
�

����������	
���������������	��	�����������	�����

������������������	����������������������	��������

�

�

�

�

�

�

����

�

�

�����	������

�

�

�

�

�

�

�������� ��!��"��#$% �%����&"!!'�!(��

��)*�)��$�)*�%) �	%��$%'��&��)&�+���)�,%$��%'�(�'(�''��)��!(��

�"��$�-��$���)�+�(!$��"�� �*$���!(��

�%+��$�!(��&��)&���

�

�

�

�

�

�

�

�%�%)&.��)�/�$+�����

� � � � � � 0112�� �



 ii 
 

 



 iii 
 

 
 

 
ACKNOWLEDGEMENT 
 
 
 

I would like to express my deepest gratitude to my thesis supervisor, Prof. Dr. Yuda Yürüm 
for his understanding and excellent guidance during painstaking studies. He was the greatest 
opportunity that I could encounter with. He was always nearby me with his endless energy 
and never stopped his support on me. The rest of my life was shapened by his supports and 
guidance. 
 
I would like to thank also all the faculty members of the Department of Material Science and 
Engineering. All of them contributed me as much than I can imagine. I could not forget 
Sabancı University. Because it was home that taught me life rather than a teaching institute. 
 
My friends, Burak Birkan, Özgür Bozat, İbrahim İnanç, Engin Karabudak, Yener Kuru,   
Çınar Öncel, Güngör Özer,  Ünal Şen, Eren Şimşek, A.Akın Ünal, helped me for fruitful days 
always being nearby me. 
 
I  am grateful deeply to my mother for trying to bring me  an  excellent life although we faced 
with many obstacles. 
 
And this thesis is especially devoted to Sercan my beloved brother. He always gave me joy 
even he felt himself weary. I am sure he is watching me from heaven now... 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 iv 
 

 
 

TABLE OF CONTENTS  
 
 Page 
 
ACKNOWLEDGEMENT ..............................................................................................  iii 

ABSTRACT....................................................................................................................  xiii 

ÖZET...............................................................................................................................  v 

LIST OF FIGURES.........................................................................................................  vi 

LIST OF TABLES ..........................................................................................................  xii  

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

CHAPTER 2. BACKGROUND .....................................................................................  4 

2.1. Activated Carbon Fibers...........................................................................................  4 

      2.1.1. Brief Introduction on Activated Carbon Fibers...............................................  4 

      2.1.2. Synthesis of Carbon Fibers .............................................................................  4 

2.2. Structure of Activated Carbon Fibers.......................................................................  5 

2.3. Activation Methods of Carbon Fibers ......................................................................  8 

2.4. Applications of Carbon Fibers .................................................................................  12 

2.5. Adsorption Isotherms ...............................................................................................  13 

2.5.1. The Langmuir Isotherm...................................................................................  13 

2.5.2. The BET (Brunauer-Emmett-Teller) Isoterm .................................................  14 

2.5.3. Freundlich and Temkin Isotherms...................................................................  15 

2.5.4. BJH( Barrett-Joyner-Halenda) Method...........................................................  16 

2.6. Catalytic Dehydrogenation of Cyclic Organic Compounds.....................................  16 

 

 

       



 v 
 

 

 

CHAPTER 3. EXPERIMENTAL ...................................................................................  19 

3.1. Materials...................................................................................................................  19 

3.2. Equipment ................................................................................................................  19 

3.3.Experimental .............................................................................................................  20 

CHAPTER 4. RESULTS and DISCUSSION.................................................................  22 

4.1. SEM Images and FT-IR Spectra of Fibers and Precursors ......................................  22 

4.2. Surface Area and Pore distributions of Activated  

       and Non-Activated Carbon Fibers............................................................................  51 

4.3. Catalytic dehydrogenation of cyclohexane by Pd doped activated carbon fibers....  62 

CONCLUSIONS.............................................................................................................  70 

REFERENCES................................................................................................................  71 

 

 

 

 

 

 

 

 

 

 

 

 



 vi 
 

 

 

LIST OF FIGURES 
 

FIGURE Page 
 
Figure 1.1.  Microstructure of carbon fiber .....................................................................  2 

 

Figure 2.1   General mechanism for PAN stabilization and carbonization.....................  5 

 

Figure 2.2   Cross-section area of Activated Carbon Fiber .............................................  7 

 

Figure 2.3   Theoretical Model for slit-shaped structure of Activated carbon fibers ......  7 

 

