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The cover page image depicts the three main desulfurizing processes that were investigated 

in the current Master Thesis. (1) Biodesulfurization (BDS) is presented in the middle of the 

graphical presentation, whereas the 4S metabolic pathway and its metabolites are 

highlighted below. (2) On the left, the Oxidative desulfurization (ODS) procedures of (i) 

Ultrasonication pre-oxidation (UPO), and (ii) Electro-oxidation (E/O) using Boron-doped-

diamond (BDD) anode are presented. Last, on the right, (3) Adsorptive desulfurization (ADS), 

along with the examined carriers are illustrated.  
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çȹȼȿÝɆȼ ɀȼ ȿɃũɃȾȿɃɄȼɆ ȾȷȽ ȷɁȷȿȼɊȼɆ ɄɅɃɆÝɄȽȾȼɆ ȺɈŪɈɁȼɆè 

 

ɀŮ ˊɚɐɟɖ Ůˊɑɔɜɤůɖ Űɤɜ ůɡɜŮˊŮɘɩɜ Űɞɡ ɜɧɛɞɡ ˊŮɟɑ ˊɜŮɡɛŬŰɘəɩɜ ŭɘəŬɘɤɛɎŰɤɜ, ŭɖɚɩɜɤ 

ŮɜɡˊɞɔɟɎűɤɠ ɧŰɘ ŮɑɛŬɘ ŬˊɞəɚŮɘůŰɘəɧɠ ůɡɔɔɟŬűɏŬɠ Űɖɠ ˊŬɟɞɨůŬɠ ȹɘˊɚɤɛŬŰɘəɐɠ ȺɟɔŬůɑŬɠ, 

ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ɞˊɞɑŬɠ əɎɗŮ ɓɞɐɗŮɘŬ ŮɑɜŬɘ ˊɚɐɟɤɠ ŬɜŬɔɜɤɟɘůɛɏɜɖ əŬɘ ŬɜŬűɏɟŮŰŬɘ 

ɚŮˊŰɞɛŮɟɩɠ ůŰɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ. Ȱɢɤ ŬɜŬűɏɟŮɘ ˊɚɐɟɤɠ əŬɘ ÕŮ ůŬűŮɑɠ ŬɜŬűɞɟɏɠ, ɧɚŮɠ Űɘɠ 

ˊɖɔɏɠ ɢɟɐůɖɠ ŭŮŭɞɛɏɜɤɜ, ŬˊɧɣŮɤɜ, ɗɏůŮɤɜ əŬɘ ˊɟɞŰɎůŮɤɜ, ɘŭŮɩɜ əŬɘ ɚŮəŰɘəɩɜ ŬɜŬűɞɟɩɜ, 

ŮɑŰŮ əŬŰɎ əɡɟɘɞɚŮɝɑŬ ŮɑŰŮ ɓɎůŮɘ ŮˊɘůŰɖɛɞɜɘəɐɠ ˊŬɟɎűɟŬůɖɠ. ȷɜŬɚŬɛɓɎɜɤ Űɖɜ ˊɟɞůɤˊɘəɐ 

əŬɘ ŬŰɞɛɘəɐ Ůɡɗɨɜɖ ɧŰɘ ůŮ ˊŮɟɑˊŰɤůɖ ŬˊɞŰɡɢɑŬɠ ůŰɖɜ ɡɚɞˊɞɑɖůɖ Űɤɜ ŬɜɤŰɏɟɤ ŭɖɚɤɗɏɜŰɤɜ 

ůŰɞɘɢŮɑɤɜ, ŮɑɛŬɘ ɡˊɧɚɞɔɞɠ ɏɜŬɜŰɘ ɚɞɔɞəɚɞˊɐɠ, ɔŮɔɞɜɧɠ ˊɞɡ ůɖɛŬɑɜŮɘ ŬˊɞŰɡɢɑŬ ůŰɖɜ 

ɄŰɡɢɘŬəɐ ȺɟɔŬůɑŬ ɛɞɡ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ŬˊɞŰɡɢɑŬ ŬˊɧəŰɖůɖɠ Űɞɡ ɄŰɡɢɑɞɡ Ɇˊɞɡŭɩɜ, ˊɏɟŬɜ 

Űɤɜ ɚɞɘˊɩɜ ůɡɜŮˊŮɘɩɜ Űɞɡ ɜɧɛɞɡ ˊŮɟɑ ˊɜŮɡɛŬŰɘəɩɜ ŭɘəŬɘɤɛɎŰɤɜ. ȹɖɚɩɜɤ, ůɡɜŮˊɩɠ, ɧŰɘ 

ŬɡŰɐ ɖ ŮɟɔŬůɑŬ ɛɞɡ ˊɟɞŮŰɞɘɛɎůŰɖəŮ əŬɘ ɞɚɞəɚɖɟɩɗɖəŮ Ŭˊɧ ŮɛɏɜŬ ˊɟɞůɤˊɘəɎ əŬɘ 

ŬˊɞəɚŮɘůŰɘəɎ əŬɘ ɧŰɘ, ŬɜŬɚŬɛɓɎɜɤ ˊɚɐɟɤɠ ɧɚŮɠ Űɘɠ ůɡɜɏˊŮɘŮɠ Űɞɡ ɜɧɛɞɡ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

əŬŰɎ Űɖɜ ɞˊɞɑŬ ŬˊɞŭŮɘɢɗŮɑ, ŭɘŬɢɟɞɜɘəɎ, ɧŰɘ ɖ ŮɟɔŬůɑŬ ŬɡŰɐ ɐ ŰɛɐɛŬ Űɖɠ ŭŮɜ Õɞɡ ŬɜɐəŮɘ ŭɘɧŰɘ 

ŮɑɜŬɘ ˊɟɞɥɧɜ ɚɞɔɞəɚɞˊɐɠ Ɏɚɚɖɠ ˊɜŮɡɛŬŰɘəɐɠ ɘŭɘɞəŰɖůɑŬɠ. 
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ɳʇʋɮʄɹʅʆɹɳʅ 

ɶ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˃ʱˋˍʶˊ ʶˁˉˇ˄ʺʻʹˁʶ ˋˍʰ ˉ˂ʰʾˋʽˇ ˍʹˌ ˉˊʰˁˍʽˁʺˌ ʱˋˁʹˋʹˌ 

ERASMUS ˋˍˇ ʆ˃ʺ˃ʰ ʋʹ˃ʶʾʰˌ ˍˇˎ ʃʰ˄ʶˉʽˋˍʹ˃ʾˇˎ ɼˏˉˊˇˎΣ ˋˍˇ ɳˊʴʰˋˍʺˊʽˇ ʃˍʹˍʽˁ˗˄ 

ʁˊʴʰ˄ʽˁ˗˄ ɳ˄˗ˋʶ˖˄ ˍˇˎ ɳˉʾˁˇˎˊˇˎ ɼʰʻʹʴʹˍʺ ɲˊΦ ɮʴʱˉʽˇˎ ɮʴʰˉʾˇˎ ˁʰʽ ʰˉˇˍʶ˂ʶʾ ˃ʷˊˇˌ 

ˍˇˎ ʶˊʶˎ˄ʹˍʽˁˇˏ ˉˊˇʴˊʱ˃˃ʰˍˇˌ OilEcoSulfur. 

ɮˊ˔ʽˁʱΣ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇ˄ ɳˉʽʲ˂ʷˉ˖˄ ɼʰʻʹʴʹˍʺ ɲˊΦ ɮʴʱˉʽˇ ɮʴʰˉʾˇˎ ʴʽʰ ˍʹ˄ 

˒ʽ˂ˇ˅ʶ˄ʾʰΣ ˍʹ˄ ʰ˄ʱʻʶˋʹ ˍˇˎ ˉˇ˂ˏ ʶ˄ʵʽʰ˒ʷˊˇ˄ ʻʷ˃ʰˍˇˌΣ ˍʹ˄ ˋˎ˄ʶ˔ʺ ˎˉˇˋˍʺˊʽ˅ʹ ˍˇˎ ˋˍʽˌ 

ˁʰʻʹ˃ʶˊʽ˄ʷˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʵˎˋˁˇ˂ʾʶˌΣ ʰ˂˂ʱ ˁʰʽ ˋˍˇ ˋˍʱʵʽˇ ˍʹˌ ˋˎʴʴˊʰ˒ʺˌ ˍʹˌ ˉʰˊˇˏˋʰˌ 

ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΦ ɳˉʽˉ˂ʷˇ˄, ʻ  hʺʻʶ˂ʰ ˄ hʶˎ˔ʰˊʽˋˍʺˋ˖ ʽʵʽʰʾˍʶˊʰ ˁʰʽ ˄ hʶˁ˒ˊʱˋ˖ 

ˍʹ˄ ʲʰʻʽʱ ˃ˇˎ ʶˁˍʾ˃ʹˋʹ ˉˊˇˌ ˍˇ˄ ɾʶˍʰʵʽʵʰˁˍˇˊʽˁˈ ɳˊʶˎ˄ʹˍʺ ɲˊΦ ɾʰˊʾ˄ˇ ʅˍˎ˂ʽʰ˄ˇˏ ʴʽʰ 

ˍʹ˄ ˁʰʻʹ˃ʶˊʽ˄ʺ ˁʰʻˇʵʺʴʹˋʹ ˉˇˎ ˃ˇˎ ˉʰˊʶʾ˔ʶΣ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʽˌ ˉˇ˂ˏˍʽ˃ʶˌ ˋˎ˃ʲˇˎ˂ʷˌ ˍˇˎ 

ˋˍʽˌ ˁ ʰʻʹ˃ʶˊʽ˄ʷˌΣ ˃ ʽˁˊʷˌ ɻ ˎˋˁˇ˂ʾʶˌ ̄ ˇˎ ̄ ˊˇˁˏˉˍʰ˄Φ 

ʃʰˊʱ˂˂ʹ˂ʰΣ ʻ  hʺʻʶ˂ʰ ˄ hʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇ˄ ˎˉˇ˕ʺ˒ʽˇ ʵʽʵʱˁˍˇˊʰ ˍˇˎ ʆɳʃɮɼ ˁΦ ʋʱˊʹ 

ʅʰ˃ʰ˄ʾʵʹ ʴʽʰ ˍʽˌ ˉˇ˂ˏˍʽ˃ʶˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ˁʰʽ ʴ˄˗ˋʶʽˌ ˉˇˎ ˃ˇˎ ˉˊˇˋʷ˒ʶˊʶ ʴʽʰ ˍʹ˄ 

ˁʰˍʰˋˁʶˎʺ ˍ˖˄ ʲʽˇ-ʰ˄ˍʽʵˊʰˋˍʺˊ˖˄Σ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʹ˄ ʲʽ˗ˋʽ˃ʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎˌΣ ˁʰʻ˗ˌ 

ʶˉʾˋʹˌ ˁʰʽ ˍ hˎˉˈ˂ˇʽˉʰ ˃ʷ˂ʹ ˍˇˎ ɳˊʴʰˋˍʺˊʽˇˎ ʃˍʹˍʽˁ˗˄ ʁˊʴʰ˄ʽˁ˗˄ ɳ˄˗ˋʶ˖˄ ˉˇˎ ʺˍʰ˄ 

ˉˊˈʻˎ˃ʰ ˄ h ʲˇʹʻʺˋˇˎ˄ ˋˍʽˌ ˁʰʻʹ˃ʶˊʽ˄ʷˌ ˃ˇˎ ʰ˄ʱʴˁʶˌΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ʻ  h ʺʻʶ˂ʰ ˄ h

ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍʹ˄ ˁʰΦ ʄʰ˒ʰʷ˂ʰ ɼ˖˄ˋˍʰ˄ˍʾ˄ˇˎ ˁʰʽ ˍʹ˄ ʶˍʰʽˊʶʾʰ Nortest Ltd., ʴ̔  hˍʹ˄ ˋˎ˄ʶ˔ʺ 

ˉʰˊˇ˔ʺ ̱ ˖˄ ɻ ʶʽʴ˃ʱˍ˖˄ ̄ ʶ̱ˊʶ˂ʰʾˇˎΦ 

ɸ  h ʺˍʰ˄ ˉʰˊʱ˂ʶʽ˕ʹ ˄ h ˃ʹ˄ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʻʶˊ˃ʱ ˍˇ˄ ɲʽʶˎʻˎ˄ˍʺ ˍˇˎ ɲʽʰˍ˃ʹ˃ʰˍʽˁˇˏ 

ɾʶˍʰˉˍˎ˔ʽʰˁˇˏ ˉˊˇʴˊʱ˃˃ʰˍˇˌ ɼʰʻʹʴʹˍʺ ɲˊΦ ɼ˖˄ˋˍʰ˄ˍʾ˄ˇ ʆˋʰ˄ʰˁˍˋʾʵʹΣ ʴʽʰ ˍʹ˄ 

ʶ˄ʻʱˊˊˎ˄ˋʹ ˍˇˎ ˄ hˎ˂ˇˉˇʽʺˋ˖ ˍʹ˄ ʃˊʰˁˍʽˁʺ ˃ˇˎ ɯˋˁʹˋʹ ˋˍˇ ɳˊʴʰˋˍʺˊʽˇ ʃˍʹˍʽˁ˗˄ 

ʁˊʴʰ˄ʽˁ˗˄ ɳ˄˗ˋʶ˖˄Σ ʰ˂˂  ɦˁʰʽ ʴʽʰ ˍʹ˄ ˎˉˇˋˍʺˊʽ˅ʹ ˉˇˎ ˃ˇˎ ˉʰˊʶʾ˔ʶ ˈˉˇˍʶ ˍʹ˄ ˔ˊʶʽʱˋˍʹˁʰΦ 

ɳˉʾˋʹˌ, ʻ  hʺʻʶ˂ʰ ˄ hʶˎ˔ʰˊʽˋˍʺˋ˖ ˍʹ˄ ˁʰΦ ɳˎʰʴʴʶ˂ʾʰ ɾˉˇˎˁˇˎʲʱ˂ʰΣ ˎˉʶˏʻˎ˄ʹ ˍˇˎ 

ˉˊˇʴˊʱ˃˃ʰˍˇˌ ɳRASMUS, ʴʽʰ ˍʹ˄ ʱ˕ˇʴʹ ʶ˅ˎˉʹˊʷˍʹˋʹ ˍʹˌ ˁʰˍʱ ˍʹ˄ ʵʽʱˊˁʶʽʰ ˍʹˌ 

˒ʽ˂ˇ˅ʶ˄ʾʰˌ ˃ ˇˎ ̀ ˍʹ˄ ɼˏˉˊˇΦ 

ɸʰ ʺˍʰ˄ ʰ˔ʰˊʽˋˍʾΣh ˄ʰ ˃ʹ˄ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇˎˌ ʴˇ˄ʶʾˌ ˃ˇˎ ʴʽʰ ˍʹ˄ ˋˎ˄ʶ˔ʺ ˍˇˎˌ ˋˍʺˊʽ˅ʹ ˋˍʽˌ 

ʶˉʽ˂ˇʴʷˌ ˉˇˎ ʷˁʰ˄ʰ ˈ˂ʰ ʰˎˍʱ ˍʰ ˔ˊˈ˄ʽʰΣ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʹ˄ ʰ˃ʷˊʽˋˍʹ ˎˉˇ˃ˇ˄ʺ ˁʰʽ ʰʴʱˉʹ 

ˉˇˎ ʰˉ˂ˈ˔ʶˊʰ ʶʾˋˉˊʰ˅ʰΦ ʁ˃ˇʾ˖ˌΣ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʰʵʷˊ˒ʽʰΣ ˒ʾ˂ˇˎˌ ˁʰʽ 

