. Unselective acid sites were still present in 

structure and also new acid sites were formed after this treatment. 

 After acid treatment significant decrease in the surface area was observed. This could 

be caused by dealumination of the zeolite due to blockage of pores.  As alumina were 

removed from the structure, acidity decreased due to dealumination. As a result, activity of 

the parent catalyst reduced while selectivity almost unchanged. Pre-alkali treatment of 

catalysts before acid treatment decreased the dealumination effect. This resulted in increase in 

the selectivity to isobutene; for H-ZSM5 from 57 to 66, for HZSM5-C from 26 to 34 and for 

H-FERe from 63 to 72 %. Since total acid sites reduced, activity of the catalysts also reduced 
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slightly. Conversion was decrease  for ZSM5 from 51 to 49, for HZSM5-C from 62 to 58 and 

for H-FER from 54 to 48 %. 

 AHFS treatment decreased the total acidity of the zeolites slightly without narrowing 

pores. This led to higher  isobutene selectivity as conversion decreased. Dropwise AHFS 

treatment increased the selectivity of H-ZSM5 from 58 to 87 for H-FER from 63 to 94 while 

conversion changed. The highest selectivity values were obtained by AHFS treatment. The 

slight reduction of the acid sites might be related to selective modification by passivating the 

external acid sites without narrowing pore mouths and without breaking down the crystal 

structure and morphology of the catalyst, which was obtained by dropwise AHFS treatment. 

So, this provided the highest isobutene selectivity among the catalysts studied. 
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