Figure 2.4    Reverse Monte Carlo theoretical approximation for ACFs ........................      8 

 

Figure 2.5    Chemical oxidation of Carbon NanoFibers with KOH ..............................  9 

 

Figure 2.6   Possible functional groups in Activated Carbon Fibers...............................  11 

 

Figure 2.7   Hydrogen gas production via palladium. Zinc behaves as oxygen acceptor 18 

 

Figure 3.1   Wet-spun Poly ( acrylo nitrile ) ...................................................................  19 

 

Figure 4.1.1 Wet-spun PAN fibers stabilized at 200oC for a) 1 hour b) 2 hours c) 3 hours  

d) 4 hours e) 5 hours........................................................................................................  23 

 
Figure 4.1.2. FT-IR spectra of precursors stabilized at 200oC for a) 1 hour b) 2 hours  
c) 3 hours d) 4 hours e) 5 hours.......................................................................................  24 

 

Figure 4.1.3. Wet-spun PAN fibers stabilized at 300oC for a) 0.5 hour b) 1 hours  

c) 2 hours.........................................................................................................................  25 

 

 



 vii 
 

Figure 4.1.4. FT-IR spectra of precursors stabilized at 300oC for a) 0.5 hour b) 1 hours  
 
c) 2 hours.........................................................................................................................  26 

 

Figure 4.1.5. Carbon Fibers before carbonization at 500oC stabilized at 200oC in air media for 

a) 1 hours b) 2 hours c) 3 hours d) 4 hours e) 5 hours ....................................................  27 

 

Figure 4.1.6. FT-IR spectra of carbon fibers carbonized at 500oC stabilized at 200oC for  
a) 1 hour b) 2 hours c) 3 hours d) 4 hours e) 5 hours ......................................................  28 

 
Figure 4.1.7. Carbon Fibers before carbonization at 600oC stabilized at 200oC in air media for  
a) 1 hours b) 2 hours c) 3 hours d) 4 hours e) 5 hours. ..................................................  29 

 
Figure 4.1.8. FT-IR spectra of carbon fibers carbonized at 600oC stabilized at 200oC for  
a) 1 hour b) 2 hours c) 3 hours d) 4 hours e) 5 hours ......................................................  30 

 
Figure 4.1.9. Carbon Fibers before carbonization at 700oC stabilized at 200oC in air media for  
a) 1 hours b) 2 hours c) 3 hours d) 4 hours e) 5 hours. . .................................................  31 

 
Figure 4.1.10. FT-IR spectra of carbon fibers carbonized at 700oC stabilized at 200oC for  
a) 1 hour b) 2 hours c) 3 hours d) 4 hours e) 5 hours ......................................................  32 

 

Figure 4.1.11. Carbon Fibers before carbonization at 800oC stabilized at 200oC in air media 

for a) 1 hours b) 2 hours c) 3 hours d) 4 hours e) 5 hours...............................................  33 

 

Figure 4.1.12. FT-IR spectra of carbon fibers carbonized at 800oC stabilized at 200oC for  
a) 1 hour b) 2 hours c) 3 hours d) 4 hours e) 5 hours ......................................................  34 

 

Figure 4.1.13. Carbon Fibers before carbonization at 900oC stabilized at 200oC in air media 

for a) 1 hours b) 2 hours c) 3 hours d) 4 hours e) 5 hours...............................................  35 

 

Figure 4.1.14. FT-IR spectra of carbon fibers carbonized at 900oC stabilized at 200oC for  
a) 1 hour b) 2 hours c) 3 hours d) 4 hours e) 5 hours ......................................................  36 

 

Figure 4.1.15. Carbon Fibers before carbonization at 1000oC stabilized at 200oC in air media 

for a) 1 hours b) 2 hours c) 3 hours d) 4 hours e) 5 hours...............................................  37 

 

 



 viii 
 

Figure 4.1.16. FT-IR spectra of carbon fibers carbonized at 1000oC stabilized at 200oC for  
a) 1 hour b) 2 hours c) 3 hours d) 4 hours e) 5 hours ......................................................  38 

 
 

Figure 4.1.17. Carbon Fibers before carbonization at 500oC stabilized at 300oC in air media 

for a) 0.5 hours b) 1 hours c) 2 hours ..............................................................................  39 

 

 

Figure 4.1.18. Carbon Fibers before carbonization at 600oC stabilized at 300oC in air media 

for a) 0.5 hours b) 1 hours c) 2 hours ..............................................................................  40 

 

 