ˋˎʴʴʶ˄ʶʾˌ ˈˉˇˎ ˃ʶ ˍʹ˄ ˕ˎ˔ˇ˂ˇʴʽˁʺ ˍˇˎˌ ʲˇʺʻʶʽʰ ˁʰˍˈˊʻ˖ˋʰ˄ ˄ʰ ˃ʶ ʰ˄ˎ˕˗ˋˇˎ˄ ˈˍʰ˄ ˍˇ 

˔ˊʶʽʱˋˍʹˁʰΦ 

ʆʷ˂ˇˌΣ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʰ˒ʽʶˊ˗ˋ˖ ˍʹ˄ ˉʰˊˇˏˋʰ ʶˊʴʰˋʾʰ ʰˊ˔ʽˁʱ ˋˍˇˎˌ ʴˇ˄ʶʾˌ ˃ˇˎΣ ʵʽˈˍʽ ˔˖ˊʾˌ 

ˍʹ˄ ˉˇ˂ˏˍʽ˃ʺ ʲˇʺʻʶʽʱ ˍˇˎˌΣ ʵʶ˄ ʻʰ ˍʰ ʶʾ˔ʰ ˁʰˍʰ˒ʷˊʶʽ. ɮˁˇ˂ˇˏʻ˖ˌΣ ˇ˒ʶʾ˂˖ ˄ʰ ˍʹ˄ 

ʰ˒ʽʶˊ˗ˋ˖ ˁʰʽ ˋʶ ʵˏˇ ˁʰʻʹʴʹˍʷˌ ˈˉˇˎ ˃ʶ ˋˍʺˊʽ˅ʰ˄ ˉˊʰʴ˃ʰˍʽˁʱ ˋʶ ʷ˄ʰ ˁˇ˃ʲʽˁˈ ˋˍʱʵʽˇ ˍʹˌ 

ʸ˖ʺˌ ˃ˇˎ ˁʰʽ ˋˎ˄ʶʽʵʹˍˇˉˇʽ˗ ˉ˖ˌ ʵʽʰ˃ˈˊ˒˖ˋʰ˄ ˋʶ ˋ˔ʶˍʽˁʱ ˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ, ʲʰˋʽˁʱ ʻʶ˃ʷ˂ʽʰ 

ˍʹˌ ʰˎˍˇˉʶˉˇʾʻʹˋʹ̩  ˉˇˎ ˁˇˎʲʰ˂˗ ˃ʷˋʰ ˃ˇˎ, ˃ʷ˔ˊʽ ˋʺ˃ʶˊʰϊ ˍˇ˄ 5ǊΦ [ŀǿǊŜƴŎŜ IƛƭŘƛǘŎƘ ˁʰʽ 

ˍʹ˄ Mrs. Annie Cowell. 

ɮ˄ˍ˗˄ʹˌ ʆˋʽʰ˃ˉʱˊˍʰˌ 
ɮˏʴˇˎˋˍˇˌ нлнн 
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ʃɳʄɹɽɶʌɶ 

ɶ ˉʰˊˇˏˋʰ ˃ʶˍʰˉˍˎ˔ʽʰˁʺ ʶˊʴʰˋʾʰ ʶ˅ʶˍʱʸʶʽ ʵʽʱ˒ˇˊʶˌ ˍʶ˔˄ʽˁʷˌ ʴʽʰ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ 

ʰˉˇʵˇˍʽˁˈˍʹˍʰˌ ˍʹˌ ɰʽˇʰˉˇʻʶʾ˖ˋʹˌΣ ʴʽʰ ˍʹ ˃ʶʾ˖ˋʹ ˍʹˌ ˉʶˊʽʶˁˍʽˁˈˍʹˍʰˌ ҈ ˍˇˎ ʻʶʾˇˎ ˋˍʰ 

ˁʰˏˋʽ˃ʰ όˉΦ˔Φ ʵʽʲʶ˄ʸˇʻʶʽˇ˒ʰʾ˄ʽˇΣ DBT). ɶ ʇʵˊˇʴˇ˄ˇʰˉˇʻʶʾ˖ˋʹ (HDS) ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 

ʶˎˊʷ˖ˌ ʰ˄ʱ ˍˇ ˉʰʴˁˈˋ˃ʽˇ ˋʰ˄ ʹ ˋˎ˃ʲʰˍʽˁʺ ˃ʷʻˇʵˇˌ ʰˉˇʻʶʾ˖ˋʹˌΦ ʃʰˊˇˎˋʽʱʸʶʽ ˈ˃˖ˌ 

ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ʶˉʽˉˍ˗ˋʶʽˌ ˂ˈʴ˖ ˍ˖˄ ˎ˕ʹ˂˗˄ ʻʶˊ˃ˇˁˊʰˋʽ˗˄ ˁʰʽ ˉʽʷˋʶ˖˄ ˉˇˎ 

ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽΣ ˈˉ˖ˌ ʶˉʾˋʹˌ ˁʰʽ ˎ˕ʹ˂ˈ ˁˈˋˍˇˌΦ ɴˍˋʽΣ ˇʽ ˍʶ˔˄ʽˁʷˌ ˍʹˌ ɰʽˇʰˉˇʻʶʾ˖ˋʹˌ 

ό˔ˊʺˋʹ ˃ʽˁˊˇˇˊʴʰ˄ʽˋ˃˗˄ύΣ ʰˉˇʻʶʾ˖ˋʹˌ ˃ʶ ʃˊˇˋˊˈ˒ʹˋʹ όADS) ˁʰʽ ˍʹˌ ʁ˅ʶʽʵ˖ˍʽˁʺˌ 

ʰˉˇʻʶʾ˖ˋʹˌ όODS) ˃ ʶ˂ʶˍʺʻʹˁʰ˄ ˖ˌ ʶ˄ʰ˂˂ʰˁˍʽˁʷˌ ʵʽʶˊʴʰˋʾʶˌ ˍʹˌ HDSΦ ɮˊ˔ʽˁʱΣ ˋˎ˂˂ʷ˔ʻʹˁʰ˄ 

ʵʽʱ˒ˇˊʰ ʵʶʾʴ˃ʰˍʰ ˉʶˍˊʶ˂ʰʾˇˎΣ ʶ˃ˉ˂ˇˎˍʾˋˍʹˁʰ˄Σ ʰˉˇ˃ˇ˄˗ʻʹˁʰ˄ ˁʰʽ ˍʰˎˍˇˉˇʽʺʻʹˁʰ˄ 

ʴʶ˄ʶˍʽˁʱ όDNA), ˇˉˈˍʶ ʰ˄ʰʵʶʾ˔ʻʹˁʰ˄ ˍʰ ʰʶˊˈʲʽʰ ˋˍʶ˂ʷ˔ʹ Serratia sp. ˁʰʽ Burkholderia sp. 

ʃʰˊʱ˂˂ʹ˂ʰΣ ʵʽʱ˒ˇˊʰ ʵʶʾʴ˃ʰˍʰ ˋˎ˂˂ʷ˔ʻʹˁʰ˄ ˁʱˍ˖ ˎˉˈ ʰ˄ʰʶˊˈʲʽʶˌ ˋˎ˄ʻʺˁʶˌ όʵʶʾʴ˃ʰˍʰ 

ˎˉˇ˂ʶʽ˃˃ʱˍ˖˄ ˂ˎ˃ʰˍˇ˂ʱˋˉʹˌ ʶ˅ˈˊˎ˅ʹˌ ˉʶˍˊʶ˂ʰʾˇˎύΣ ˈˉˇˎ ˃ʶˍʱ ˍʹ˄ ʴʶ˄ʶˍʽˁʺ ˍʰˎˍˇˉˇʾʹˋʹΣ 

ˍʰ ʵˏˇ ʶˉʽˁˊʰˍʷˋˍʶˊʰ ʰ˄ʰʶˊˈʲʽʰ ˋˍʶ˂ʷ˔ʹ ˉˇˎ ʰˉˇ˃ˇ˄˗ʻʹˁʰ˄ ʺˍʰ˄ ˍʰ Herbaspirillum sp. 

ˁʰʽ Pseudomonas sp. ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˁˇ˃˃ʱˍʽ ʴʽʰ ˍʹ˄ ʵʽʶˊʶˏ˄ʹˋʹ ˍʹˌ 

ɰʽˇʰˉˇʻʶʽ˖ˍʽˁʺˌ ʰˉˈʵˇˋʹˌ ˔˖ˊʾˋˍʹˁʶ ˋʶ п ʶˊʶˎ˄ʹˍʽˁʱ ˃ʷˊʹΦ ʂ˂ʰ ˍʰ ˉʶʽˊʱ˃ʰˍʰ 

ʵʽʶ˅ʺ˔ʻʹˋʰ˄ ˋʶ ʶʽʵʽˁʷˌ ˒ʽʱ˂ʶˌ ˉˇˎ ˉʶˊʽʶʾ˔ʰ˄ ʰʶˊˈʲʽˇˎˌ ʺ ʰ˄ʰʶˊˈʲʽˇˎˌ 

˃ʽˁˊˇˇˊʴʰ˄ʽˋ˃ˇˏˌΣ ˁʰʻ˗ˌ ˁʰʽ ˍʰ ˉʰˊʰˁʱˍ˖Υ 

Á ʃˊˈˋʻʶˍʰΥ όʰύ ʶˉʽ˒ʰ˄ʶʽˇʵˊʰˋˍʽˁˈ Tween улΣ ˁʰʽ όʲύ ZVI όˊʽ˄ʾˋ˃ʰˍʰ ˋʽʵʺˊˇˎ 

˃ʹʵʶ˄ʽˁˇˏ ˋʻʷ˄ˇˎˌΣ ʰ˄ʰʶˊˈʲʽˇˎˌ ˇˊʴʰ˄ʽˋ˃ˇˏˌύ 

Á ɲʽʱ˒ˇˊˇˎˌ ζ˃ʶˍʰ˒ˇˊʶʾˌηΥ όʰύ ʸʶˈ˂ʽʻˇˌΣ όʲύ ʲʶˊ˃ʽˁˇˎ˂ʾˍʹˌΣ όʴύ ʲʽˇˁʱˊʲˇˎ˄ˇ ʰˉˈ 

ˁʰˍʱ˂ˇʽˉʰ ˁʰ˒ʷ όSCGBύΣ όʵύ ʲʽˇˁʱˊʲˇˎ˄ˇ ʰˉˈ ˁˇˉˊʽʱ ʰʴʶ˂ʱʵʰˌ (CMBύΣ όʶύ 

ʲʽˇˁʱˊʲˇˎ˄ˇ ʽ˂ˏˇˌ όSSBύ ˁʰʽ όʹύ ʶʽʵʽˁˈ ʲʽˇ˒ʾ˂˃ όMutag biochip carrier, MBC) 
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Á ɳ˒ʰˊ˃ˇʴʺ ʹ˂ʶˁˍˊˇˇ˅ʶʾʵ˖ˋʹˌ όE/Oύ ˁʰʽ ˎˉʶˊʺ˔˖˄ (UPOύ ˋʶ ˎʵʰˍʽˁʱ ˁʰʽ ˇˊʴʰ˄ʽˁʱ 

(ACN/NANO3ύ ʵʽʰ˂ˏ˃ʰˍʰ ʴʽʰ ˍʹ˄ ʵʽʶˊʶˏ˄ʹˋʹ ˉʽʻʰ˄ʺˌ ˇ˅ʶʾʵ˖ˋʹˌ ˍˇˎ DBT 

Á ʋˊʺˋʹ ɻ ʽʰ˂ʶʽ˃˃ʰˍʽˁ˗˄ ʲʽˇ-ʰ˄ˍʽʵˊʰˋˍʺˊ˖˄ 

ɶ ˃ʷʻˇʵˇˌ ˉˇˎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˋˍˇ˄ ʰʷˊʽˇ ˔ˊ˖˃ʰˍˇʴˊʱ˒ˇ-ʰ˄ʽ˔˄ʶˎˍʺ ʽˇ˄ʽˋ˃ˇˏ ˒˂ˈʴʰˌ όGC-

FID)Σ ˁʰˍʱ˒ʶˊʶ ˄ʰ ˍʰˎˍˇˉˇʽʺˋʶʽ ˋʶ ˂ʽʴˈˍʶˊˇ ʰˉˈ мр ˂ʶˉˍʱ ˈ˂ʰ ˍʰ ˉˊˇʿˈ˄ˍʰ ˍˇˎ ʶʽʵʽˁˇˏ 

˃ʶˍʰʲˇ˂ʽˁˇˏ ˃ˇ˄ˇˉʰˍʽˇˏ 4S: DBT, DBTO, DBTO2 and 2HBPΦ ʆʰ ˉˊˈˋʻʶˍʰ ˉˇˎ ˉˊˇˋˍʷʻʹˁʰ˄ 

˃ʶ ˍˇˎˌ ʰʶˊˈʲʽˇˎˌ ˃ʽˁˊˇˇˊʴʰ˄ʽˋ˃ˇˏˌ Serratia sp. ˁʰʽ Burkholderia sp., ˉʰˊˇˎˋʾʰˋʰ˄ 

ˎ˕ʹ˂ʺ ˉˊˇˋˊˇ˒ʹˍʽˁʺ ʽˁʰ˄ˈˍʹˍʰ ʴʽʰ ˍˇ DBT (30-100 % h ˉˇ˃ʱˁˊˎ˄ˋʹ) - ˇ ʸʶˈ˂ʽʻˇˌ ˃ʱ˂ʽˋˍʰ 

ˉʰˊˇˎˋʾʰˋʶ ˋˍʰʻʶˊʺ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˍˇˎ DBTΦ ɶ ʵʽʶˊʴʰˋʾʰ UPO ˒ʰ˄ʷˊ˖ˋʶ ˉ˖ˌ ˇʽ ˎˉʷˊʹ˔ˇʽ 

˃ˉˇˊʶʾ ˄ʰ ʰˎ˅ʺˋˇˎ˄ ˍʹ˄ ʵʽʰ˂ˎˍˈˍʹˍʰ ˍˇˎ DBT ˋˍˇ ˎʵʰˍʽˁˈ ʵʽʱ˂ˎ˃ʰΣ ˃ʶ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ 

ʲʶ˂ˍʽ˖˃ʷ˄ʹ ʰˉˈʵˇˋʹ ˍˇˎ ˃ʶˍʰʲˇ˂ʽˁˇˏ ˃ˇ˄ˇˉʰˍʽˇˏ 4S. ɶ ˔ˊʺˋʹ ˍˇˎ ʹ˂ʶˁˍˊˇʵʾˇˎ BDD 

(Boron-Doped Diamond) ˖  ̩ ʱ˄ˇʵˇˌ ˋˍʹ˄ ʹ˂ʶˁˍˊˇˇ˅ʶʾʵ˖ˋʹ όE/Oύ ˃ʰʸʾ ˃ʶ ˍʽˌ 

ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ˍʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌΣ ˒ʰ˄ʷˊ˖ˋʰ˄ ˍʹ˄ ˃ʶˍʰˍˊˇˉʺ ˍˇˎ DBT ̀ ʶ DBTO, ˁ ʰʽ DBTO2  - 

ʰˎˍˈ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˋʰ˄ ˃ʽʰ ˍʶ˔˄ʽˁʺ ˉˊˇˁʰˍʶˊʴʰˋʾʰˌ ʴʽʰ ˄ʰ ˃ʶʽ˖ʻˇˏ˄ ˍʰ 

ˍʷˋˋʶˊʰ ˋˍʱʵʽʰ ˍˇˎ ˃ʶˍʰʲˇ˂ʽˁˇˏ ˃ˇ˄ˇˉʰˍʽˇˏ 4S ˋʶ ʵˏˇΦ ʆʷ˂ˇˌΣ ˇ ˋˎ˄ʵˎʰˋ˃ˈˌ ˁʰʽ ˍ˖˄ ʵˏˇ 

ʰʶˊˈʲʽ˖˄ ˋˍʶ˂ʶ˔˗˄ ˋˍˇˎˌ ʲʽˇ-ʰ˄ˍʽʵˊʰˋˍʺˊʶˌ ˉʰˊˇˎˋʾʰˋʶ ˉˇ˂ˏ ˎˉˇˋ˔ˈ˃ʶ˄ʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ (ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˃ʷ˔ˊʽ 85 %). 
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ɽɳʀɳɹʅ-ɼɽɳɹɲɹɮ 

ɰʽˇʰˉˇʻʶʾ˖ˋʹ όBDS), h ˉˇʻʶʾ˖ˋʹ ˃ʶ ˉ́ ˇˋˊˈ˒ʹˋʹ όADS), ̌ ˅ʶʽʵ˖ˍʽˁʺ ʰˉˇʻʶʾ˖ˋʹ όODS), 

ʵʽʲʶ˄ʸˇʻʶʽˇ˒ʰʾ˄ʽˇ (DBT), ˃ ʶˍʰʲˇ˂ʽˁˈ ˃ˇ˄ˇˉʱˍʽ пS 
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ABSTRACT 

The present MSc thesis examined different techniques in order to increase the 

Biodesulfurization (BDS) process efficiency, towards the removal of sulfur from oil samples 

(e.g., dibenzothiophene, DBT). Hydrodesulfurization (HDS) is a worldwide commercial 

desulfurization method with high environmental impact due to high temperatures and 

pressures, as well as the high cost. Therefore, BDS, adsorptive desulfurization (ADS), and 

oxidative desulfurization (ODS) were studied as alternative processes towards HDS. In this 

content, various oil-polluted samples were submitted for DNA extraction, resulting in the 

isolation and identification of the aerobic strains of Serratia sp. and Burkholderia sp. 

Additionally, various anaerobic bacteria consortiums were isolated from various areas 

(excess and drilling cut samples); thus, Herbaspirillum sp. and Pseudomonas sp. were finally 

identified as the main dominant species. Furthermore, the experimental study was divided 

into 4 different research areas to investigate the BDS performance. All experiments were 

conducted in serum bottles containing, either aerobic or anaerobic microorganisms, as 

listed below:  

Á Addition of additives: (a) Tween 80, and (b) ZVI (anaerobes)  

Á Employ of several carriers: (a) zeolite, (b) vermiculite, (c) spent coffee grounds 

biochar (SCGB), (d) cow-manure derived biochar (CMB), (e) sewage sludge derived 

biochar (SSB), and (f) Mutag biochip carrier (MBC) 

Á Apply of electrooxidation (E/O) and ultrasound pre-oxidation (UPO) in aqueous and 

organic (ACN/NANO3) solutions to investigate potential oxidation of DBT 

Á Examination of semi-continuous bioreactors operation  
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The developed gas chromatography-flame ionization detector (GC-FID) method enabled the 

detection of all the 4S metabolic pathway products in less than 15 minutes: DBT, DBTO, 

DBTO2 and 2HBP. Carriers inoculated with Serratia sp. and Burkholderia sp. exhibited a high 

sorption capacity for DBT (30-100 % removal); zeolite carrier enabled a steady DBT removal. 

UPO indicated that sonication may increase DBT solubility in an aqueous solution resulting 

in improved performance of the 4S pathway. The use of BDD as an anode in E/O along with 

the above-mentioned parameters, revealed the conversion of DBT to DBTO, and DBTO2; this 

could be used as a pretreatment process to reduce the four steps of 4S pathway to two. 

Finally, when a combination of both strains was used in the BDS, very promising results 

were obtained (up to 85 %). 
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1. INTRODUCTION 

1.1 Dissertation structure 

× Chapter 1 provides an overview of the dissertation, including background 

information, aim, objectives, and problem statement. 

× Chapter 2 reviews the literature presenting the main desulfurizing procedures, with 

particular emphasis on BDS, and the several analytical approaches for quantifying 

BDS components.  

× Chapter 3 presents the methods used in the studies and the procedures followed for 

each experiment.  

× Chapter 4 summarizes the respective findings in Tables and graphs and discusses the 

results.  

× Chapter 5 summarizes the results and suggests further steps.  

1.2 Background 

1.2.1 Petroleum 
Petroleum, also known as crude oil, is a mixture of volatile hydrocarbons that also contains 
sulfur, oxygen, and nitrogen, though in minor quantities. Crude oil is one of the three fossil 
fuels currently extracted on earth, alongside gas and coal, and was formed under the 
surface of the earth millions of years ago. The largest amount of the global energy mix 
comes from fossil fuels, more than 80% of energy consumption (Hannah Ritchie, 2020). 
 
The definition of petroleum is derived from the Greek word άpétraέ, which means rock, and 
the Latin άǁƭŜǳƳέ, which means oil; thus, "rock oil" (Petroleum., 2011). The youngest crude 
oil probably formed 10 million years ago, the oldest perhaps 500 million. During this time, 
much of the earth's surface that is now dry land was submerged underseas. In those seas, 
around ancient continents, were countless microorganisms depended for their food upon 
plant-life. As animals died, their bodies sank to the seafloor and mixed with decaying 
vegetation and river salts. This was the raw material from which petroleum was derived. It 
is also believed to be formed when these microorganisms (phytoplankton and zooplankton) 
were buried beneath successive layers of mud in lakes and in oceans and subjected to both 
intense heat and pressure (Drake, 1955). 
 
Although crude oils are liquid, they may contain gaseous or solid compounds, or both. The 
physical properties of crude oil vary considerably; most crude oils are dark in color, but 
there are exceptions. There are also odor differences. Numerous oils, including those of 
Iran, Iraq, and Arabia, possess a strong odor of hydrogen sulfide and other sulfur 
compounds. Nevertheless, there are several types of crude oil that contain little sulfur and 
have an unpleasant odor. This variation in properties is due to compositional differences, 
which have a significant impact on refining methods and the resulting products. (El-Gendy & 
Nassar, 2017)  
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The OPEC has forecasted that oil is remaining the fuel with the largest share of the global 
energy mix until 2045. Primary oil demand is set to increase in the long-term from 82.5 
mboe/d in 2020 to 99 mboe/d in 2045. Despite the decelerating oil demand growth in the 
second part of the forecast period and strong growth in other energy sources, such as on 
other renewables, gas and nuclear, oil is expected to retain the highest share in the global 
energy mix during the entire period (Barkindo, 2021). 

1.2.2 Composition 
Crude oil can be described as light, medium, or heavy depending on the relative amounts of 
heavy molecular weight constituents present in it. The composition of crude oil can vary 
based on the location, age of an oil field and depth of the oil well. Approximately 85 % of all 
crude oil components can be classified as (a) asphalt base, (b) paraffin base, or (c) mixed 
base (Varjani, 2017). Typically, petroleum contains the following hydrocarbons in the 
following proportions: paraffins (15 to 60 %), napthenes (30 to 60 %), aromatics (3 to 30 %), 
and asphaltics for the remaining portion (El-Gendy & Speight, 2015). 
 
Crude oil is a mixture of hundreds of chemical compounds, mainly hydrocarbons -mostly 
alkanes- of various lengths. The approximate length range is C5H12 to C18H38. Any less than 
five carbon molecules is considered natural gas or natural gas liquids, while more than 
eighteen carbon molecules are considered paraffin wax (El-Gendy & Nassar, 2017; Varjani, 
2017). 
 
Crude oil composition can be summarized as follows: 

Á PONA (paraffins, olefins, naphthenes, and aromatics) 

Á PINA (paraffins, iso-paraffins, naphthenes, and aromatics) 

Á PNA (paraffins, naphthenes, and aromatics) 

Á PIONA (paraffins, iso-paraffins, olefins, naphthenes and aromatics) 

Á SARA (saturates, aromatics, resins, and asphaltenes)  

Since most petroleum fractions are olefin-free, petroleum composition can be expressed 
solely in terms of its PINA composition. For light oils, it is possible to combine the paraffin 
and iso-paraffin concentrations, and the petroleum composition can be expressed as PNA. 
The petroleum composition is represented as SARA for heavy oils, which are characterized 
by significant amounts of aromatics, resins, and asphaltenes. Elemental analysis is crucial 
because it indicates the hydrogen and sulfur concentration as well as the carbon-to-
hydrogen ratio, which is diagnostic for the quality of petroleum and its products (Table 1.1) 
(El-Gendy & Nassar, 2017). 
 
As stated earlier, hydrocarbons are mainly consisted by carbon and hydrogen, and while 
carbon (80ς87 %) and hydrogen (10ς15 %) comprise the majority of petroleum, sulfur 
(0.05ς6 %), nitrogen (0.1ς2 %), and oxygen (0.05ς1.5 %) are significant minor ingredients 
present as elemental sulfur or heterocyclic compounds and functional groups (Table 1.1) 
(Chandra et al., 2013).   
 
Although nitrogen, sulfur, and oxygen (NSO) molecules do not predominate in crude oils, 
their distribution and composition have a significant effect on crude oil characteristics. For 
instance, the amount of sulfur determines the quality of crude oils directly. Considering that 
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the distribution and properties of NSO compounds are dependent on the source material, 
depositional environment, and other variables, the investigation of NSO compounds can aid 
in determining the formation, generation, and evolution of petroleum (Ke et al., 2018). 
 

Table 1.1 Petroleum composition (%wt) (Chandra et al., 2013) 

 

Compound Content (% wt) 

C 80 - 87 
H 10 ς 15 
S 0.05-6 
ɿ 0.1 ς 2 
ʁ 0.05-1.5 
Fe, V, Ni, etc. 0.03 

 

1.2.3 Sulfur compounds 
More than 200 organosulfur compounds have been identified in crude oil and can be 
categorized into four groups: (i) cyclic and (ii) non-cyclic compounds, such as mercaptans (R-
S-H), sulfides (R-S-R), disulfides (R-S-S-R), sulfoxides (R-SO-R), where R and R are aliphatic or 
(iii) aromatic groups, and (iv) thiophenes (Table 1.2) (Kropp & Fedorak, 1998). 
 

Table 1.2 Forms of organic sulfur compounds in crude oil 
 

Organic compound Chemical type 

Thioles (Mercaptans) R-SH 
Sulfides R-S-w ̆
Disulfides R-SS-w ̆

Circular sulfides 

 

 

Thiophene 
 

 

Benzothiophene (BTH) 

 

 

Dibenzothiophene (DBT) 

 

 

Naphthobenzothiophene (NTH) 
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In most international standards, sulfur levels are represented as ppmw S or mgS/kg. The 
average amount of total sulfur in crude oil, as mentioned above, can range from 0.05% by 
weight up to 6.00% by weight (Chandra et al., 2013). The relative sulfur content of natural 
oil deposits also determines whether oil is referred to as "sweet" (<0.5% S) or "sour" (>0.5% 
S). "Sweet" refers to oil that contains relatively little sulfur content, while "sour" refers to oil 
that contains substantial amounts of sulfur (Al-degs et al., 2016). 
 
Chemically immature oils are sulfur-rich and frequently contain a high proportion of non-
thiophene sulfur compounds. During the maturation process, unstable non-thiophene 
compounds are degraded, with the corresponding sulfur content decreasing. Mature oils 
contain more stable thiophenes and benzothiophenes (Murarka et al., 2019). 
 

1.2.4 Model compound of sulfur desulfurization 
More than 60%  in the higher-boiling fractions is present as Benzothiophenes (BTH), 
Naphthobenzothiophenes (NTH), Dibenzothiophenes (DBT) (Kropp & Fedorak, 1998), and 
thus DBT has been employed as a model compound for the development of oil 
desulfurization methods. These polycyclic aromatic sulfur heterocycles (PASHs) remain in 
the environment for more than three years (P. Xu et al., 2006).  
 
DBT is the most important sulfur component in petroleum in terms of desulfurization, clean 
fuel, and environmental research. In addition, the availability and abundance of pure DBT in 
sulfur-rich fractions have led to the widespread use of this compound in biodesulfurization 
(BDS) studies (Sohrabi et al., 2012). 
 
Although several heterocyclic sulfur compounds have been utilized as desulfurization 
markers, DBT is commonly referred to as the desulfurization model compound given its 
abundance in fossil fuels. Moreover, it has a high boiling point and is refractory to 
conventional sulfur removal methods (Borzenkova et al., 2013; Soleimani et al., 2007). 
DBT's core structure consists of two benzene rings joined to a thiophene ring (Figure 1.1). 
 

 

 

Figure 1.1 Structure of DBT (PubChem, 2022) 

 
DBT has a molar mass of 184.26 g/mol and can be oxidized to DBT sulphone, a more 
unstable compound than DBT. As a result of its high toxicity, inhaling DBT causes lung 
disorders in humans. When in close contact with the skin, it produces inflammation. In 
addition to its effects on humans, it can also be hazardous to aquatic life.   
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1.2.5 Energy policies 
Sulfur components in liquid fuels are undesirable due to the wide range of environmental 
and health consequences associated with their combustion (i.e., SO2 emissions, sulfate 
particulate matter, acid rain, etc.) as well as corrosion problems with catalysts and engines.  
As a result, the European Union (EU) has strictly regulated their level in diesel fuel for the 
last 15 years. These laws place an immediate need on gasoline terminals to generate ultra-
low sulfur fuel (Stylianou et al., 2021). 
 
European Community member states shall ensure that gas oils with a sulfur content greater 
than 0.10 % by mass are not used within their territory; heavy fuel oils with a sulfur content 
greater than 3% by mass are not used within their territory; and marine fuels with a sulfur 
content greater than 0.50 % by mass are not used within their territory, except for fuels 
supplied to ships using emission abatement methods as specified in Directive (EU) 2016/802 
(EU, 2016) and Directive (EU) 2015/1513 (The European Parliament and the Council of the 
European Union, 2015). 
 
At the same time, the sulfur content of an average crude oil barrel is expected to drop from 
around 1.24% in 2020 to just above 1.2% in 2026, in line with additions of sweet grades, 
mostly from the US, Latin America and Kazakhstan. In the long-term, rising production in 
regions such as the Middle East and Canada increase the global sulfur average to 1.36% in 
2045, which is higher relative to levels seen in previous years. Rising sulfur content, in 
combination with stricter environmental regulations, is likely to result in increasing 
requirements for refining desulfurization capacities (Barkindo, 2021). 
 
The trend toward higher desulfurization levels can be expected to continue, with the 
continued progressive adoption of the Euro 4/5/6 standards, reinforced by the recent IMO 
Sulfur Rule, which has been met only partially using scrubbers. The regions with the highest 
levels of desulfurization relative to crude oil capacity also have the highest levels of sulfur 
recovery and hydrogen capacity. It also reflects demand patterns, which show a shift 
toward lighter products and stricter sulfur limits (Barkindo, 2021). 
 

1.3 Aim 

The aim of current experimental study is to investigate the BDS efficiency using aerobic and 
anaerobic bacteria that have been isolated from environmental samples (i.e., oil-polluted 
soil, and municipal sludge, etc.) and investigate specific approaches to enhance the process. 