Figure 4.1.19. Carbon Fibers before carbonization at 700oC stabilized at 300oC in air media 

for a) 0.5 hours b) 1 hours c) 2 hours ..............................................................................  41 

 

Figure 4.1.20. Carbon Fibers before carbonization at 800oC stabilized at 300oC in air media 

for a) 0.5 hours b) 1 hours c) 2 hours. ..................................................................................   42 

 
Figure 4.1.21. Carbon Fibers before carbonization at 900oC stabilized at 300oC in air media 

for a) 0.5 hours b) 1 hours c) 2 hours ..............................................................................  43 

 

Figure 4.1.22. Carbon Fibers before carbonization at 1000oC stabilized at 300oC in air media 

for a) 0.5 hours b) 1 hours c) 2 hours ..............................................................................  44 

 

Figure 4.1.23. FT-IR spectra of carbon fibers stabilized at 300oC for 0.5 hour a) 500oC b) 

600oC c) 700oC d) 800oC e) 900oC f) 1000oC.................................................................  45  

 

Figure 4.1.24. FT-IR spectra of carbon fibers stabilized at 300oC for 1hour a) 500oC b) 600oC  
c) 700oC d) 800oC e) 900oC f) 1000oC............................................................................  45 

 
Figure 4.1.25. FT-IR spectra of carbon fibers stabilized at 300oC for 2hour a) 500oC b) 600oC  
c) 700oC d) 800oC e) 900oC f) 1000oC............................................................................  47 

 

Figure 4.1.26. SEM Micrographs of Carbon Fibers activated at 800oC for 0.5 hour at CO2 

media ...............................................................................................................................  47 

 



 ix 
 

Figure 4.1.27. SEM Micrographs of Carbon Fibers activated at 800oC for 1 hour at CO2 media  
.........................................................................................................................................  48 

 

Figure 4.1.28. SEM Micrographs of Carbon Fibers activated at 900oC for 1 hour at CO2 media 
.........................................................................................................................................  48 

 

Figure 4.1.29. SEM Micrographs of %5 Pd-loaded Carbon Fibers activated at 800oC for 1 

hour at CO2 media ...........................................................................................................  48 

 
Figure 4.1.30. SEM Micrographs of %5 Pd-loaded Carbon Fibers carbonized at 800oC for 1 

hour at N2 media..............................................................................................................  49 

 
 

Figure 4.1.31. FT-IR spectra of carbon dioxide-activated carbon fibers a) Carbon Fiber 

activated at 800C for 0.5h b) Carbon Fiber activated at 800C for 1h c) Carbon Fiber activated 

at 900C for 1h (All PAN fibers were previously stabilized at 300C for 1 h in air media) 

.........................................................................................................................................  50 

 
Figure 4.2.1. BET graph of Carbon Fiber carbonized at 600oC for 1hour and stabilized  

at 300 oC for 1 hour .........................................................................................................  53  

 

Figure 4.2.2. BJH pore distribution graph of Carbon Fiber carbonized at 600oC for  

1 hour and stabilized at 300 oC for 1 hour.......................................................................  53 

 

Figure 4.2.3. BET graph of Carbon Fiber  carbonized at 700oC for 1hour and stabilized  

at 300 oC for 1 hour .........................................................................................................  54 

 

Figure 4.2.4. BJH pore distribution graph of Carbon Fiber carbonized at 700oC for 1 hour  

and stabilized at 300 oC for 1 hour ..................................................................................  54 

 

Figure 4.2.5. BET graph of Carbon Fiber  carbonized at 800oC for 1hour and stabilized  

at 300 oC for 1 hour .........................................................................................................  55 

 

Figure 4.2.6. BJH pore distribution graph of Carbon Fiber carbonized at 800oC for 1 hour  

and stabilized at 300 oC for 1 hour ..................................................................................  55 



 x 
 

Figure 4.2.7. BET graph of Carbon Fiber  carbonized at 900oC for 1hour and stabilized at  

300 oC for 1 hour .............................................................................................................  56 

 

Figure 4.2.8. BJH pore distribution graph of Carbon Fiber carbonized at 900oC for 1 hour  

and stabilized at 300 oC for 1 hour ..................................................................................  56  

 

Figure 4.2.9. BET graph of Carbon Fiber activated by carbon dioxide at 800oC for  

0.5 hour and stabilized at 300 oC for 1 hour....................................................................  57 

 

Figure 4.2.10. BJH pore distribution graph of Carbon Fiber activated by carbon dioxide  

at 800oC for 0.5 hour and stabilized at 300 oC for 1 hour ...............................................  57 