1.4 Objectives 

ü To check if any of these strains selectively biodegrade the inhibitory end-product of 

the 4S pathway 

ü ¢ƻ ŎƘŀǊŀŎǘŜǊƛȊŜ ǎǘǊŀƛƴΩǎ 5.¢ ǊŜƳƻǾŀƭ ŜŦŦƛŎƛŜƴŎȅ 

ü To check various analytical techniques for DBT identification 

ü To identify a carrier for BDS enhancement 

ü To investigate ultra-sonication effects on DBT; pre microbial exposure 
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ü To characterize S removal efficiency from hydrotreated heating oil 

ü To move on bigger scale bioreactors -aerobic and anaerobic- and to observe how 

bacteria react with hydrotreated heating oil 

1.5 Problem statement 

Sulfur compounds are undesirable due to their unpleasant odor, detrimental effect on color 
or color stability, and adverse impact on antiknock and oxidation properties.  In addition, 
the organosulfur compounds increase the viscosity of crude oil, making it non-amenable to 
the refining process (Chauhan et al., 2015). Because of their corrosive nature, they pose a 
threat to pipeline, pumping, and refining equipment. At high temperatures, sulfur 
compounds such as polysulfides, mercaptans, and aliphatic sulfides may react with metal 
surfaces to generate metal sulfides, organic molecules, and hydrogen sulfide (H2S). Sulfur 
compounds are undesirable in refining operations because they have a tendency to 
deactivate (i.e. poison), the catalysts employed in hydrocarbon processing and upgrading 
(El-Gendy & Nassar, 2017). 
 
Refineries must be able to extract sulfur from crude oil and refinery streams to limit 
undesired effects, such as corrosion by sulfur compounds at temperatures between 260°C 
and 540 °C. The higher the crude sulfur content, the greater the sulfur control needed as 
well as the associate cost. Sulfur removal is especially crucial for modern engines with a 
NOx storage catalyst, as sulfur poisons the catalyst (El-Gendy & Nassar, 2017).   
 
Furthermore, emissions of naturally occurring sulfur compounds in fuels lead to the 
formation of sulfur oxide gases, which are subject to environmental monitoring in all 
developed countries. These gases react with water in the atmosphere to produce sulfates 
and acid rain, which damage buildings, affect vehicle paint, acidify soil, and eventually result 
in the loss of forests and other ecosystems. In addition, sulfur emissions are causing 
respiratory ailments, aggravating heart disease, triggering asthma, and contribute to the 
creation of air particles (Srivastava, 2012). 
 
Moreover, when SO2 and NO2 are emitted into the atmosphere, they react with hydrogen to 
produce weak sulfurous acid, strong sulfuric acid, and nitric acid, which are the primary 
sources of acid rain and haze, which lower the average temperature of a region (P 
Derikvand et al. 2014).  
 
Although sulfuric acid may be produced naturally in small amounts by biological decay and 
volcanoes, it is almost exclusively produced by human activity, particularly the combustion 
of sulfur-containing fossil fuels in power plants. The sulfur in these fossil fuels reacts with 
oxygen in the air to form sulfur dioxide (SO2) when they are burned. Like nitrogen oxides, 
sulfur dioxide reacts with water to form sulfuric acid (Equations 1.1-1.2). 
 
 
Equation 1.1: SO2 + O2   Ą SO3  
 
Equation 1.2:  SO3 (g) + H2O (l)   Ą H2SO4 (aq.) 
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Strong sulfuric acid readily dissociates in water, releasing an H+ ion and an HSO4 -ion 
(Equation 1.3). The HSO4- ion may dissociate further into H+ and SO42- (Equation 1.4). Thus, 
the presence of H2SO4 dramatically increases the concentration of H+ ions, lowering the pH 
of rainwater to dangerous levels (PubChem, PubChem, 2020). 
 
 
Equation 1.3: H2SO4 (aq)  Ą   H+ (aq) + HSO4 - (aq) 
 
Equation 1.4: HSO4- (aq)  Ą  H+ (aq) + SO4 2- (aq) 
 
 
Acid rain has a detrimental effect since it dissolves buildings, damages trees, and 
contaminates lakes, as well as impacting agricultural regions situated downwind of 
combustion facilities. Additionally, it harms the environment by disturbing the normal 
chemical balance and may reduce the biological diversity of ecosystems (Ghasemali 
Mohebali & Ball, 2016) 
 
Therefore, ultra-deep desulfurization methods are more necessary, now. The HDS process 
presents difficulty removing the S-element from the most persistent sulfur compounds in 
petroleum (DBT and its alkylated derivatives) without breaking the C-C skeleton, thereby 
decreasing the colorific value of the fuel. Considering the extreme energy consumption 
conditions and the decrease in the calorific value of fuels, the result is higher financial costs.  
 
Therefore, several HDS alternatives, such as oxidative desulfurization (ODS), adsorptive 
desulfurization (ADS), and biodesulfurization (BDS), have been developed. Following a 
comprehensive literature review, the thesis focuses on the BDS and ways to enhance its 
efficacy. BDS has attracted the interest of numerous researchers over the past two decades 
due to its low energy consumption, absence of hydrogen production, and is applied at 
ambient pressure and temperature. In addition, BDS desulfurizes DBT selectively, which is 
the model compound for ultra-deep desulfurization. 
 
However, not economically viable BDS processes have been developed over the past years, 
and according to Kilbane (2017) there are two main reasons for this: failure to explore the 
full range of BDS applications and failure to address key factors impeding the development 
of a biocatalyst with superior BDS activity. 
 
The current study focuses on identifying the most tenacious microorganisms that naturally 
exist in local environments and addressing the obstacles that inhibit BDS activity. In 
addition, combined methods with BDS were implemented to address the issue of time 
consumption, which is considered the primary disadvantage of BDS. 
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2. LITERATURE REVIEW 

2.1 Desulfurization methods 

Energy demand in the world is steadily increasing (Hannah Ritchie, 2020), and with 40% of 
the world's energy consumption derived from petroleum, given the global environmental 
rules concerning greenhouse gas emissions, including SOx, it is a challenge for refineries to 
achieve the low sulfur content of petroleum products concurrent with the depletion of low 
sulfur crude oil (Al-degs et al., 2016).  Babich and Moulijn (2003) reported, that European, 
American, and Canadian refineries are estimated to invest between $10-$15 billion and up 
to $16 billion to comply with the new environmental clean-fuel regulations. 
 
As the depletion of high-quality, low-sulfur crude oil increases, and as the sulfur content of 
crude oil increases, so does the distillatesΩ, and as a result, more rigorous desulfurization 
processes are required (Khamis & Palichev, 2012). There are several reported 
desulfurization methods, but hydrodesulfurization (HDS) is the method utilized by the 
world's oil industries as it is the most technologically developed sulfur removal approach.  
 
Primary products of crude oil are liquified petroleum gas (LPG), gasoline, diesel and jet 
fuels, wax, lubricants and petrochemicals (Babich & Moulijn, 2003).  Sulfur is present in 
crude oil and its products, mainly as thiophenic compounds and their derivatives (i.e., 
thiophenes (TH), benzothiophenes (BT), dibenzothiophenes (DBT), etc.). It has been 
reported that DBT and its derivatives account for up to 50 % of diesel oil's sulfur content (S. 
H. D. Lee et al., 2002). It has also been observed that as the boiling points of distillates rise, 
sulfur compounds become more recalcitrant. Therefore, thiols are significantly simpler to 
desulfurize than polycyclic aromatic sulfur heterocycles (PASH) compounds (El-Gendy & 
Nassar, 2017). 
 
Various desulfurization methods exist for removing sulfur from petroleum. The most 
technologically developed and commonly used catalysts are those that convert 
organosulfur compounds into sulfur-free compounds. These catalytic conversion methods 
include conventional hydro-treatment, hydro-treatment with advanced catalysts and/or 
reactor design, and a mix of conventional hydro-treatment with extra chemical processes to 
maintain fuel standards. In contrast, further desulfurizing technologies that differ from 
catalytic HDS in that they use physicochemical mechanisms to convert the organosulfur 
compounds that have been developed. Catalytic distillation, alkylation, oxidation, 
extraction, adsorption, or a combination of these processes are examples of such 
techniques. 
 
HDS is the most important desulfurizing method. However, it has several disadvantages, 
and competing technologies are now in the lead. These energy- and hydrogen-efficient 
approaches include selective or reactive adsorptive desulfurization (ADS), oxidative 
desulfurization (ODS) coupled with extractive desulfurization (EDS) or adsorptive 
desulfurization (ADS), and biodesulfurization (BDS). They do not need high temperatures 
and pressures and have good selectivity, resulting in lower costs, minimal emissions, and no 
production of H2S (El-Gendy & Nassar, 2017; Srivastava, 2012) 
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2.1.1 Hydrodesulfurization (HDS) 
Hydro-desulfurization (HDS) is the most prevalent desulfurization method in the oil 
industry. HDS is a catalytic process, which converts organic sulfur compounds to hydrogen 
sulfide (H2S) and other inorganic sulfides, under high temperature (200-455 oC) and 
pressure (150-3000 psi) with hydrogen gas utilized (reactor) in the presence of most 
frequently used NiMo/Al2O3 and CoMo/Al2O3 catalysts (El-Gendy & Nassar, 2017; Méndez 
et al., 2017) (Figure 2.1). The hydrogenation of the vast majority of organosulfur 
compounds generates H2S, which is catalytically air oxidized  into elemental sulfur in Claus 
plants  (Kowsari, 2013). The reaction proceeds in two steps (Equations 2.1-2.2): 
 
 
Equation 2.1: 2 H2S +3 O2 Ҧ 2 SO2 + 2 H2O 
 
Equation 2.2: 4 H2S +2 SO2 Ҧ 3 S2 + 4 H2O 
 

 
Although it removes sulfur at a fast rate and in a reasonable amount of time, it also has a 
few disadvantages. The expense of maintaining high temperatures and pressures on a 
continuous basis. The need for hydrogen increases that cost further, and catalyst fouling 
leading in pressure drop significantly increases operational expenses. Moreover, a 
significant source of man-made air pollution is hydrogen sulfide (H2S), which is emitted by 
hydrotreaters. 
 

 

Figure 2.1 A simple HDS-process scheme (El-Gendy & Nassar, 2017). 
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Furthermore, whereas sulfur compounds such as mercaptans, sulfides, and disulfides are 
highly reactive, this is not the case with DBT and its derivatives; 4-methyldibenzothiophene 
(4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) have much lower reactivities 
than other sulfur-containing compounds (Figure 2.2) (Gates & Topsøe, 1997; Song, 2003). 
Due to the low reactivity of these heterocyclic sulfur compounds, severe temperatures and 
pressures are required, driving up the cost even more (Saha et al., 2021). In addition, 
complete removal of DBT and its derivatives by HDS requires operation under extreme 
conditions, which has a negative impact on the octane number and other combustion 
indicators of the resulting liquid fuel (Al-degs et al., 2016). Due to these shortfalls, 
particularly considering the EU's severe requirements on ultra-low sulfur fuels, an urgent 
demand for alternate desulfurizing methods has arisen. 
 

 

Figure 2.2 Reactivity of various organic sulfur compounds in HDS as a function of their ring 
sizes and alkyl substitution positions (Song, 2003). 

 

2.1.2 Oxidative desulfurization (ODS) 
Oxidative desulfurization (ODS) is an alternate method for HDS process which does not 
need costly hydrogen nor extreme operating conditions, resulting in reduced operational 
costs and making it an attractive option. Also, it promotes selectivity and efficiency.  The 
refractory sulfur-containing compounds demonstrate a high degree of reactivity during the 
ODS process (Syntyhaki et al., 2020). 
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In general, the ODS process consists of two steps: (i) oxidation and (ii) extraction. During the 
oxidation process, sulfur compounds in feedstock are oxidized in the presence of an oxidant 
using an appropriate catalyst (ODS catalyst). When sulfur compounds are oxidized, 
sulfoxides are produced, followed by sulfones. The conversion rate of sulfoxides to sulfones 
is substantially faster than the rate of sulfoxide formation. The schematic of sulfur 
compound oxidation and conversion into sulfone is shown in Equation 2.3. The extraction 
step occurs when the polarized products are separated from the feedstock using extracting 
agents. The oxidized components can be removed using a solvent, adsorption, filtration, or 
other methods. Because the ODS process is accomplished in two steps, the efficiency of 
both steps is critical to achieving maximum desulfurization (Ghaedian et al., 2013; Syntyhaki 
et al., 2020). 
 
 
 
Equation 2.3:  
 
 
 
 
Several oxidative systems such as hydrogen peroxide / formic acid, nitric oxide / nitric acid, 
and TBHP (tert-Butyl hydroperoxide) are employed to convert organic sulfur to sulfonates. 
The oxidant may then be regenerated. By oxidizing the DBT derivatives to their 
corresponding sulfones, their polarity and molecular weight are increased (Mello et al., 
2009a). The increase of their polarity enhances the selectivity during the solvent extraction 
(Rashad Javadli, 2012). Extraction is preferred with a selective extraction solvent, such as 
liquid-liquid extraction using water- soluble polar solvents, e.g., dimethyl sulfoxide (DMSO), 
dimethylformamide (DMF) and acetonitrile (ACN). Therefore, solvents must be sufficiently 
polar to be selective for polar compounds in the extraction process (Campos-Martin et al., 
2010; C. Li et al., 2004) 
 
The obvious advantages of the ODS process are the low temperature and pressure of the 
reaction, as well as the absence of expensive hydrogen in the process, as used in HDS. 
Furthermore, the heavier sulfur compounds are easily converted through oxidation 
(Campos-Martin et al., 2010). 
 

2.1.2.1 Ultrasound Pre-Oxidation (UPO) 

Ultrasonication, a technique utilizing low-frequency ultrasound waves (20ς40 kHz), is the 
process of introducing intense ultrasound waves into liquids and slurries. Acoustic 
cavitation caused by intense sonication results in energy-dense conditions such as large 
pressure and temperature differentials, as well as large shear forces and turbulences. These 
forces cause particles to agitate, droplets to break, and cells to rupture, resulting in 
homogenization, dispersion, emulsification, and extraction effects (Ultrasonics, 2022). 
 
Due to the difficulty of completely mixing the water and oil phases during the oxidative 
desulfurization process with conventional mechanical agitation, ultrasonic irradiation can 
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significantly increase the reaction interface area, the effective local concentration of 
reactive species, and mass transfer across the interface area. As a result, solubility increases 
significantly (Mei, Mei, and Yen 2003). In addition, the energy and heat created by 
ultrasound-induced cavitation can result in the creation of free radicals and active oxygen, 
which improves the dissolution of covalent bonds and leads to the fast oxidation of sulfides. 
Moreover, it boosts the oxidizing capacity of the oxidant, enhances the selectivity of the 
reaction, and drastically shortens the oxidation reaction time, but it may also change the 
direction and course of the process, allowing for a more thorough oxidation reaction (Lin et 
al., 2020).   
 
Numerous studies have demonstrated that ultrasound has the potential to considerably 
improve the oxidative desulfurization process in the petroleum industry (Bhasarkar et al., 
2015; Ebrahimi et al., 2019; C. Li et al., 2004; Mei et al., 2003). 
 
Due to the physical and chemical properties of ultrasound, when employed in the ODS 
process, the oxidation reaction can be completed in a short period of time.  The oxidation of 
the sulfur compound, which can occur at the interface or throughout the solvent phase, 
requires that the solvent and fuel phases are well dispersed.  The ultrasonic pulse generates 
extremely small droplets, resulting in the two phases dispersing in an emulsion-like manner. 
Sonication results in improved emulsification. On the other hand, -O%, -OH % and H2O2 % 
can be generated by the decomposition of water and oxygen molecules in aqueous 
solutions (Equations 2.4-2.6).  Then, when these active radicals react with sulfur compounds 
such as DBT molecules, DBT sulfoxide and DBT sulfone are formed (Equation 2.3).  As a 
result, ultrasound treatment can significantly accelerate the oxidative desulfurization of 
liquid fuels.  
 
 
Equation 2.4:                                 H2O + ultrasound irradiation Ą H+ + OH  
 
Equation 2.5:                                 O2 + ultrasound irradiation Ą 2O  
 
Equation 2.6:                                 2OH Ą H2O2 
 
 
Ultrasonic-assisted ODS of fuels has many advantages compared to HDS; it can be operated 
under atmospheric pressure and at relatively low temperatures. Furthermore, the 
advantage of ultrasonic-assisted ODS, rather than conventional ODS, is the higher rate of S-
removal achieved, which can lead to complete S-removal within a few minutes. It can also 
be performed without the addition of metallic catalyst (F. A. Duarte et al., 2011; Mello et 
al., 2009b). 
 
Scientists explored the application of ultrasound treatment with other desulfurizing 
methods and more efficient results were revealed. By oxidizing DBT to DBT sulfone, 
application of UPO prior to the BDS procedure significantly increased the efficiency of 
biodesulfurization and accelerated sulfur removal, thereby shortening the 4S pathway for 
biodesulfurization from 4 to 2 steps (Figure 2.3) enhancing reaction velocity and enzyme-
substrate affinity, and decreasing substrate inhibition (Yi et al., 2019). Combining BDS and 
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ultrasonication the effectiveness of BDS may be enhanced (Bhasarkar et al., 2015).  
 

 

Figure 2.3 The pathway of DBT biodesulfurization by ultrasonic pre-oxidation [where [O] represent 
OϊandϊOH and H2O2] (Yi et al., 2019) 

 

2.1.2.2 Electrochemical Oxidation Desulfurization (EODS) 

Electrochemistry as one of the most dynamic branches of chemistry, uses the strong driving 
force of electricity to activate the chemical reactions. In general, the electrochemical 
processes are divided into two main methods, (i) electrocoagulation (EC) and (ii) 
electrooxidation (EO); both are widely applied for the removal of inorganic and organic 
pollutants from various wastewater. 
 
EC method presents  high removal efficiency and is a low cost solution for a wide array of 
applications (Akbal & Camcidotless, 2011). EC involves the generation of coagulants in situ 
by dissolving electrically either aluminum or iron ions derived from aluminum or iron 
electrodes, respectively. The metal ions generation takes place at the anode, and hydrogen 
gas is released from the cathode. The produced gas helps to float the flocculated particles 
out of the water. The electrodes can be arranged either in monopolar or bipolar mode 
(Bazrafshan et al., 2013). EC is a well-known method used for the removal of various 
environmental contaminants in water; waste from olive oil (Bensadok et al., 2008; 
Marmanis et al., 2018), dyeing, painting (Aoudj et al., 2010), slaughterhouse (Abdelhay et 
al., 2017), metal plating (Akbal & Camcidotless, 2011), and mining applications were 
reported (D. B. Johnson & Hallberg, 2005; Oncel et al., 2013; Simate & Ndlovu, 2014). 
 
In parallel, the EO process is highlighted as a promising alternative for the removal of 
various organics or other pollutants from different types of wastewater such as ammonium 
removal (Cabeza et al., 2007), removal of synthetic dyes (Forgacs et al., 2004), effluents 
from the anaerobic digestion of cattle manure (Tezcan Ün et al., 2009), wastewater from 



33 

carwash (Rubí-Juárez et al., 2015), wastewater from poultry slaughtering (Eryuruk et al., 
2018), etc. 
 
In the literature, different anodic materials have been used in relation to the targeted 
contaminant, such us Ti/Pt-Ir, Ti/RhOx-TiO2  (Cabeza et al., 2007), Boron Doped Diamond 
(BDD) (Abdelhay et al., 2017; Pecková et al., 2009), and Fe/Al BDD anodes. The latter 
seemed to be more suited owing to a number of positive characteristics, including a broad 
potential window for water release and a low background current, which results in an 
anode that is remarkably stable over an extended length of time (Kashiwada et al., 2016; Zhi 
et al., 2003). 
 
Towards this, Dávila et al. (2019) investigated the electrochemical oxidation of 
dibenzothiophene and of two derivatives, namely 4-methyldibenzothiophene and 4,6-
dimethyldibenzothiophene, either separately or as a mixture, using a BDD anode in a 
miscible acetonitrile (87.5% v/v)ςwater (12.5% v/v, 0.01 M NaNO3) solution, and the 
corresponding sulfoxides or sulfones were detected. 
 
Cañizares et al. 2005 investigated the impact of the initial concentration and nature of the 
pollutant, and their findings indicated that the total removal time and removal efficiency 
are affected by the pollutant's chemical properties when the initial concentration is high. 
Clematis et al. (2007) demonstrate that the oxidation rate of BDD is controlled by charge or 
mass transfer, depending on the stirring speed. Also, it was reported that increasing the 
ǎƻƭǳǘƛƻƴΩǎ conductivity has a dual effect: on the one hand higher conductivity results in 
optimal removal efficiency, while on the other decreases the cell potential and hence the 
specific energy consumption. These parameters must be considered to strike a balance 
between good removal efficiency and acceptable costs. 
 

2.1.3 Adsorptive desulfurization (ADS) 
Adsorptive desulfurization (ADS) is a process that selectively removes organic sulfur 
compounds from petroleum fractions via physicochemical adsorption. This process does not 
require high pressure or temperature, nor does it require costly hydrogen, making it a 
promising and energy-efficient approach for producing ultra-low sulfur fuel. The 
effectiveness of adsorptive desulfurization is largely determined by the textural, structural, 
and surface qualities of the adsorbent (Saha et al., 2021), in order to match the requirement 
of the adsorption of the sulfur-containing compounds, thereby producing clean fuel under 
the most cost-effective process conditions (David Stan Aribike et al., 2020). 
 
One method of classifying adsorption is by the strength of the interaction between the 
adsorbent and the adsorbate. When the contact force is relatively small, the form of 
adsorption is termed as physical adsorption (physisorption), and electrostatic and Van der 
Waal's forces (or dispersion forces) occur. 
 
On the other hand, if the contact between the adsorbent and the adsorbate is very strong, 
the process is referred to as chemical adsorption (chemisorption), and a chemical bond may 
develop between them. Commercially available adsorbents include the following: (i) 
activated carbon; (ii) zeolites or molecular sieves; (iii) silica gel; and (iv) activated alumina. 
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The three most important properties of adsorbentΩǎ contribution to suitability and 
effectiveness for mixture separation are (i) selectivity, (ii) adsorption capacity, and (iii) 
reversibility of adsorption. Additionally, adsorbentsΩ key properties include: (i) particle size 
and distribution, (ii) porosity and pore-size distribution, (iii) specific surface area, and (iv) 
structural strength and stability. A good adsorbent should have a high porosity and a 
narrow dispersion of pore sizes.  This final component is critical for size-selective adsorbents 
such as zeolites (Dutta, 2009). 
 
Micropores (diameter less than 20 A), mesopores (20-500 A), and macropores (diameter 
more than 500 A or 0.05 m) are the three categories of pores (Dutta, 2009). 
Benzothiophenes and dibenzothiophenes were categorized as micropores: 
 

Á DBTs dibenzothiophenes ̀ m (kinetic diameter) = 9A  
Á BŜƴȊƻǘƘƛƻǇƘŜƴŜǎ ˋƳ = 6A 

 

2.1.3.1 Carriers 

The process of adsorption has been utilized to remove organosulfur compounds (OSCs) 
from liquid fuels. Activated carbon (AC), modified activated carbon, zeolites, 
aluminosilicates, zinc oxide, alumina, and numerous other carriers have been evaluated for 
their ability to selectively remove DBT and other derivatives (particularly 4,6-DMDBT) (Al-
degs et al., 2016). The process of adsorption has also been utilized to remove OSCs from 
liquid fuels. 
 
Activated carbons (ACs) and zeolites are widely used as adsorbents in the separation and 
purification of gaseous and aqueous solution systems. ACs have a high adsorption capacity 
for certain organic and inorganic chemicals, due to its large specific surface area, high 
adsorbate-adsorbent physical and chemical attraction, and balanced macro-meso-and 
microporosity (Rashid, 2014). According to Zhou et al. (2006), the adsorption capacity of AC 
can be ranked as follows: BT < naphthalene < 2-methylnaphthalene < DBT < 4-MDBT < 4,6-
DMDBT. As a novel approach to the ultra-deep desulfurization of diesel fuels at room 
temperature, AC is very promising for selective adsorption of sulfur compounds. Because of 
their high surface area, cost effectiveness, sensitivity to modification, and high affinity for 
sulfur compounds removal from various fuels, ACs have been explored extensively (El-
Gendy and Nassar 2017; Zhou et al. 2009).  
 
Although the slit-shaped geometry of the pores of activated carbon is suitable for aromatic 
compounds, the cylindrical pores of zeolite are optimal for the adsorption of non-planer 
molecules (Rodríguez-reinoso, 1998). Baron Axel Fredrik Cronstedt, a Swedish mineralogist 
and chemist, coined the term "zeolite" in 1756.  It derives from the Greek words ("zeo", to 
boil) and ("lithos", stone), which together mean "boiling stone." Clinoptilolite is one of the 
most abundant natural zeolites, formed by diversification of volcanic ash in lake and marine 
waters millions of years ago (El-Gendy & Nassar, 2017), widely distributed throughout the 
world and used for its ion exchange and adsorbent properties (Margeta et al., 2013).  
Zeolites are predominantly composed of alumino-silicates with SiO4 and AlO4 structures 
connected by shared oxygen atoms (Jha & Singh, 2016). They are characterized by their 
large internal and external surface areas, chemical and mechanical stability, and layered 
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structure (El-Gendy & Nassar, 2017).   
 
In addition to ACs and natural zeolites, Shakirullah et al. (2012) investigated ADS with 
natural clays, including Kaolinite, Montmorollinte, Palygorskite, and Vermiculite, and 
compared its activity with that of charcoal and ion exchange resins, where the FT-IR analysis 
of the desulfurized fractions indicated that primarily, high molecular weight thiols and 
thiophenic compounds were depleted during the adsorption. As time goes, the adsorption 
in clays happens on the top surface layer, the lower basal layers, and eventually the middle 
layers (El-Gendy & Nassar, 2017). 
 

2.1.3.2 ADS combined with microbial desulfurization 

Desulfurizing bacterial strains need to be resistant to oil hydrocarbons and have a relatively 
long -life expectancy in order to be viable for industrial use. Additionally, cells must be 
easily separable from purified fuel. (Naito et al., 2001) 
 
Adsorption of bacterial cells requires the utilization of inorganic substances as suitable 
biosupports. These materials must have a certain porosity and area. Additionally, they must 
be inert to biological attack, insoluble in growth medium, and non-toxic to microorganisms.  
Furthermore, cells adsorbed on inorganic supports should be capable of maintaining the 
necessary metabolic activity for the BDS process (Dinamarca et al., 2010) 
 
As Jesionowski,.et al. mentioned it is easy to deduce that a mix of various desulfurization 
methods might be used to provide a high-efficiency alternative to the dominating-cost-
effective HDS. 
 

2.2 Biodesulfurization (BDS) 

Biodesulfurization (BDS) is a sulfur removal method that involves the use of microbial 
consortiums. BDS has gained attention as an attractive green alternative to HDS due to its 
cost effectiveness and environmental friendliness (P. Xu et al., 2006).  Medium and heavy 
distillate fossil fuels contain organosulfur compounds, such as thiophenes (TH), 
benzothiophenes (BT), dibenzothiophenes (DBT), and sulfides, which prohibit HDS from 
removing sufficient sulfur.   
 
BDS has a number of advantages over HDS, including milder process conditions, a lower 
sulfur removal rate requirement, increased energy efficiency, increased selectivity, lower 
process costs, and environmental safety. (Borzenkova et al., 2013) 
 
On the other hand, BDS may be used in conjunction with hydrotreating, as sterically 
hindered alkyl DBTs are least reactive in HDS but are preferred substrates for BDS. As such, 
BDS should be viewed as a complementary technology for removing recalcitrant molecules 
from HDS-treated oils, not as a substitute. To achieve extremely low sulfur levels in diesel 
range fuel, it has been suggested that combining the BDS process with conventional HDS 
technology fuels such as diesel and gasoline via the use of microorganisms, may be 
beneficial. (Grossman et al., 2001; Ghasemali Mohebali & Ball, 2016) 
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In natural systems bacteria assimilate sulfur in very small amounts for their maintenance 
and growth. The sulfur present in both agricultural and uncultivated soils is largely in the 
form of organic-bound sulfur either as sulfonates and sulfate esters and not as free as 
bioavailable inorganic sulfate (Singh & Schwan, 2011); bacteria which are able to transform 
sulfur-containing compounds for utilization of either the sulfur or the carbon skeleton are 
widespread in nature (S Le Borgne, 2010). The occurrence of desulfurizing bacteria in 
diverse environments and geographic locations suggests an important and fairly common 
survival strategy for some bacterial species (G. F. Duarte et al., 2001; Kilbane, 2006).  
 
Caro et al. (2007) reported that BDS requires roughly two times less capital expenditure and 
15% less operating expenditure than HDS. Additionally, significant reductions in greenhouse 
gas emissions are expected if BDS is utilized (J. Calzada et al., 2011). However, the main 
obstacles that must be overcome in the BDS field are the slow desulfurization rate and the 
difficulty of reusing microorganisms without losing their BDS-activity (El-Gendy & Nassar, 
2017; Thaligari et al., 2016). 
 
The development of BDS processes is dependent on provision of a microbial system with 
the potential to desulfurize a broad range of organosulfur compounds present in crude oil 
fractions (Ghasemali Mohebali & Ball, 2016). 
 

2.2.1 Bacteria 
Bacteria may be divided into three groups according to their response on free molecular 
oxygen. These groups are (i) strict aerobes, (ii) facultative anaerobes, and (iii) anaerobes. 
 
Strict aerobic bacteria are active and degrade substrate only when free molecular oxygen is 
present. Facultative anaerobic bacteria are active in the presence or absence of free 
molecular oxygen; If present, free molecular oxygen is used for enzymatic activity; if absent, 
another molecule is used to degrade waste. Anaerobic bacteria are inactive in the presence 
of free molecular oxygen. 
 
Bacteria degrade substrate through enzymes. Enzymes are proteinaceous molecules that 
catalyze biochemical reactions. Endoenzymes and exoenzymes are the two types of 
enzymes involved in substrate degradation (Figure 2.4). Endoenzymes are produced within 
the cell and degrade soluble substrate. Exoenzymes are also produced in the cell, but they 
are released to the insoluble substrate attached to the slime via the "slime" coating the cell.  
 
When the exoenzyme comes into contact with the substrate, it dissolves particulate and 
colloidal substrates. These substrates enter the cell after being solubilized and are degraded 
by endoenzymes. Exoenzyme production and solubilization of particulate and colloidal 
substrates typically take several hours. All bacteria produce endoenzymes, but exoenzymes 
are not produced by all bacteria. 
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Figure 2.4 A bacteria cell enzymes; endoenzyme and exoenzyme (Gerardi, 2003) 

 
Respiration is one of many cellular processes and is defined as the breakdown of substrate 
for cellular nourishment. During respiration, large molecules with a high energy content are 
broken down into simpler molecules with a low energy content. Respirating organisms 
capture a substantial portion of the energy lost by large molecules. This capture increases 
the amount of available useful energy. 
 
There are two forms of sustenance produced by substrate degradation: carbon and energy.  
Carbon is required to synthesize cellular components necessary for growth and 
reproduction. Cellular function, including reproduction, requires energy. The majority of 
bacteria receive carbon and energy from organic molecules. These organisms are called 
άƻǊƎŀƴƻǘǊƻǇƘǎέ. The name "troph" is derived from the Greek word άtropheέ, which means 
"nourishment". Carbon and energy are obtained by organotrophs by decomposing organic 
molecules such as glucose (C6H12O6).  
 