 

Figure 4.2.11. BET graph of Carbon Fiber activated by carbon dioxide at 800oC for  

1hour and stabilized at 300 oC for 1 hour........................................................................  58 

 

Figure 4.2.12. BJH pore distribution graph of Carbon Fiber activated by carbon dioxide  

at 800oC for 1 hour and stabilized at 300 oC for 1 hour ..................................................  58 

 

Figure 4.2.13. BET graph of Carbon Fiber activated by carbon dioxide at 900oC for  

1hour and stabilized at 300 oC for 1 hour........................................................................  59 

 

Figure 4.2.14. BJH pore distribution graph of Carbon Fiber activated by carbon dioxide  

at 900oC for 1 hour and stabilized at 300 oC for 1 hour ..................................................  59 

 

Figure 4.2.15.  BET graph of Carbon Fiber activated by AlCl3-Et2O at 800oC for 1 hour  

and stabilized at 300 oC for 1 hour ..................................................................................  60 

 

Figure 4.2.16. BJH pore distribution graph of Carbon Fiber activated by AlCl3-Et2O  

at 800oC for 1 hour and stabilized at 300 oC for 1 hour ..................................................  60 

 

Figure 4.3.1. Differential Scanning Calorimetry graph of Cyclohexane held at 350C  

for 15 minutes in the microreactor containing %5 Pd loaded-Carbon fiber ...................  62 

 

 



 xi 
 

Figure 4.3.2. Differential Scanning Calorimetry graph of Cyclohexane held at 350C  

for 30 minutes in the microreactor containing %5 Pd loaded-Carbon fiber ...................  63 

 

Figure 4.3.3. Differential Scanning Calorimetry graph of Cyclohexane held at 350C  

for 60 minutes in the microreactor containing %5 Pd loaded-Carbon fiber ...................  63 

 

Figure 4.3.4. Differential Scanning Calorimetry graph of Cyclohexane held at 350C  

for 16 minutes which was stopped after first degradation of cyclohexane .....................  65 

 

Figure 4.3.5. Differential Scanning Calorimetry graph of Cyclohexane held at 350C  

for 12 minutes which was stopped before first degradation of cyclohexane ..................  65 

 

Figure 4.3.6. Total Ion Chromatogram of cyclohexane ..................................................  66 

 

Figure 4.3.7. Total Ion Chromatogram of products after cyclohexane was treated  

in %5 Pd-loaded carbon fiber for 15 minutes at 350oC...................................................  66 

 

Figure 4.3.8. Total Ion Chromatogram of products after cyclohexane was treated  

in %5 Pd-loaded carbon fiber for 30 minutes at 350oC...................................................  67 

 

Figure 4.3.9. Total Ion Chromatogram of products after cyclohexane was treated  

in %5 Pd-loaded carbon fiber for 60 minutes at 350oC...................................................  67 

 

Figure 4.3.10. Total Ion Chromatogram of products after cyclohexane was treated  

in %5 Pd-loaded carbon fiber for 16 minutes at 350oC...................................................  68 

 

Figure 4.3.11. Total Ion Chromatogram of products after cyclohexane was treated  

in %5 Pd-loaded carbon fiber for 12 minutes at 350oC...................................................  68 

 

 

 
 
 
 



 xii 
 

 
LIST OF TABLES 

 

TABLE Page 

Table 4.2. 1. Surface Areas of Carbon Fibers before activation .....................................  61 

Table 4.2.2. Surface Areas of Carbon Fibers after activation .........................................  61 

Table 4. 3.1. Retention times and possible compounds analyzed in GC-MS  

after treatment in micro-autoclave ....................................................................................... 69 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
 
 
 
 
 



 xiii 
 

  
 

ABSTRACT 

  

Wet-spun poly (acrylonitrile) fibers were stabilized at 200 oC for 1, 2, 3, 4, 5 hours and 300 oC 

for 0.5, 1, 2 hours under an air atmosphere. Carbon fibers were investigated in terms of 

functional groups at the surface and surface area changes at different carbonization 

temperatures, 500oC, 600oC, 700oC, 800oC, 900 oC, 1000 oC. After this, all carbon fibers were 

chemically activated with aluminium chloride (AlCl3) and carbon dioxide (CO2). Fourier 