When a bacterial cell degrades a substrate, electrons released from the substrate's broken 
chemical bonds are converted into energy. The electrons emitted by the substrate are 
transported by a series of electron carrier molecules, comprising an electron transport 
system. As electrons are transferred from one carrier molecule to another, a portion of 
their energy is taken by the carrier molecules to form high-energy phosphate bonds in the 
molecule adenosine triphosphate or ATP. Phosphate bonds are the "currency" of the cell's 
energy. When a cell needs energy, it "obtains" it by breaking a phosphate bond. This results 
in ATP being converted to adenosine diphosphate, ADP. Coupling and dissociation of 
phosphate molecules are necessary for the storage and release of energy (Gerardi, 2003) 
 
Sulfur is required for both growth and biological activity in microorganisms since it makes 
up around 1% of the dry weight of a bacterial cell. Due to the presence of sulfur in the 
structures of some enzyme cofactors, amino acids, and proteins, certain microbes can 
obtain the sulfur they require from a variety of sources. Certain microbes may eat sulfur in 
thiophenic compounds and lower the sulfur level of gasoline. The two fundamental 
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microbial desulfurization activities are split into aerobic and anaerobic conditions (El-Gendy 
& Nassar, 2017; Gray et al., 1996) 
 

2.2.1.1 Anaerobic bacteria  

In the 1950s, Zobell (1953) proposed the first anaerobic strain (Desulfovibrio desulfuricans) 
for the desulfurization of crude oil. Later, several researchers investigated the evolution of 
anaerobic strains. Kim et al. (1995) demonstrated that Desulfovibrio desulfuricans M6 can 
reduce DBT to biphenyl and H2S anaerobically. Desulfomicrobium escambium and 
Desulfovibrio longreachii are known to desulfurize DBT via a pathway in which biphenyl is 
not the final product (Díaz & García, 2010).  
 
Zero-valent iron (ZVI, Fe0), a strong reducing reagent, in aqueous solution acts as an 
electron donor under certain conditions and can conduct oxidation-reduction reactions 
without the need for external energy. It is expected that ZVI will decrease the oxidation-
reduction potential (ORP), which is advantageous for the formation of an enhanced 
anaerobic environment for sulphate reducing bacteria (SRB)(N. Kumar et al., 2015). Fe0 
oxidation produces a strongly reducing and oxygen-depleted environment necessary for the 
optimal growth of SRBs, and SRBs can use the H2 produced by iron oxidation as an effective 
electron donor (N. Kumar et al., 2014; Zhu et al., 2012). H2 consumption by SRBs can aid in 
preventing fouling and overpressure in permeable reactive barriers (PRBs), thereby 
prolonging the life of the treatment process (R. L. Johnson et al., 2008; Zhang et al., 2011). 
 
The desulfurization of petroleum under anaerobic conditions would be attractive as it has 
the benefit of freeing sulfur as a gas, and it does not liberate sulfate as a byproduct that 
must be disposed of by some proper treatment (El-Gendy & Nassar, 2017). It's also been 
reported that because of the anaerobic conditions, no aeration is required, resulting in 
lower costs (Ghasemali Mohebali & Ball, 2016). Ohshiro et al. (1999) highlights that due to 
low reaction rates, safety and cost issues, and the fact that the lack of finding of enzymes 
and genes responsible for anaerobic desulfurization by anaerobic microbes effective 
enough for practical petroleum desulfurization, an anaerobically BDS technique has not yet 
been established. Consequently, the majority of BDS research has been devoted to the 
study of aerobic BDS (Sylvie Le Borgne & Quintero, 2003). 
 

2.2.1.2 Aerobic bacteria 

Many aerobic bacteria have been studied which remove sulfur compounds by various ways; 
(i) C-S bond cleavage(reduction); (ii) C-C bond cleavage (oxidative); C-S bond cleavage 
(oxidative). Over the past two decades, a number of scientists have experimented with 
various aerobic strains in an effort to develop the most suitable biocatalyst for use in the oil 
industry. With few exceptions, the majority of studies focused on strains utilizing the 4s 
metabolic pathway (Table 2.1). 
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Table 2.1 The bacteria genera that can use the 4S pathway to desulfurize DBT and its derivatives. 

 

 

Bacterial genera References 

Agrobacterium sp. 
(Constantí et al., 1996; S. Feng et al., 

2016a) 
Burkholderia sp. (A. Kumar et al., 2019) 

Corynebacterium 
(Al-Faraas et al., 2016; Maghsoudi et 
al., 2001; M. D. Wang et al., 2006) 

Chelatococcus sp (Bordoloi et al., 2016) 
Desulfobacterium (D S Aribike et al., 2009) 

Gordonia 

(Alves & Paixão, 2011; Bhanjadeo et 
al., 2018a; S. Feng et al., 2016a; Kalita 
et al., 2022; Ma, 2010; G. Mohebali et 

al., 2007) 

Klebsiella 
(Bhatia & Sharma, 2012; Kayser et al., 

1993) 
Mycobacterium sp. (Kayser et al., 2002) 
Nocardia globelula (P. Wang & Krawiec, 1994) 
Paenibacillus sp. (Konishi et al., 1997) 

Pseudomonas 

(Al-Faraas et al., 2016; Javier Calzada 
et al., 2009; G. F. Duarte et al., 2001; 
Guobin et al., 2005; Martínez et al., 

2016; Shan et al., 2005) 

Rhodococcus sp. - Rhodococcus 
erythropolis 

(Alvarez, 2019; Boshagh et al., 2014; 
Kaufman et al., 1998; Ma, 2010; 

Oldfield et al., 1997; Shavandi et al., 
2009) 

Serratia sp. 
(Bassi et al., 2018; De Araújo et al., 

2012) 
Shewanella (Ansari, 2007) 

Sphingomonas (Gunam et al., 2006, 2021) 
Staphylococcus spp. (Al-Faraas et al., 2016) 

Xanthomonas spp. (Constantí et al., 1996) 

2.2.2 Metabolic pathways 
So far two metabolic pathways have been defined: the: 4S metabolic pathway and the 
Kodama metabolic pathway. The 4S metabolic pathway leaves the carbon skeleton intact, 
whereas in Kodama metabolic pathway the C-C aromatic ring breaks (Chatzilambos, 2020). 

2.2.2.1 Kodama metabolic pathway 

The Kodama pathway is a destructive BDS metabolic pathway for DBT, in which C-C bonds 
are cleaved selectively by the corresponding enzyme. At the same time, the C-S bond is 
retained and converted to smaller molecular organic sulfides that are dissolved in the 
water, so S is still in the reaction products (Kodama et al. 1973). The course of DBT 
biodegradation and the formation of intermediates through the Kodama pathway is 
presented in detail in Figure 2.5. 
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The degradation process of the Kodama pathway is similar to that of low aromatic 
hydrocarbons. DBT is oxidized by the initial dioxygenases and then degraded by ring 
opening, isomerization, and dehydrogenation to salicylate, which is the key and last product 
in the upper pathway. In the downstream metabolic process of DBT, salicylate is further 
metabolized to catechol by the catalysis of salicylate hydroxylase.  Catechol is an important 
intermediate in the metabolic process, and in the ring cleavage reaction is catalyzed by the 
catechol 1,2-dioxygenase gene (catA) and the catechol 2,3-dioxygenase gene and is 
converted to tricarboxylic acid (TCA) cycle intermediates that are finally completely oxidized 
to CO2 and water (Kaufman et al., 1998; L. Wang et al., 2019). 
 

 
Finally, the C-C bond cleavage reduces the calorific value of the fuel and produces non-
combustible water soluble S-compounds, which are undesirable for industrial application, 
both economically and environmentally (G. Mohebali et al., 2007).  
 
The 4S metabolic  pathway is an oxidative desulfurization pathway that cleaves the C-S 
bond in DBT, while leaving the carbon skeleton intact; it has received the most attention 
over the last two decades (Abin-Fuentes et al., 2013).  

 
 
 

Figure 2.5 The Kodama metabolic pathway (Gupta et al., 2005). 
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2.2.2.2 The 4S metabolic pathway 

Kilbane proposed the 4S pathway in 1990, which allows microorganisms to oxidize sulfur 
atoms in DBT without causing any breakage of C-C bonds (Bressler et al., 1997). The name 
of the pathway is derived from the fact that it involves four sulfur intermediates (Sohrabi et 
al., 2012). This process removes sulfur from DBT and methyl DBT in a sulfur-specific manner 
without affecting the carbon skeleton thus preserving the calorific value of the fuel after 
biodesulfurization (Gupta et al., 2005). 
 
The 4S pathway is a four-step enzymatic pathway that converts DBT to 2-hydroxybiphenyl 
(2HBP) and sulfate through four enzymatic genes (dszA, dszB, dszC and dszD) (Figure 2.6) (L. 
Wang et al., 2019).  
  

 
The dszC gene encodes how to make the enzyme dibenzothiophene monooxygenase (DszC), 
which catalyzes the conversion of DBT into DBT sulfone (DBTSO2). The dibenzothiophene-

 

Figure 2.6 The 4S metabolic pathway (Gupta et al., 2005). 
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5,5-dioxide monooxygenase (DszA) gene provides instructions for making the enzyme that 
catalyzes the conversion of DBTSO2 into 2-hydroxybiphenyl-2-sulfinate (HBPSi). The dszB 
gene provides instructions on how to make 2-hydroxybiphenyl-2-sulfinate sulfinolyase 
(DszB), which is responsible for the conversion of HBPSi into 2-hydroxybiphenyl (2HBP) and 
sulfite (Kayser et al., 2002; Kilbane, 2006). 
 
Furthermore, in addition to the previously mentioned dszABC genes for the complete 
functioning of the 4S pathway there is another auxiliary enzyme (dszD) encoded by the dszD 
gene, which is a NADH-FMN oxidoreductase (dszD); this enzyme regenerates cofactors 
required for the monooxygenase reactions catalyzed by dszC and dszA, respectively (Gray et 
al., 2003; Monticello, 2000) 
 
When the dsz genes and their proteins were compared with other enzymes and genes by 
sequences deposited in databases such as the GenBank and the Swiss-Prot, the researchers 
observed no significant homology, indicating that the desulfurization genes dszC, dszA, and 
dszB are encoded by distinct enzymes (El-Gendy & Nassar, 2017; Piddington et al., 1995) 
 

2.2.3 BDS process 
Several factors are affecting the BDS efficiency, according to a number of reports in the 

literature.  Inhibitory effects, substrate diffusion effects, and the requirement for cofactor 

regeneration are the main factors affecting BDS rate and efficiency.  Other physicochemical 

parameters affecting BDS are the toxicity of the solvent, the mass and oxygen transfer rate, 

the temperature, the pH, the initial biomass concentration, the oil-to-water ratio, and the 

initial S-concentration.  Other non-physicochemical parameters, such as the selection of 

resting or growing cells and the usage of biphasic reaction systems, also affect the BDS 

(Chatzilambos, 2020; El-Gendy & Nassar, 2017). 

2.2.3.1 Temperature and pH 

It is known that temperature and pH fluctuations affect enzyme activity.  Depending on the 
enzyme's activity, most pH fluctuations are caused by acid or alkaline metabolite 
production. Maintaining a constant pH level is preferred for selecting the most efficient 
enzymes (Chatzilambos, 2020). 
 
According to the majority of research studies, 30 °C and pH levels between 6.5 and 7 were 
the most often used values (Ohshiro et al., 1999). Temperature of 30°C is considered in the 
mesophilic temperature range; however there other BDS working temperature processes 
such as moderately thermophilic (50 °C) and hyper thermophilic (70 °C) (Furuya et al., 2001; 
Kargi & Robinson, 1984). According to various reports, dszC and dszB enzymes are the most 
sensitive to temperature fluctuations among BDS enzymes (Furuya et al., 2001). 

2.2.3.2 Biocatalyst production 

Numerous investigations have been undertaken to determine the optimal proportions of 
enzymes from the dsz operon to maximize overall BDS specific activity (Javier Calzada et al., 
2009; L. Li et al., 2019; Martínez et al., 2016).   
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To make the BDS process economically competitive with the deep HDS method, numerous 
parameters must be improved, including the biocatalyst's production cost and its 
biocatalytic activity. The 4S pathway is a complicated enzyme system, and its requirement 
for cofactors restricts the use of purified enzyme systems as opposed to whole cells in a 
practical BDS procedure. Therefore, resting cells are regarded as the best biocatalysts.  
Preparation of desulfurizing resting cells consists of the following stages: growing the 
selected strain in a suitable medium in such a way as to obtain cells that exhibit the highest 
possible level of Dsz activity, harvesting and using them as the biocatalyst (Ghasemali 
Mohebali & Ball, 2016).  
 
Calzada et al. (2009) observed that the maximum activity of monooxygenase enzymes (dszA 
and dszC) occurs during the late exponential growth phase. The desulfinase enzyme dszB, 
on the other hand, is active during the early exponential growth phase. Thus, they 
combined cells from 5h and 23h and compared the results to cells isolated only from 9h.  
they demonstrated that a 50% mixture of cells with the highest monooxygenase activity 
(collected at approximately 23 h of growth) and cells with the highest desulfinase activity 
(collected at approximately 5 h of growth) is a more effective biocatalyst for BDS than a 
simple biocatalyst formed by 100% of 9 h growth time cells of P. putida CECT 5279.  
Combining enzymes isolated from cells at different stages of development is therefore 
another technique for generating a more effective biocatalyst for commercial use.  
 
Because Dsz enzymes are sulfate-starvation-induced proteins, the Dsz phenotype is 
suppressed by readily bioavailable sulfur compounds, particularly sulfate. In this context 
sulfate contamination of the growing medium is one of the primary obstacles to the mass 
production of desulfurizing resting cells. Replacing sulfate with DBT as the sulfur component 
for growth can avoid repression. Due to DBT high price, low water solubility, and growth 
inhibition by 2HBP, DBT has been considered commercially unfeasible for large-scale 
biocatalyst production. (Mohebali et al. 2007; 2016) 

2.2.3.3 Growing and resting cells 

The term "resting cell" refers to cells in which division does not occur, endogenous 
respiration is absent or greatly reduced, and the formation of the resting stage is a natural 
phase of the organism's life cycle.  Resting cells are usually, but not always, physically 
distinct from growing cells, and most types are more resistant to adverse conditions than 
growing cells (Sudo & Dworkin, 1973). 
 
Both growing and resting cells can be used in the BDS process. However, resting cells are 
favored due to their higher desulfurization yields (Konishi et al., 1997) and increased BDS 
efficiency (Caro et al., 2007). According to Ohshiro et al. (1999) NADH is a fundamental 
limiting factor under growing cell conditions.  
 

2.2.3.4 Medium composition 

The researchers follow a nearly identical path throughout the experimental process to 
reach the last phase of analysis. To begin, a substrate (medium) is produced with a solution 
containing nutrients for the microorganisms to establish an environment conducive to their 
development. Glucose, NH4Cl, KH2PO4, K2HPO4, and other chemicals may be present in this 
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solution and selection of the appropriate medium composition is dependent on various 
parameters (Table 2.2). The microbes are subsequently introduced, either directly or via a 
medium capable of attracting them, such as mud containing proven microorganisms. 
 