Transformation Infrared Spectra and Scanning Electron Microscopy images of the chemically 

activated carbon fibers were measured to highlight possible changes on the surface. The 

highest surface area was obtained for the carbon fibers that was stabilized at 300oC for and 

carbonized at 600oC as 135.68 m2/g. Activation of fibers increased the surface area of fibers 

activated at 800oC under a CO2 atmosphere for 0.5 and 1 hour. After the activation of fiber at 

800oC for 0.5 and 1 hour and at 900oC for 1 hour and with AlCl3/Et2O, the highest surface 

area was obtained for the carbon fiber stabilized at 300oC, carbonized at 800oC and activated 

for 1hour as 189.60 m2/g. Non-activated CFs had microporous surface which was converted 

to macroporous surface after activation by CO2. However, longer activation times created 

more ordered graphitic layers. 

 

FT-IR spectra of almost all samples showed two major peaks  near ~1200cm-1 and ~1600cm-1 

that belonged to =C-H and -C=C-, respectively. Although some fibers contains –C-N groups 

these groups vanished after activation. 

 

After 5%Pd (by wt) was loaded by NaBH4 reduction method onto carbon fibers carbonized at 

800oC and stabilized at 300oC for 1 hour, cyclohexane was dehydrogenated in micro-

autoclaves at 350oC in a differential scanning calorimeter system. Two main endothermic 

peaks  were observed in DSC thermograms until 350oC.  Chemical compounds produced after 

dehydrogenation experiments over 5%Pd/CF were analyzed in GC-MS. Cyclohexene, 1-

methyl-cyclopentene, 1,3,5-trimethylbenzene, 3-methylcyclohexene, decanal, 1-hexanol were 

some of the compounds observed. 

 

 

 



 xiv 
 

 

ÖZET 

 

Yaş çekim sistemi ile üretilmiş poli (akrilonitril) fiberler 200 oC’ de 1, 2, 3, 4, 5’er saat ve 300 

oC’de 0.5, 1, 2’şer saat hava ortamında okside edildi. 500, 600, 700, 800, 900, 1000 oC’de azot 

gazlı ortamda karbonize edilen PAN fiberlerin yüzey alanları, grafit içerikleri ve yüzeyde yer 

alan fonksiyonel gruplar Fourier Transform İnfrared spektrokopisi, taramalı electron 

mikroskopisi ile incelendi. Bundan sonra bütün karbon fiber örnekleri aluminyum kloritle ve 

karbon dioksit aktive edildi. Aktivasyon sonrası gene yüzeyde yer olabilecek olası 

fonksiyonel gruplar ve yüzey alanı gruplar sırasıyla Fourier Transform İnfrared spektrokopisi, 

taramalı electron mikroskopisi, ve BET yöntemi ile incelendi. BET yöntemi ile en yüksek 

yüzey alanı 300oC’de okside edilmiş ve 600oC’de karbonize edilmiş karbon fiber örneklerinde 

135.68 m2/g olarak elde edildi. Bununla birlikte bu yüzey alanı  300oC’de okside edilmiş ve  

800oC’de karbon dioksitli ortamda aktive edilmiş fiber örneğinin yüzey alanı 189.60 m2/g 

olarak ölçüldü. Bunun yanında alanı  300oC’de okside edilmiş ve  900oC’de karbon dioksitli 

ortamda ve AlCl3/Et2O komposuzyonunda aktive edilmiş fiber yüzey alanları 54.50 ve 117.42 

m2/g’a düştü. 

 

FT-İR analizinde karbon fiber örneklerinin yüzeyinde özellikle iki ana pik analiz edildi. 

Bunlar ~1200cm-1 and ~1600cm-1 gibi dalga sayılarında =C-H and -C=C- gibi fonksiyonel 

gruplardı. Bazı karbon fiberlerde gozlenen –C-N pikinin aktivasyon sonrası kaybolduğu 

görüldü. 

 

NaBH4 aracılığıyla kütlece %5 oranında Pd yüklenmiş 800oC karbonize edilmiş ve  300oC’de 

1 saat süresince okside edilmiş karbon fiber örneği siklohekzan bileşiğinin 

dehirojenasyonunda kullanıldı. Bir DSC aletinde 350oC’ye kadar ısıtılmaya programlanmış 

olan mikro-otoklavlarda reaksiyon sonunda ortaya çıkmış bileşikler GC-MS yardımıyla 

incelendi.  Siklohekzen, 1-metil-siklopenten, 1,3,5-trimetilbenzen, 3-metilsiklohekzen, 

dekanal, 1-hekzanol gibi kimyasallara rastlandı. 
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