Table 2.2. Culture medium used in literature 

No Mineral Salt Medium (MSM) 
Carbon 
source 

Sulfur source 
medium pH 
 

Reference 

1 

4g/L K2HPO4 

4g/L Na2HPO4 

2g/L NH4Cl 
0.2g/L MgCl2  x 6.H2O 
0.001g/L CaCl2 x 2.H2O 
0.001g/L FeCl3 x 6.H2O 

Glycerol 
10mM 

0.1mM 
DBT (in ethanol) 

7.2 
(Al-Faraas 
et al., 
2016) 

2 

2.44g/L KH2PO4, 
14.04g/L Na2HPO4, 
2.0g/L NH4Cl, 
0.2g/L MgCl2, 2.5 mg/L MnCl2, 
1mg/L FeCl3, 1 mg/L CaCl2 

Glycerol 
4ml/L 

 7.6 
(Bhanjadeo 
et al., 
2018b) 

3 4.33 g/L Na2HPO4, Glycerol 200 ˃ M 7.2 (Gilbert et  
 2.65 g/L KH2PO4, 10 g/L DBT (in acetone)  al. 1998) 
 2g/L NH4Cl,     
 0.64 g/L MgCI2.6H20,     
 0.1g/L Nitrilotriacetic acid,     
 33mg/L CaCl2.2H20,     
 2.6mg/L ZnCl2,     
 2.6mg/L FeCl2.4H20,     
 1.25mg/L EDTA,     
 1mg/L MnCl2.4H20,     
 0.15mg/L CuCl2.2H20,     
 0.125mg/L Co(N03)2.6H20,     
 0.10mg/L Na2B4O7.10H2O,     
 0.09mg/L (NH4)6Mo7O24.4H2O     

4 

12.03 g/L of Na2HPO4 12H2O, 

2.44 g/L of KH2PO4, 
2.0 g/L of NH4Cl, 

0.36 g/L of MgCl2 6H2O, 

1.62 g of 
glycerin 

0.3 mmol/L 7.0 
(Hu et al., 
2019) 

 0.004 g/L of MnCl2 4H2O,     

 0.001 g/L of FeCl3 6H2O,     

 0.001 g/L of CaCl2,     



45 

 

5 

2g/L Na2HPO4 

1g/L KH2PO4 

4.25g/L Ammonium oxalate 
(4.25 g), 0.4 g/L MgCl2 

Sucrose (50 
mM) 

0.1m M DBT -- 
(Murarka 
et al., 
2019) 

 

Trace elements composition 
for 1 L: KI (0.05 g), LiCl (0.05 g), 
MnCl2·4H2O (0.8 g), H3BO3 (0.5 
g), ZnCl2 (0.1 g), 
CoCl2·6H2O (0.1 g), NiCl2·6H2O 
(0.1 g), BaCl2 (0.05 g), (NH4)6 

Mo7O24 ·2H2O (0.05 g), 
SnCl2·2H2O (0.5 g), Al (OH)3 

(0.1 g). 

    

6 
5g/L K2HPO4, 
2g/L NaH2PO4.2H2O, 

Glycerol 
10 g/L 

0.3 mM DBT 7.0 
(S. Feng et 
al., 2016b) 

 2g/L NH4Cl     

 2g/L MgCl2.6H2O     

 
The trace elements are as 
follows(mg/L): 

    

 CaCl2: 20.0, FeCl3.6H2O: 4.0,     

 
CoCl2.6H2O: 4.0, MnCl2.4H2O: 
0.8, NH4Mo4.2H2O: 0.2, ZnCl2: 
0.2, CuCl2.2H2O: 0.1 

    

 

2.2.3.5 Inhibitory effects by byproducts 

As stated earlier in Chapter 2.2.2.2, the 4S pathway is a four-step enzymatic pathway that 
converts DBT to 2 HBP and/or 2,2 -bihydrobiphenyl (2,2 -BHBP) and sulfate. The first two 
steps involve the conversion of DBT to DBT sulfoxide (DBTO) and DBT sulfone, respectively 
(DBTO2). These reactions are catalyzed simultaneously by the enzymes DszC 
monooxygenase and DszD oxidoreductase. The third step is the concurrent conversion of 
DBTO2 to 2-(2-hydroxyphenyl) benzene sulfinate (HBPS) by DszA monooxygenase and DszD 
oxidoreductase. DszB desulfinase catalyzes the final conversion of HBPS to HBP and sulfite 
(Gray et al., 2003). 
 
Several researchers have observed, however, that the cellular deactivation caused by 
compounds such as biphenyl (BP), 2HBP, and/or 2.2 -BHBP is one of the most significant 
impediments preventing BDS from becoming commercially feasible. (Abin-Fuentes et al., 
2013; Ohshiro et al., 1999). 
 
The amount of sulfate found in BDS cultures is never stoichiometric with the desulfurized 
DBT concentration. According to Kilbane, J.J. and Bielage (1990), the bacteria consume the 
released sulfate to satisfy their growth requirements, and any excess sulfur is stored for 
future use. Therefore, relatively little sulfate sulfur would be released into the medium, to 
be detected by any analytical method.  
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An organism requires four moles of NADH per mole of DBT in order to obtain the sulfur 
required for growth from DBT. In contrast, it does not require this additional NADH for 
sulfate metabolism. The organism favors sulfate consumption to DBT conversion because 
sulfate promotes higher growth with less energy consumption (Aggarwal et al., 2011). 
Biocatalysts desulfurize DBT only in the absence of sulfate. Bhatia and Sharma (2010) used 
Pantoea agglomerans D23W3 to evaluate the BDS of 100 ppm DBT in the presence and 
absence of sulfate resulting in 23 % and 92 % DBT removal after 24 h, respectively, 
demonstrating the suppression of BDS in the presence of sulfate. 
 
Most published studies demonstrate a non-stoichiometric relationship between the 
consumption of DBT and the production of 2HBP and attribute this to the accumulation of 
2HBP and other 4S-pathway intermediates within and on the surface of the cells (Derikvand 
et al., 2014b; Engenharia & Inovacáo, 2005). On the other hand, Wang and Krawiec (1994) 
suggested that the difference may be attributable to the volatile nature of 2HBP. According 
to Engenharia and Inovacáo (2005), the maximal extracellular concentration of 2HBP was 
around 120 ˃ M, which is just 27 % of the consumed DBT (450 M˃). Physicochemical 
properties of model sulfur compound and 4S metabolic pathway end-product are shown in 
Table 3.3. 
 

Table 2.3 Physicochemical properties of DBT and 2HBP. 

 

DBT (Dibenzothiophene) 

Synonym:                                                                                          Diphenylene sulfide 
Molecular Weight:      184.26                              
Color:                           White 

Boiling point (BP):       332-333 °C(lit.) 
Melting point (MP): 97-100 °C (lit.) 
Solubility:              0.0015 g/l (Lit.) 

2HBP (2-Hydroxybiphenyl) 

Synonyms:                  2-Phenylphenol, 
Molecular Weight:    170.21 gr/mol 

Color:                          Colorless to pinkish crystals 
Boiling point (BP):     286 °C 
Melting point (MP):  59 °C 
Solubility:                    >0.1 mg/mL at 20.5 °C 

 

2.2.3.6 Dissolve oxygen concentration 

The BDS capacity and intracellular enzyme activity are significantly affected by the 
concentration of dissolved oxygen in the broth.  Even in oxygen-deficient situations, the 4S-
BDS pathway is extremely sensitive to oxygen supply (Martínez et al., 2016).  
 
It has been reported that the concentration of dissolved oxygen can be regulated by 
agitation speed (Olmo et al., 2005).  However, sparging of gas increases turbulence and 
bubble release at the liquid surface creates dramatic variations in local velocity caused by 
surface tension.  As a result, it would negatively impact the performance of suspended cells.  
Consequently, the mixing and oxygen transfer rates in a bioreactor are dependent on the 
power lost during agitation and aeration.  If the stirrer speed was slowed to avoid shear 
effects, mixing or mass transfer would hinder the culture's performance.  Alternatively, if 
the bioreactor's agitation surpasses a particular threshold, the hydrodynamic forces can 
impact the cells. Therefore, the best scenario occurs when the mixing and mass transfer 
rates coincide with the oxygen and nutrient intake rates of the cells and the overall process 
rate is determined by the cell metabolism (El-Gendy & Nassar, 2017; Escobar et al., 2016; 
Gomez et al., 2015) 
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2.2.3.7 Mass transfer 

Another critical parameter is the effect of mass transfer on the total reaction rate and 
process yield since the reaction takes place in a complex medium with two immiscible liquid 
phases. This parameter is crucial for implementing BDS-technology. It depends on the 
hydrophobicity, alkylation degree, molecular structure, and weight of the compound.  
 
According to Marcelis et al. (2003), the greatest barrier to the mass transit of chemicals 
from an organic to an aqueous phase occurs in the water phase, although there is also 
evidence that the microbial process is the global rate-limiting step. 
 
Combining the oil fraction phase, substrate concentration, and cell density effects, a 
limitation on mass transfer is responsible for the BDS yield during resting cell system 
circumstances with a low oil fraction and low substrate concentrations; when high cell 
densities were used (Caro et al., 2007; El-Gendy & Nassar, 2017). 
 

2.2.3.8 Surfactant 

DBT is utilized as a model organosulfur compound and is known to be extremely 
hydrophobic. Therefore, its solubility in aqueous solution is rather poor, and 
microorganisms produce biosurfactants to improve the solubility of organic compounds 
(Maghsoudi et al., 2001). 
 
The addition of surfactants was studied by Marzona et al. (1997) and reported that the 
formation of DBT-cyclodextrin complexes by the addition of cyclodextrins enhancing the 
diffusion of DBT into the aqueous phase. In addition, reports using Tween 80 non-ionic 
surfactant (polyethylene glycol sorbitant monooleate) have demonstrated BDS 
enhancement due to its ability to decrease the concentrations of the products surrounding 
the cells in both aqueous and biphasic systems. Additionally, Tween 80 can decrease the 
quantities of hydrophobic substrates associated with cells. As long as the concentrations 
sustain sufficient reaction rates, this decline will not hinder the total conversion. 
Theoretically, if a substrate is likewise inhibitive at high doses, the addition of Tween 80 is 
stimulating. The phenomenon reported here is referred for microorganisms with a relatively 
hydrophobic cell surface (J. Feng et al., 2006). 
 
Wang et al. (2006) demonstrated that Tween-80 could improve the mass transfer of DBT 
between organic and aqueous phases and could be used in dibenzothiophene 
biodesulfurization systems. The results suggested that suitable surfactants could enhance 
the biodesulfurization rate in hydrocarbon aqueous biphasic (oil/water, O/W) systems and 
thus has a potential application in industrial BDS.  
 
However, it should be noted that in oil desulfurization processes, the production of a large 
amount of biosurfactants by biocatalysts would increase the bioavailability of organic sulfur 
compounds in fuel oils, while simultaneously enhancing the contact between the oil and 
aqueous phases and thereby accelerating the reaction rate. Furthermore, it should be 
emphasized that the biosurfactants could lead to the creation of excessively stable 
emulsions, which could result to serious phase separation issues in industry operations, and 
that the toxicity of organosulfur compounds would be exacerbated in the presence of 
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biosurfactants (El-Gendy & Nassar, 2017).  
 

2.3 Analytical methods for monitoring the 4S pathway metabolites  

Organosulfur compounds (OSCs) in crude oil and similar materials have been explored due 
to sulfur's oxidation sensitivity; OSCs are also strong indicators of the alteration of oils, 
which may arise from vaporization, biodegradation, or water washing. OSCs also have 
geochemical relevance; the distribution of these compounds may be an indicator of crude 
oil's origin or age.  It is crucial to understand the structures of sulfur compounds in crude 
oils and petroleum-derived products in order to choose and optimize desulfurization 
methods more efficiently (Burkow et al., 1990; Damste & Leeuw, 1990; El-Gendy & Nassar, 
2017; Hegazi et al., 2003). 
 
Several analytical methods have been developed; however, some have found the most 
widespread application for desulfurizing quantification and identification. X-ray 
fluorescence (XRF), ultraviolet fluorescence, Xςray spectrometry, and infrared spectroscopy 
can be utilized to track the elimination of sulfur from OSCs in samples that are undergoing 
biocatalytic treatment (El-Gendy & Nassar, 2017; Sommers, 1967). 

 

2.3.1 Gas chromatography (GC) 
Various detectors have been coupled to GC to determine DBT such as: Flame ionization 
detector (FID), mass spectrometry (MS), atomic emission detector (AED), photometric flame 
detector (FPD) and sulfur fluorescence detector (SCD), which will be referred to in the 
following subsections. A comparative study is followed on Table 2.3, presenting various GC 
detectors, target compounds, column used, the GC program, standards, and references. 
 

2.3.1.1 Gas chromatography - atomic emission detector (GC-AED) 

GC-AED is applied for the detection of sulfur atoms of 4S pathway metabolites. It is applied 
for detecting multiple elements simultaneously, from which a given compound is 
synthesized (Stylianou et al., 2021) 

2.3.1.2 Gas chromatography ς flame photometric detector (FPD) 

Although GC-FPD method has been employed in a limited number of applications, it is 
particularly sensitive to hydrocarbon impurities, hydrogen supply, and air supply to the 
flame. Hydrocarbon contaminants might increase noise at startup and decrease the 
ŘŜǘŜŎǘƻǊΩǎ ǎŜƴǎƛǘƛǾƛǘȅΦ (Stylianou et al., 2021) 
 

2.3.1.3 Gas chromatography - flame ionization detector (GC-FID) 

According to the published literature (F. Li et al., 2005; Yu et al., 2006), the GC-FID method 
ǿŀǎ ŀƭǎƻ ǳǎŜŘ ƛƴ ŀ ƴǳƳōŜǊ ƻŦ .5{ ǊŜǎŜŀǊŎƘΦ LǘΩǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ƛǘǎ ƘƛƎƘ ǎŜƭŜŎǘƛǾity in 
organic compounds (C-H bonds) and cannot apply on inert gases, H2O, CO2, CO, N2, O2, CS2 
and heavily halogenated compounds. In summary, the FID working principle involves the 
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introduction of a gas sample through a column inlet, where it is ionized under an H2/air 
flame, creating cations and electrons. To detect these cations, a voltage (several hundred 
Volts) is placed between the combustion flame (jet) and the collecting electrode to 
generate a current (quantification) (Figure 2.7). Analytes with the greatest number of low 
oxidation state carbons produce the highest signal, while analytes with the least number of 
low oxidation state carbons produce the lowest signal. It is distinguished by its high 
sensitivity (10-13 g/s), low noise, and wide-range linear response (Stylianou et al., 2021). FID 
is very sensitive to the molecules that are ionized in the hydrogen-air flame i.e., mostly 
carbon-containing compounds, but it destroys the sample, thus is characterized as a 
destructive, mass sensing detector (CrossLab, 2020; Stylianou et al., 2021).  

 

 

Figure 2.7 Flame ionization mechanism.  Sample is burned, producing positively charged ions that 
are attracted to the negative voltage on the collector, which is converted into FID output in the 

Electrometer. 

 
 

2.3.1.4 Gas chromatography ς mass spectrometry (GC-MS) 

GCςMS is the most widely used analytical method for detecting transformation products. 
Important advantages of GCςMS usage include: (a) the large amount of structural 
information generated and the ability to use commercial libraries that enable the 
identification of unknown transformation products, (b) the durability and reliability of the 
GCςMS coupling, and (c) the high sensitivity and separation efficiency, which prevent the 
overlap of compounds with similar structures. The GCςMS method is often used to separate 
and identify volatile polyaromatic sulfur hydrocarbons (PASHs) such as DBT (Stylianou et al., 
2021). 
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Table 2.4 Comparative study of gas chromatographs detectors to quantify 4S pathway metabolites. 

Method 
Target 

compound 
Sample 

Preparation 
Column GC Program Standards Reference 

GC-FID 

The 
chemical 

intermediat
es of DBT 

transforma
tion 

pathways 
were 

traced. 
 

Identificati
on of BDS 
chemical 

intermediat
es 

Cell-free 
supernatant 
was acidified 
to pH = 2 and 

extracted 
with 

methylene 
chloride.  

The solvent 
was 

evaporated, 
and the 

residue was 
dissolved in 

hexane. 

Trace TR-% 
column (60 m, 
0.25 mm ID, 
0.25 mm fil 
thickness, 
Thermo 

Scientific) and 
helium was 

used as carrier 
gas at 1.6 
ml/min 

Initial 
temperature 
of 80 C for 4 

min, raised to 
250 Cat 8 

C/min, and 
held for 15 

mins. 

A mixture 
consisting 
of DBT, 
DBT-

sulfone, 
and 2HBP 
(100 ppm 
each) in 
hexane. 

(Mohamed 
et al., 
2015) 

GC-FID 

Detection 
and 

quantificati
on of DBT 

in the 
organic 
phase 

 

GC 
(Varian3800 

equipped with 
Flame 

Ionization 
Detector (GC-

FID) with a 
capillary 

column of 30 
m*0.25 mm 
*0.25 ˃ m. 

The detector 
and injector 
temperature 
were 280 C, 

for both. 

 
(Boshagh 

et al., 
2014) 

GC-FID 
DBT & 
2HBP 

 

GC (Fuli 
0790A) 

equipped with 
Flame 

Ionization 
Detector using 

54 capillary 
columns 

(30m*0.32m
m*0.32˃ M 

The column 
temperature 
was 150  for 

5 mins, 
followed by 5 
C/min to 200 
°C for 5 mins 
and followed 
by 5 C/min 

 
(M. D. 

Wang et 
al., 2006) 

GC-FPD 
(GC-17A; 
Shimadz
u, Kyoto) 

Quantificati
on of DBTs 

and BTs 
 

Equipped with 
a DB-17 fused-
silica capillary 
column (30 m 

×0.25 mm, 
0.25 µm film 
thickness) 

The column 
temperature 
was set at 

250°C. 

 
(Gunam et 
al., 2006) 
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GC-FID 

DBT 
sulfone, 
2PP, BP, 
нΦнΩ-

biphenol 

 

HP-l semi-
capillary 

polymethyl 
siloxane 

column (5 m x 
540 ˃ m) 

The 
temperature 
varied from 
110 -170°C 

at 5°C 
min-1. 

Calibration
s and 

quantificat
ions 
were 

measured 
using 

Pentadeca
ne as the 
internal 
standard 
for the 

injection 
volume. 

(Constantí 
et al., 
1996) 

 

2.3.2 X-ray fluorescence (XRF) spectrometry 
X-ray fluorescence is suitable for the determination of total S in fossil fuels (Folsom et al., 
1999; Labana et al., 2005), and more specifically in different crude oil samples (Mohamed et 
al., 2015). Energy-dispersive X-ray fluorescence (EDXRF), also referred to as X-ray 
fluorescence or XRF, is a common method employed for monitoring sulfur content in fuel 
oils. The X-ray fluorescence (XRF) method is a nondestructive method for determining the 
elemental composition of a sample (McDowell, 2020). 
 
 

Figure 2.8 Schematic diagram of X-ray fluorescent detection system (Nasrazadani & Hassani, 
2016). 
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3. MATERIALS AND METHODS 

3.1 Instruments and appliances  

Table 3.1 contains a list of the equipment used during the experiments, along with the 

names of the companies from which it was purchased. 

 
 
The glassware used in the experiments included Erlenmeyer cylinders, DURAN bottles 
(borosilicate glass bottles), volumetric cylinders, sterilizing bottles, serum bottles, and 
beakers.  
 
Also, the Captiva Econofilter (Econofilter PTFE 25 mm 0.45um PART NO. 5190-5268 Agilent 
captiva, Agilent technologies) polypropylene housing, polytetrafluoroethylene (PTFE) 
membrane, 25 mm diameter, 0.45 µm pore size were used in the GC-FID pre-analysis 
process. 
 
 

3.2 Chemicals 

All chemicals and biochemicals (Table 3.2) were acquired from Sigma-Aldrich, TRC, Merck, 

and ChemLab. 

 

 

Table 3.1 Instruments and appliances utilized during the experiments 

Instruments Company 

GC-FID, Agilent 8890 Agilent Technologies, Inc. 

XRF, X-Supreme 8000 Oxford Instruments 

Magnetic stirrer, MS7-H550-Pro Dragon Laboratory Instruments Ltd 

Drying and sterilization oven J.P. SELECTA 

Autoclave, MLS-3751 SANYO 

Balance, ASB-220-C2-V2 MRC LABORATORY INSTRUMENTS 

Centrifuge, FRONTIER 5706 OHAUS 

Vortex mixer MRC LABORATORY INSTRUMENTS 

Jeio Tech BS-21, 37 Litre Shaking Water Bath Medline Scientific Limited 

Prove 100, Waste Water Analysis Spectroquant 

PH meter & conductivity, sensiON + MM150 HACH 
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Chemical Company Code 

DBT, Dibenzothiophene Sigma-Aldrich D32202-250gr 

2HBP, 2-Phenylphenol Sigma-Aldrich P28263-500gr 

Dibenzothiophene sulfone 97% Sigma-Aldrich D32407-25gr 

Dibenzothiophene-5-oxide TRC D423125, S1-GHZ-189-1 

Sulfite in water Sigma-Aldrich QC1541-20mL 

Sodium chloride Merck 1.06404.1000 

Ammonium chloride Merck 1.01145.1000 

Sodium carbonate, anhydrous Chemlab CL00.1431.1000 

di-sodium hydrogen phosphate Merck 1.06586.1000 

SO3, Sulfite Cell Test (1-20 mg/l) Merck 1.14394.0001 

TWEEN® 80 Sigma-Aldrich 9005-65-6 

 

3.3 Culture medium 

A chemically defined medium containing the following S-free chemicals per liter was used 
through the experimental scheme after a literature review (see Chapter 2):  
Mineral Salt Medium (MSM): 

Á 2 g/L NH4Cl 
Á 5 g/L KH2PO4 
Á 4 g/L Na2HPO4 
Á 1 g/L NaCl 

 
DBT was added as the bioavailable S source at a final concentration of 400 ppm (1% of 
ethanol at final concentration). The final pH was ~7.0. 

3.4 Microbial enrichment, DBT-guided isolation of bacteria, DNA 

extraction 

Although the following sample collection procedures, bacterial isolation, and enrichment 
were accomplished by previous experimental work performed by OilEcoDesulfur 
researchers (RIF, research project Cyprus 2019 ς 2022), the respective work was included 
for better understanding of the experimental studies. 
 
Numerous oil-contaminated soil and liquid samples were randomly gathered from various 
locations (Cyprus). The soil samples from the top and subsurface layer (0-20 cm) of each site 
were combined and treated as a single sample throughout the microbial enrichment 
scheme's time course. The samples that were collected for the analysis were Sulfur-
containing oil samples (oil-polluted soil, activated sludge, etc.). 
 
For the aerobic bacteria, 40 mL MSM medium/100 mL flask (60 % headspace) was 

Table 3.2 Chemicals utilized during the experiments 
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inoculated with 2 g of homogenized soil sample and incubated at 30°C with 150 rpm 
shaking for 1 week.  
 
Enrichment of samples (5 g) with 100 mg DBT/L (0.54 mM) as the only sulfur and carbon 
source in 40 ml was used to isolate sulfur-oxidizing organisms (the same experiments were 
contacted for 2HBP).  After one week of first exposure, 10 % of samples were transformed 
to a higher DBT concentration (200 mg/L).  This process was repeated in agar plates with 
DBT and MSM medium, multiple times until an enriched culture evolved.  HPLC (high-
pressure liquid chromatography) and SPME (solid-phase microextraction) -GC/MS were 
used to measure the DBT reduction. The same experiment was also conducted for 2HBP. 
 
For the anaerobic bacteria, samples were collected from several locations on the island: 
(i) a polluted soil sample was collected from the Larnaca district (Cyprus); 
(ii) sludge samples (granular sludge and secondary sludge) were collected from a 
wastewater treatment facility; (iii) compost sample was sampled from a compost facility; 
and 
(iv) Drilling cuts samples 
 
After the enriched cultures were developed, DNA extraction was followed by PCR 
amplification. Then, the PCR products were sent to Macrogen (The Netherlands) 
Macherey bŀƎŜƭϰ bǳŎƭŜƻ{Ǉƛƴϰ enables soil Isolation of total DNA from diverse soil types. 
 

3.5 Analytical procedures 

During the project, it became apparent that different analytical methods needed to be 
developed for the detection of sulfur compounds. Therefore, the utilized analytical 
instruments included UV-VIS, GC-FID, and XRF. 

3.5.1 GC FID 

3.5.1.1 Experimental setup 

DBT and 2HBP concentrations were measured using GC-FID. In addition, DBTO and DBTO2 

(DBT biodegrade compounds) were also detected and quantified through GC-FID (Figure 
3.1). 
 
The following method was used each time a sample was to be run in GC-FID. For sample 
analysis, 4 mL from the sample were extracted with an equal proportion of n-heptane. 
Afterwards, the solution was vortexed for 10 seconds and the samples were centrifuged for 
30 minutes (1398 x g). This will now be referred to as the GC-FID pre-analysis procedure. 
 
Once finished, biomass at the bottom has been separated from the top oily phase of 
heptane and the organic compound. A syringe was then used to withdraw 1 mL of sample 
from the top phase and place it in a 1 mL vial; the syringe was fitted with a PTFE filter 
before it was injected into the vial. 
 
Finally, the vials were placed on the GC-FID (Agilent) sampling area of equipped with DB-
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1701 column and nitrogen (N2) as carrier gas, as follows: 
 

Á DB-1701, Length: 30 m 
Á Diameter: 0.250 mm 
Á Film: 0.25 ˃ Ƴ 
Á Temperature limits: -20 oC to 280 oC (300 oC)  
Á N2 - flow rate = 1 mL/min 

 

 
Numerous types of samples were also examined to determine if PTFE retains any traces of 
the examined material. Three samples of DBT diluted in aquatic solutions of Serratia sp., 
Burkholderia sp., and one sample without cells were placed in 1 mL vials with filtered 
syringes to determine if and how much DBT was retained in the filters, followed by three 

 

Figure 3.1 (a) Top vie of GC-FID system; (b) Vertical view of GC-FID system; (c) ALS sampler and GC 
tray with 1 ml vials placed inside; (d) 10 ˃ l syringe; (e) FID (OPGU-2200S); (f) ALS. 

(c) 
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samples of the same samples, but without the filters. A detailed report of GC-FID 
experimental parameters is shown in Table 3.3. 
 

Table 3.3 GC-FID (Agilent) experimental parameters 

GC SUMMARY Run Time 15 min 

OVEN 

Temperature Setpoint (initial) 230 C 

Hold Time 2 min 

Post-Run 50 C 

Program 

Rate/Value/ Hold Time 
300 C /min- 260 C- 3 min 

ALS - FRONT INJECTOR 
Syringe size мл ˃[ 

Injection Volume м ˃[ 

FRONT SS INLET N2 

Mode SPLIT 

Heater 250 C 

Pressure 19.776 psi 

Total Flow 9 ml/min 

Septum Purge Flow 3 ml/min 

Split Ratio 5:1 

COLUMN 

Pressure Setpoint (Initial) 19.776 psi 

Post-Run 11 psi 

Temperature Range -20 °C ς 280 °C (300 C) 

Dimensions ол Ƴ Ȅ нрл ˃Ƴ Ȅ лΦнр ˃Ƴ 

In Front SS Inlet N2 

Out Front Detector FID 

Flow 1mL/min 

Holdup Time 1.5323 min 

FRONT DETECTOR FID 

Makeup N2 

Heater 280 C 

H2 Flow 30 mL/min 

Air Flow 400 mL/min 

Makeup flow 25 mL/min 

 

3.5.1.2 Calibration curves 

To quantify each component in the 4S metabolic pathway, solutions containing the 
chemicals were prepared at various concentrations and analyzed using the GC-FID. The 
concentrations produced ranged from the lowest that the FID detected, to the greatest that 
might was used in BDS applications. This was done for DBT; DBTO; DBTO2; and 2HBP (final 
product) - п{ ƳŜǘŀōƻƭƛŎ ǇŀǘƘǿŀȅǎΩ intermediates. 
 
Calibration curves were created to correlate the area measurements from the GC-FID 
results with the concentration values (ppm). A 500 ppm DBT mother solution was prepared 
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and was diluted to samples of lower concentrations (8 ppm ς 400 ppm) of which samplings 
were taken following the methodology described in 3.5.1.1. 
 
This procedure was repeated twice with three separate mother solutions resulting in three 
calibration curves. Combining them, a single calibration curve was formed in triplicates for 
each compound. This was performed to let as little margin of falsity as possible and confirm 
each compound retention time and achieve better area-concentration relation.  
 
The same procedure was followed for 2HBP, DBTO and DBTO2. 
 

3.5.2 VIS analysis 
A Spectroquant® Prove 100 VIS, a sulfite cell was employed to detect for potential traces of 
sulfite. The photometric Spectroquant® 1.0 - 20.0 mg/l SO32- technique was used (Figure 
3.2) in conjunction with test kits. 
 
Lƴ ŀ ƴŜǳǘǊŀƭ ǎƻƭǳǘƛƻƴΣ ǎǳƭŦƛǘŜ ƛƻƴǎ ǊŜŀŎǘ ǿƛǘƘ нΣнΩ-dinitro-рΣрΩ-ŘƛǘƘƛƻŘƛōŜƴȊƻƛŎ ŀŎƛŘ ό9ƭƭƳŀƴΩǎ 
reagent) to form organic thiosulfate. This reaction results in the release of a thiol that can 
be photometrically determined (So 2- 3, 2019). 
 
A sample from the aquatic phase of an aerobic blank bioreactor was drawn and tested for 
sulfite concentration, as well as a sample from an aerobic mix bioreactor. 
 

 

3.5.3 XRF analysis 
XRF (X-Ray Fluorescence Spectroscopy) analysis was performed for the quantification of 
sulfur (% content) in heating oil. The XRF analysis is based on the generation of x-ray 
fluorescence and is a non-destructive process. 
 
The sample volume required is 20 mL, and the XRF measurement process takes two minutes 
to complete. It is expected that the transfer of samples will occur in tubes with a high 
performance XRF sample film at the bottom of disposable inners and lids to prevent 
potential interference with the rays entering the sample (Figures 3.3-3.4). 
 

 

Figure 3.2 Sulfite cell test process using Spectrophotometer Prove 100 (So 2- 3, 2019). 
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(i) (ii) 
Figure 3.3 (i) The high performance XRF sample film (disposables inners and lids) (ii) Tube ready 

for fuel insertion. 

 

3.6 BDS experiments  

Using different microbial consortiums, a series of aerobic and anaerobic experiments were 
conducted. In particular, Serratia sp. and Burkholderia sp. formed the aerobic consortiums.  
Both species were previously isolated and identified from oil-contaminated soil. 
 
The anaerobic consortiums were also, collected from oil contaminated samples and isolated 
using the same method as previously described.  

3.6.1 Anaerobic bacteria -Sulfate Reducing Bacteria (SRB) 
Several samples were collected and used in this study. The anaerobic samples were cultured 
at 30 °C in serum vials (500 mL) (Figure 3.5). 

 

Figure 3.4 XRF final position of tubes to be analyzed. 


































































































